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Abstract

The ATLAS experiment is one of the four large detectors located at the Large Hadron
Collider at CERN near Geneva, Switzerland. It is expected tostart collecting data from
proton-proton collisions up to 14 TeV centre-of-mass energy. ATLAS is a general-purpose
detector aimed at gaining a better understanding of currenttheories of particle physics as
well as the potential discovery of new physics beyond the Standard Model.

Due to the large hadronic content in each interaction, leptons are expected to be the pri-
mary signature to look for in many processes, hence the importance of reconstructing them
efficiently. This thesis presents an algorithm to measure the efficiency of the electron recon-
struction software and the expected performance from data.The results show our capacity to
evaluate the efficiency at different integrated luminosities over a large kinematic range under
different background conditions.

We also validate the development of an ATLAS specific simulation framework aimed at
fast event processing. In order to achieve this, this thesiscompares outputs of the different
simulation frameworks, both a full Geant4 simulation and the ATLAS specific fast simulation
ATLFASTII. The study compares the distributions in a standard Z0 → e+e− sample and
assesses the consistency of different background processes with the event selection cuts.

Finally, we use locally produced fast simulation samples toassess the sensitivity to mod-
ifications of the strong coupling constant on the number ofZ0 → e+e− events associated
with additional jets. This sensitivity is compared to the expected experimental uncertainties,
such as the choice of jet algorithms, jet energy scales or theoretical uncertainties such as the
parton distribution function uncertainty.
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Preface

A few weeks before ATLAS and the LHC start collecting their first data, we have reached
a crucial time to prepare for fast and smooth studies of the current hot physics topics. It is
necessary to check we have all the tools ready as far as possible for a timely study of the
detector performances.

This thesis describes two efforts to prepare for early ATLASphysics analyses as well as
a preliminary study of feasibility for one physics study.

After a brief introduction presenting some theories of particle physics and the main fea-
tures of the components of the ATLAS experiment (Chapter 1),a first part is devoted to the
measurement of the electron reconstruction efficiency in Chapters 2 to 5:

• Chapter 2 describes in more detail the hardware and softwareconfigurations used for
electron reconstruction at ATLAS, as well as the selection procedure to get as clean a
sample of electrons as possible.

• Chapter 3 describes the mathematical framework which explains how to extract the
efficiency under study using the parameters we collected in Chapter 2.

• Chapter 4 presents the backgrounds considered to ourZ0 → e+e−signal process. It
presents a method to statistically separate the backgroundevents from the signal ones
and how to extract a systematic error associated with this procedure. It also presents a
special treatment for QCD-based backgrounds because of thelack of available statis-
tics.

• Chapter 5 finally summarises the results we obtained in two ATLAS organised ex-
ercises using this method. It demonstrates our capacity to perform the measurement
under different background assumptions.

In a second study, we validate, in Chapter 6, the electron reconstruction in the ATLAS fast
simulation framework. We verify the accuracy of the electron distributions and the difference
of a benchmark selection on a selection of process between normal full simulation and the
fast simulation framework ATLFASTII.

Finally, in Chapter 7, we use the results we presented in the previous chapters to study
the sensitivity of distribution ratios to the value of the strong coupling constantαs(MZ0).

Chapter 8 summarizes the results presented throughout thisthesis.
Appendices A, B describe the datasets used in Chapters 5 and 6respectively to get the

results presented in these chapters.
Appendix C finally presents the configuration files used to generate the datasets used for

the analysis in Chapter 7.
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Chapter 1

Introduction
This chapter presents an overall introduction to the most current theories in high-energy

physics. It describes a brief history of the discoveries over the last decades and an introduc-

tion to possible extensions beyond the currently accepted results. It also describes the main

features of the LHC and the ATLAS detector that will be referred to later in this thesis.

Our understanding of matter and energy is described in termsof the interactions between

elementary particles. Throughout the centuries, the goal of physicists has been to reduce

the number of laws governing the behaviour of all know forms of matter to a minimal set

of fundamental equations and theories. The aim is to identify a single theory that unifies

all theories into a theory of everything from which all otherknown laws are derived, either

directly or from approximations.

1.1 Theories in Particle Physics

Over the last 112 years since the discovery of the electron byJ.J Thomson in 1897 [1], the

particle physics community has developed a relatively universal and well-accepted descrip-

tion of what are considered elementary particles. How to extend the model beyond what is

already well established by past experiments is still underdebate. It is hoped by a large part

of the community that the results we will collect from the Large Hadron Collider will help

us strengthen our current theories and pave the way to new discoveries.

1
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1.1.1 The Standard Model of Particle Physics

The Standard Model (SM) [2, 3] is currently the most widely accepted model describing the

fundamental particles and their interactions. It is a theory describing three of the four known

fundamental interactions. It was initiated in 1963 by Sheldon Glashow’s discovery of a way

to combine the electromagnetic and weak interactions [4], and took its modern form in 1967

after Weinberg and Salam incorporated the Higgs mechanism into Glashow’s Electroweak

theory [2]. The theory of strong interactions only acquiredits modern form around 1973-

1974 and was completely integrated to the Standard Model after the discovery of the gluon

at the Deutsches Elektronen Synchrotron in 1979 [5, 6].

Over the last three decades, almost all experimental tests of the forces described in the

Standard Model have agreed with its predictions. The ability of the SM to successfully

predict physical phenomena was first observed with the discovery of neutral current weak

interactions in 1973 [7]. The observation of the intermediate weak bosons,W± andZ0, at

the European Organization for Nuclear Research (CERN) in 1983 further increased the con-

fidence in that model as these particle exhibited the expected properties [8]. The electroweak

parameters and quantitative predictions from Quantum Chromodynamics (QCD) were sub-

sequently tested with high precision at the Large Electron Positron collider (LEP) [9, 10],

the Stanford Linear Collider (SLC) [11], the TeVatron [12] and HERA [13]. Accurate mea-

surements at theZ0 resonance energies in electron-positron collisions showed no evidence

for deviations from the SM predictions. TheW± boson and top quark mass measurements

performed in electron-positron collisions at LEP II (for theW [14]) and in proton-antiproton

collisions at the TeVatron [15] are also consistent with theSM expectations.

The theory is presented as a spontaneously broken gauge quantum field theory. The most

fundamental principles of nature are explained through particles and their interactions where

the interactions themselves are also considered as the exchange of virtual particles. Particles

or groups of particles are represented as quantum fields, i.e. n-dimensional complex fields,

noted by an operatorψi(x), where the norm of the field is the probability of finding that



1.1 Theories in Particle Physics 3

particle at the coordinatex. Since the norm is the only measurable quantity, the phase ofthe

field is left as a free parameter. To comply with special relativity, it is necessary to be able to

assign the phaseθ arbitrarily at any point in the phase-space without affecting the physical

state of a particle. Assuming this, all measurements in an Abelian theory should be invariant

under the transformation

ψ(x) → eiθ (x)ψ(x).

This is the basis of local gauge invariance in the SM and any possible extension. In the SM,

electroweak interactions result from a localSU(2)L ×U(1)Y symmetry which is sponta-

neously broken via the Higgs mechanism [16] and leads to the existence of four electroweak

bosons,γ, W± andZ0, the last three being massive. Strong interactions are mediated by

eight gluons which arise from a localSU(3)C symmetry.

Matter fields representing fermions are organized into families, with left-handed1 and

right-handed2 particles transforming respectively as weak isodoublets and weak isosinglets.

Only the left-handed component of particles and the right-handed component of their anti-

particles participate in charged weak interactions in the SM, which is known as parity vi-

olation. Masses of particles are introduced by their coupling to a scalar field known as the

Higgs field. However, despite intensive searches at LEP and TeVatron, the Higgs particle has

not yet been discovered. It remains as the only missing particle in the SM.

Despite the very good agreement of SM predictions with measurements in the last

decades, there is some evidence that the minimal version with 19 free parameters used at the

moment, does not describe nature sufficiently. There is, forexample, evidence that neutrinos

have non-zero masses, which the minimal SM does not allow. However, the SM can be

extended to be consistent with these results by adding ten more free parameters which are

not predicted by any theory and thus, need to be determined experimentally. Similarly,

1The projection of the spin onto the direction of movement is anti-parallel to the momentum in the limit of
massless particles

2The projection of the spin onto the direction of movement is parallel to the momentum in the limit of
massless particles



1.1 Theories in Particle Physics 4

Standard Model Particles

Family Interaction eigenstatesMass eigenstatesSpin

Leptons
e−L/R,µ−

L/R,τ−L/R e−,µ−,τ− 1/2

νeL,νµ L,ντ L νe,νµ ,ντ 1/2

Quarks
u′L/R,c′L/R, t ′L/R u,c, t 1/2
d′

L/R,s′L/R,b′L/R d,s,b 1/2

Bosons

B0,W0 γ,Z0 1
H0 H0 0
W± W± 1

g g 1

Table 1.1: Particle spectrum of the SM. Labels “L” and “R” denote left- and right-handed
electroweak eigenstates.

Photon Z gluons

quarksleptons

Higgs Boson

W /W 0+ −

ql

g

H

Wγ Z

Figure 1.1: Summary of the interactions between the particles described by the Standard
Model.
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measurements of the anomalous magnetic moment of the muon atBrookhaven [17], and

the measurement of the cold matter density in our universe byWMAP [18], give a hint

that physics even beyond the extended SM should exist. Astrophysics observations make

it clear for example that either our understanding of gravity based on Einstein’s theory of

General Relativity is wrong, or that particles forming colddark matter, which have so far

escaped our detection, must exist. Similarly, the Axion, a pseudo-scalar particle supposed

to explain the non-existence of CP-violation in the strong interaction, has not be discovered

yet. It could theoretically be an ingredient of such cold dark matter, but may not explain the

measured dark matter density sufficiently [19] and is not technically part of the SM. Other

SM shortcomings include the matter-antimatter asymmetry observed in the universe which

is not explained at the moment either.

There also are theoretical motivations for physics beyond the SM. One such example is

the hierarchy problem concerning the quadratically divergent fermion loop corrections to the

Higgs boson mass. New physics is required to happen at the TeVscale to constrain the Higgs

mass in the area of a few hundred GeV and thus make the SM consistent with recent W and

top mass measurements. Additionally for a reason of symmetry, theorists are aiming for the

unification of the gauge couplings. Repeatedly, history hasshown that a better understanding

of nature leads to a unification of theories.

1.1.2 Neutral weak boson production

This thesis revolves around the production of the neutral weak bosonZ0. At the LHC, this

happens primaraly by a process call Drell-Yan process wherea quark-antiquark annihilates

into aZ0 boson. The study of the Z boson is very important at the LHC as it is produced with

a large cross-section relative to other processes. We expect around 1400 pb−1 at 14 TeV for

theZ0 → e+e− channel alone. It also has a very clean signature which make it a useful tool

for calibrations and performance studies.
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q

q̄

γ,Z

p

p

e+

e−

Figure 1.2: Feynman diagram of a simpleZ0 → e+e− event.

The main features of theZ0 → e+e− process are :

• large cross-section, higher than most of its backgrounds and will provide us with large

statistics;

• no intrinsic missing transverse energy;

• two high pT leptons;

• isolated lepton trigger signature (isolated lepton);

1.1.3 Supersymmetry

Many theoretical aspects justify the addition of an extra type of symmetry beyond the

SU(3)C×SU(2)L ×U(1)Y gauge symmetries of the SM fields. Since the discovery of the

Pauli Principle, particles have been divided into two groups, fermions with half-integer

spins of the form2n+1
2 and bosons with integer spins. The additional symmetry requires

new particles to be added to form multiplets, so that a supersymmetric operation on the

representation of a particle belonging to one group transforms it into a member of the other

group. Thus the spin is modified but all other properties (mass, couplings) remain the same.

Hence, the electron with spin12 and a mass of 0.511 MeV would have a bosonic superpartner,
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Minimum Supersymmetric Standard Model Particles

Interaction Mass Spin Interaction Mass Spin
e−L/R,µ−

L/R,τ−L/R e−,µ−,τ− 1/2 ẽ−L/R, µ̃−
L/R, τ̃−L/R ẽ−1/2, µ̃−

1/2, τ̃
−
1/2 0

νeL,νµL,ντ L νe,νµ ,ντ 1/2 ν̃eL, ν̃µ L, ν̃τL ν̃e, ν̃µ , ν̃τ 0
u′L/R,c′L/R, t ′L/R u,c, t 1/2 ũ′L/R, c̃′L/R, t̃ ′L/R ũ1/2, c̃1/2, t̃1/2 0

d′
L/R,s′L/R,b′L/R d,s,b 1/2 d̃′

L/R, s̃′L/R, b̃′L/R d̃1/2, s̃1/2, b̃1/2 0

B0,W0 γ,Z0 1 B̃0,W̃0
χ̃0

1 , χ̃0
2, χ̃0

3 , χ̃0
4 ,

1/2
H0

u ,H0
d h,H,A0,A± 0 H̃0

u , H̃0
d 1/2

W± W± 1 W̃±
χ̃±

1 , χ̃±
2

1/2
H± H± 1 H̃± 1/2
g g 1 g̃ g̃ 1/2

Table 1.2: Particle spectrum of the MSSM. Labels “L” and “R” denote left- and right-handed
electroweak eigenstates., The extended SM has an additional Higgs doublet. Mass
eigenstatesx1/2 are defined asx1/2 = xL/R · cosθ ± xR/L · sinθ . Sinceθ is close
to zero for electrons, muons, up, down, charm and strange quarks, their mass
eigenstates are mostly denoted with “L/R” instead of “1/2” in literature.

in most theories with spin 0, and the same mass. However, since no supersymmetric partner

has been discovered to date, it is certain that, if Supersymmetry exists at a high energy scale,

it is broken at the scales accessible for experiments at the moment.

The simplest possible extension of the SM with a minimal particle content is called the

Minimal Supersymmetric Standard Model (MSSM) [20]. The MSSM presents an additional

Higgs doublet among its “standard” particles, describes more than twice as many particles

as the SM and solves some of the open theoretical questions about the SM.

One of the main motivations for supersymmetry comes from thequadratically divergent

contributions to the squared Higgs mass. The quantum mechanical interactions of the Higgs

boson including the fermion loops at one-loop-level cause an unphysical quadratic diver-

gence of the Higgs mass and unless there is an effective cancellation, the natural size of the

Higgs mass is the highest scale possible. Supersymmetry reduces the size of the quantum

corrections by having automatic cancellations between fermionic and bosonic Higgs interac-

tions. If supersymmetry is restored at the weak scale, then the Higgs mass is related to super-

symmetry breaking, which can be induced from small non-perturbative effects, explaining

the vastly different scales between the weak interactions and gravitational interactions.
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In many supersymmetric Standard Models, there is a stable heavy particle (such as the

lightest neutralino) which could serve as a WIMP (weakly interacting massive particle) dark

matter candidate. The existence of a supersymmetric dark matter candidate is closely tied to

the stability of the lightest supersymmetric particle.

One other theoretical incentive for the existence of supersymmetry existing at the weak

scale is gauge coupling unification. The evolution of the value of the three gauge coupling

constants of the Standard Model with the energy scale is sensitive to the particle content of

the theory. These coupling constants do not quite meet together at a common energy scale if

we run them using the Standard Model. With the addition of supersymmetry, such a match is

possible, which would help reduce the number of free parameters in the model. The MSSM

provides the possibility of gauge coupling unification at a scale of about 1016 GeV [20].

However, the MSSM also leaves open some important questions. It does not give any

hint as to the source of CP-violation nor is it able to make predictions for any particle mass.

Furthermore, the MSSM still is a theory without quantum gravity.

In order to confirm the predictions of the MSSM, it will first benecessary to find some of

the new particles given in Table 1.2, and measure their mass and interactions. In the MSSM,

each superpartner has the same couplings as its SM partner, hence, in a second step, the

interactions, couplings and the spin of the new particles would have to be determined.

1.2 Experimentally probing Nature at the highest energies

To study the most fundamental components of matter and theirinteractions, it is necessary

to study them at always decreasing length scales. That is equivalent to studying them at

always increasing energies. During the past century, technologies have been developed to

accelerate and collide charged particles at energies whichunveil nature down to a fraction

of a femtometre. Such energies allow us to reproduce the effects of a temperature of 1015
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Figure 1.3: Diagram of the LHC accelerator among the CERN accelerator complex

Kelvins (in lead ion collisions), which existed a fraction of a nano-second after the Big-

Bang. Experiments of that scale are very expensive, and therefore, only possible thanks to

large international funding and collaboration. In addition to the contribution to fundamental

knowledge about particles we get from their results, these experiments have a far-reaching

impact on technical developments which is then contributedback to society.

1.2.1 The Large Hadron Collider

The construction of the Large Hadron Collider (LHC) [26] wasapproved by the CERN’s

Council in December 1994. The LHC has been installed in a 27 kilometre circumference

tunnel which is about 100 metres underground and was used before that by the Large Electron

Positron collider (LEP) until 2001. When it reaches it design performance, the LHC will

collide protons at a center-of-mass energy
√

s of up to 14 TeV, the highest ever reached in
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the history of human-made particle collisions. The design luminosityL is 1034 cm−2s−1.

Furthermore, lead-ion collisions are planned with a total
√

s of 1148 TeV and a luminosity

of 1027 cm−2s−1.

The experimental program of the LHC will include the dedicated heavy-ion detector AL-

ICE (A Large Ion Collider Experiment), the specialised B-physics spectrometer LHCb and

the general purpose detectors CMS (Compact Muon Solenoid) and ATLAS (Section 1.2.2).

The accelerator consists of two interleaved synchrotron rings, whose main elements are

1232 superconducting NbTi dipole and 392 quadrupole magnets operating in superfluid he-

lium at a temperature of 1.9 K. The dipole magnets guide the particles along the ring while

the quadrupole magnets keep the particle bunches focussed.The nominal field for LHC mag-

nets to handle 7 TeV beams is 8.34 Tesla, and the goal is to achieve 9 Tesla. Two 450 GeV

beams produced in the Super Proton Synchrotron (SPS) will beinjected into the LHC, and

then accelerated by superconducting cavities, 8 cavities per ring, operating at 2 MV and

400 MHz.

It is certain that the LHC is going to provide an exciting insight into the most funda-

mental laws of nature. There are several possible scenariosof what might, or might not,

be discovered in this new range of energy. The Higgs particle, which was predicted over

40 years ago, could finally be unveiled. On the other hand, if there is no Higgs, our current

understanding of physics might be shaken fundamentally. Itis clear that, if the SM describes

physics at the investigated energy scale, the Higgs could bediscovered already with an inte-

grated luminosity of 30 fb−1 or less depending on its mass [21]. Its non-existence would cast

very serious doubts on the consistency of the SM. Furthermore, there are numerous theories

which predict various different particles within the energy range of the LHC. All these the-

ories can be tested and some of them, like most supersymmetric models, provide very clear

signatures which could be discovered at the LHC. Unfortunately, most theories can adjust

their parameters such that they cannot be excluded completely. For example, in some areas
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of the MSSM, in regions of moderate tan(β )3 and large values ofA0
4 [22], the lightest Higgs

boson might be very difficult to detect and all other particles would be invisible within the

investigated range of energy [21].

History has shown that each step into a new area of physics challenges existing theories

and opens our eyes towards better ones. Furthermore, it is clear that the discoveries at the

LHC will have a strong impact on the future of particle physics, especially on the question of

whether a linear collider should be build or not. Also, the design of such a collider depends

on the energy range of the particles which may be discovered.In any case, the LHC will

provide important experimental data for theories which have been developed and worked on

in the past decades.

For the discovery of new physics, a precise knowledge about the experimental conditions

is extremely important. Besides the understanding of various other uncertainties, such as lu-

minosity, alignment and calibration, the knowledge about uncertainties coming from parton

distribution functions in the proton (PDF) and higher ordercorrections in the perturbative

description of the SM is crucial.

1.2.2 A Toroidal LHC ApparatuS (ATLAS)

ATLAS is a general-purpose experiment to study proton-proton collisions at the LHC. It

will be run by a collaboration of 2100 physicists working in more than 165 universities

and laboratories from 37 countries. The detector design wasoptimised to maximise the

possible range for physics analyses, from precision measurement of SM parameters likeW

and top masses to the searches for the Higgs boson or other symmetry-breaking mechanisms,

supersymmetric particles, and other indications of the existence of physics beyond the SM

(leptoquarks, microscopic black-holes, . . . ).

3relative contribution that the two Higgs doublets contribute to the electroweak symmetry breaking
4trilinear scalar couplings toA0 at the GUT scale



1.2 Experimentally probing Nature at the highest energies 12

Figure 1.4: A computer-generated view of the ATLAS detector. The dimensions of the de-
tector are∼ 25 m in height and∼ 44 m in length. The weight of about 7000
tonnes is close to that of the Eiffel Tower (7300 tonnes).
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The ATLAS detector, represented on Figure 1.4, is built as a large cylinder 25 meters in

diameter and 44 meter long centred around the beam pipe. Special emphasis is given to a

region about 60 cm long in the centre of the detector where thetwo beams will collide. The

nominal interaction point (IP) is defined as the origin of thecoordinate system, while the

beam direction defines thez-axis, and thex-y plane is transverse to the beam direction. The

positivex-axis is defined as pointing from the interaction point to thecentre of the LHC ring

and the positivey-axis is defined as pointing upwards. The positivez-axis was chosen to form

a right-handed coordinate-system. Hence the A-side of the detector, facing the Geneva lake,

is defined as that with positivez and the C-side, facing the Jura, is that with negativez. The

radiusr of an element is defined as the distance between that element and the beam pipe in

thex-y plane. The azimuthal angleφ is measured as usual around the beam axis, and the polar

angleθ is the angle from the beam axis. The pseudorapidity is definedasη =− ln tan(θ/2)

(in the case of massive objects such asZ0 bosons, the rapidityy= 1/2ln[(E + pz)/(E− pz)]

is used). The transverse momentumpT , the transverse energyET , and the missing transverse

energyEmiss
T are defined in thex-y plane unless stated otherwise. The distance∆R in the

pseudorapidity-azimuthal angle space is defined as∆R=
√

∆η2 +∆φ2.

The ATLAS detector has been built forward-backward symmetric with respect to the

nominal IP. The magnet configuration comprises a thin superconducting solenoid surround-

ing the inner-detector cavity, and three large superconducting toroids (one barrel and two

end-caps) arranged with an eight-fold azimuthal symmetry around the calorimeters. This

fundamental choice has driven the design of the rest of the detector.

The inner detector (Section 1.2.2.1, Figure 1.6) is immersed in a 2 T solenoidal field.

Pattern recognition, momentum and vertex measurements, and electron identification are

achieved with a combination of discrete, high-resolution semiconductor pixel and strip de-

tectors in the inner part of the tracking volume, and straw-tube tracking detectors with the

capability to generate and detect transition radiation in its outer part.

The calorimeters (Section 1.2.2.2, Figure 1.12) provide the energy reconstruction in AT-
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Figure 1.5: View of the ATLAS detector in they-z plane. The detector is symmetric on the
other side of they axis and present a cylindrical symmetry around thezaxis. The
inner detector is represented in black, the solenoid in grey, the calorimeters in
green and red, and the muon spectrometer in blue.

Figure 1.6: Perspective cut-away view of the inner detector. The different sub-structures are
labelled. The outer radius of the inner detector is 103 cm, for a total length of
6.2 m
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LAS. High granularity liquid-argon (LAr) electromagneticsampling calorimeters, with ex-

cellent performance in terms of energy and position resolution, cover the pseudorapidity

range|η|< 3.2. The hadronic calorimetry in the range|η|< 1.7 is provided by a scintillator-

tile calorimeter, which is separated into a large barrel andtwo smaller extended barrel cylin-

ders, one on either side of the central barrel. In the end-caps (|η| > 1.5), LAr technology is

also used for the hadronic calorimeters, matching the outer|η| limits of end-cap electromag-

netic calorimeters. The LAr forward calorimeters provide both electromagnetic and hadronic

energy measurements, and extend the pseudorapidity coverage to|η| < 4.9.

The calorimeter is surrounded by the muon spectrometer (section 1.2.2.3). The air-core

toroid system, with a long barrel and two inserted end-cap magnets, generates strong bending

power in a large volume within a light and open structure. Multiple-scattering effects are

thereby minimised, and excellent muon momentum resolutionis achieved with three layers

of high precision tracking chambers.

1.2.2.1 Inner detector

The inner detector is the innermost part of the ATLAS detector. It consists of three sub-

detectors: from the beam pipe out, a silicon pixel detector (PIXEL), a silicon strip detector

(SCT), and a transition radiation tracker detector (TRT).

The inner detector was designed to provide tracking in a pseudo-rapidity range up to

|η| < 2.5. However, for budget reason, the last big wheels of the TRT end-cap were not

built, so that the TRT coverage only extends to a pseudo-rapidity of |η| < 2.0.

The PIXEL (Figure 1.8) is designed for high-precision particle tracking close the inter-

action point. Its precision allows finding relatively long-lived particles such asb-mesons

and τ-leptons. The detector is constituted of 1744 modules whichare silicon wafers of

16.4×60.8 mm2, each covered by 47268 pixels. Out of these pixels, 41984 have a size of

50×400 µm2 each, while the remaining 5284 each have a size of 50×600 µm2 to cover
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Figure 1.7: Drawing showing the sensors and structural elements traversed by a charged
track in the barrel inner detector. The track traverses successively the beryl-
lium beam-pipe, the three cylindrical silicon-pixel layers, the four cylindrical
double layers of barrel silicon microstrip sensors (SCT), and approximately 36
axial straws contained in the barrel transition radiation tracker modules within
their support structure. [21]

Figure 1.8: Computer-generated 3D view of the PIXEL layout,with three barrel layers, three
disks on each side and its support structure. The full lengthis 1600 mm for an
outer radius of 200 mm. [21]
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Figure 1.9: Schematic view of a barrel PIXEL module (top) illustrating the major pixel hy-
brid and sensor elements, including the MCC (module-control chip), the front-
end (FE) chips, the NTC thermistors, the high-voltage (HV) elements and the
Type0 signal connector. Also shown (bottom) is a plan view showing the bump-
bonding of the silicon pixel sensors to the polyimide electronics substrate. [21]

the gap between their read-out chips. Figure 1.9 shows a schematic view of a barrel pixel

module. The PIXEL consists of three cylindrical barrel layers at radii 50.5 mm, 88.5 mm

and 122.5 mm, respectively (see Figure 1.7). The innermost layer is also later referred to

as the b-layer, as it is the most critical for the resolution needed to reconstruct secondary

vertices, which a critical discrimination factor to separate b-, c- and light quark jets. The

1456 barrel modules are glued to carbon staves which are inclined by an azimuthal angle

of 20 degree around their long axis. This angle called the Lorentz angle, ensures that the

deposited charges drift straight to the anode in the solenoid magnetic field. There also are

three end-cap disks on each side to increase coverage in pseudorapidity while maintaining

the number of hits for each track. Each disk is made of 8 sectors having 6 modules each. The

heat of the modules is evacuated through the flex hybrid boardto aluminium cooling tubes

fixed to the carbon support structure.

The SCT (Figure 1.10) provides precision track measurements in the intermediate radial
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Figure 1.10: Schematic view of the SCT layout, with barrel and 18 disks. The full length is
5440 mm for an outer radius of 514 mm. [21]

Figure 1.11: Schematic view of a barrel SCT module. The readout electronics is located in
the centre of the module. The electronics board is also connected to the cooling
system to dissipate the excess heat from the silicon. [21]
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region while limiting cost. It contributes to the measurement of momentum, impact param-

eter and vertex position. The 2112 SCT barrel modules are mounted on four carbon-fibre

cylinders with radii of 299 mm, 271 mm, 443 mm, 514 mm and a length of 1498 mm sym-

metric around the nominal IP. Another 1976 modules are mounted on 18 SCT end-cap disks.

Barrel modules consist of four wafers of 768 microstrips mounted in two planes which are

glued together back-to-back at a 40 mrad stereo angle as presented in figure 1.11. The pitch

in the barrel is 80µm, and in the end-cap it varies with radius from 55 to 95µm because

the modules are wedge-shaped to accommodate the wheel structure. The two planes with a

small stereo angle allow the determination of the hit position along the strips. The design

is a compromise between reducing cost and number of readout channels on the one hand

and improving the spatial resolution on the other hand. Justlike the PIXEL barrel modules,

the SCT barrel modules are mounted on their support structure with a small Lorentz angle

around the beam direction as seen on Figure 1.7. The spatial resolution is 17µm in the di-

rection perpendicular to the strips and 580µm in the direction parallel to the strips [23]. The

SCT allows a coverage of the pseudorapidity range up to|η| < 2.5.

The final part of the ATLAS Inner Detector is a combined straw-based drift chamber

tracker and a transition radiation detector as seen on the outside of figures 1.6 and 1.7. The

TRT barrel is made of 52544 axial straws (aligned to the beam pipe) which are 4 mm in

diameter and about 150 cm in length. They are located between56 cm and 107 cm away

from the beam pipe. The TRT end-cap detectors contain a totalof 246760 radial straws

(perpendicular of the beam pipe) at radii between 64 cm and 103 cm. The TRT provides on

average, 36 two-dimensional measurement points per track with a resolution5 of less than

0.170 mm [24]. The higher signal collected when particles emittransition radiation facil-

itates distinguishing electrons from pions. The technology used consists of Kapton straws

interleaved with polypropylene foils or fibres acting as radiators, and a gas mixture made of

Xenon (70%) –for good X-ray absorption– with the addition ofCO2 (27%) andO2 (3%) to

increase the electron drift velocity and for photon-quenching.

5the resolution is dependent on the gas mixture
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Figure 1.12: Cut-away view of the ATLAS calorimeter system.

1.2.2.2 Calorimeters

The ATLAS calorimeters surround the central tracking detectors and are separated from

these by the solenoidal magnet as seen on Figure 1.5 and 1.12.Their aim is to measure

the energy of particles originating from the proton-protoninteractions at the IP. They con-

sist of an electromagnetic (EM) calorimeter covering the pseudorapidity region|η| < 3.2,

a hadronic barrel calorimeter covering|η| < 1.7, hadronic end-cap calorimeters covering

1.5< |η|< 3.2, and forward calorimeters covering the region 3.1< |η|< 4.9 as seen on fig-

ure 1.13. Particles are stopped in the material of the calorimeters in order to determine their

energies. The main fraction of the energy gets absorbed in layers of high-density material.

The EM calorimeter which is responsible for the absorption of electromagnetically inter-

acting particles like electrons, positrons and photons, isbased on a lead and stainless steel

structure. Its high granularity makes it very precise for the measurement of both the amount

of energy absorbed and the location of the deposited energy.Angles of particle trajectories

can be measured within about 50−60mrad/
√

E (GeV) [21].

The hadronic calorimeter uses steel plates in the central and tungsten in the forward
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Figure 1.13: Schematic of the transition region between thebarrel and end-cap cryostats,
where additional scintillator elements are installed to provide corrections for
energy lost in inactive material (not shown), such as the liquid-argon cryostats
and the inner-detector services.

calorimeter as absorption material to measure the energy ofstrongly interacting particles.

It localises particles with a precision of about 100mrad/
√

E GeV [24]. Charge particles,

produced in the absorption process of the primary particles, ionize the liquid argon which

is interleaved between the absorber plates. Due to an applied electric field, electrons re-

leased drift, inducing a current on the electrode structure. The total current is proportional

to the energy of the incoming particle. The described type ofcalorimeter is called a sam-

pling calorimeter because only a small sample of the deposited energy is actually measured

in the active medium. The correct calibration of the calorimeters is therefore crucial for their

physics performance. Initial calibration is extrapolatedfrom extensive test beam data col-

lected on the different module types. Further improvementsinvolve a complex procedure

which is partly based on using particles originating from known decays of SM particles.
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Figure 1.14: Cut-away view of the ATLAS muon system.

1.2.2.3 Muon spectrometer

A schematic layout of the muon spectrometer is shown in Figure 1.14. It is based on the

magnetic deflection of muon tracks in the large superconducting air-core toroid magnets,

instrumented with separate trigger and high-precision tracking chambers. Over the range

|η| < 1.4, magnetic bending is provided by the large barrel toroid. For 1.6 < |η| < 2.7,

muon tracks are bent by two smaller end-cap magnets insertedinto both ends of the barrel

toroid. Over 1.4 < |η| < 1.6, usually referred to as the transition region, magnetic deflec-

tion is provided by a combination of barrel and end-cap fields. This magnet configuration

provides a field which is mostly orthogonal to the muon trajectories, while minimising the

degradation of resolution due to multiple scattering. The anticipated high level of particle

flux has had a major impact on the choice and design of the spectrometer instrumentation,

affecting performance parameters such as rate capability,granularity, ageing properties, and

radiation hardness.
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In the barrel region, tracks are measured in chambers arranged in three cylindrical layers

around the beam axis; in the transition and end-cap regions,the chambers are installed in

planes perpendicular to the beam, also in three layers. Figure 1.14 shows the arrangement

of the different detectors. Over most of theη-range, a precision measurement of the track

coordinates in the principal bending direction of the magnetic field is provided by Monitored

Drift Tubes (MDT’s). The mechanical isolation in the drift tubes of each sense wire from

its neighbours guarantees a robust and reliable operation.At large pseudorapidities, Cath-

ode Strip Chambers (CSC’s, which are multiwire proportional chambers with cathodes seg-

mented into strips) with higher granularity are used in the innermost plane over 2< |η|< 2.7,

to withstand the demanding rate and background conditions.The stringent requirements on

the relative alignment of the muon chamber layers are met by the combination of precision

mechanical-assembly techniques and optical alignment systems both within and between

muon chambers. The trigger system covers the pseudorapidity range|η| < 2.4. Resistive

Plate Chambers (RPC’s) are used in the barrel and Thin Gap Chambers (TGC’s) in the end-

cap regions. The trigger chambers for the muon spectrometerserve a threefold purpose: to

provide bunch-crossing identification, to provide well-defined pT thresholds for the trigger,

and to measure the muon coordinate in the direction orthogonal to that determined by the

precision tracking chambers.

1.2.2.4 Trigger system

The Trigger and Data Acquisition (collectively TDAQ) systems, the timing- and trigger-

control logic, and the Detector Control System (DCS) are partitioned into sub-systems, typ-

ically associated with sub-detectors, which have the same logical components and building

blocks. The trigger system has three distinct levels: L1, L2, and the event filter (EF) .Each

trigger level refines the decisions made at the previous level and, where necessary, applies

additional selection criteria. L1 is a fully electronic dedicated hardware trigger, whereas L2

and EF are software based trigger levels. The data acquisition system receives and buffers
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Figure 1.15: Diagram of the trigger levels. L1 bases its decision on crude calorimeter and
muon system data. L2 uses the full granularity of the detector in the ROI’s
pointed out by L1. EF uses the full detector information. Timing requirements
for each level are also described.

the event data from the detector-specific readout electronics, at the L1 trigger accept rate,

over 1600 point-to-point readout links. The first level usesa limited amount of the total de-

tector information to make a decision in less than 2.5 µs, reducing the rate to about 75 kHz

[21]. The two higher levels access more detector information for a final rate of up to 200 Hz

with an event size of approximately 1.3 Mbyte.

The L1 trigger searches for high transverse-momentum muons, electrons, photons, jets,

andτ-leptons decaying into hadrons, as well as large missing andtotal transverse energy.

Its selection is based on information from a subset of detectors. High transverse-momentum

muons are identified using trigger chambers in the barrel andend-cap regions of the spec-

trometer. Calorimeter selections are based on reduced-granularity information from all the

calorimeters. Results from the L1 muon and calorimeter triggers are processed by the central

trigger processor, which implements a trigger “menu” made up of combinations of trigger

selections. Pre-scaling of trigger menu items is also available, allowing optimal use of the

bandwidth as luminosity and background conditions change.Events passing the L1 trigger
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selection are transferred to the next stages of the detector-specific electronics and subse-

quently to the data acquisition via point-to-point links. In each event, the L1 trigger also

defines one or more Regions-of-Interest (RoI’s), i.e. the geographical coordinates inη and

φ , of those regions within the detector where its selection process has identified interesting

features. The RoI data include information on the type of feature identified and the criteria

passed, e.g. a threshold. This information is subsequentlyused by the high-level trigger.

The L2 selection is seeded by the RoI information provided bythe L1 trigger over a

dedicated data path. L2 selections use, at full granularityand precision, all the available

detector data within the RoI’s (approximately 2% of the total event data). The L2 menus are

designed to reduce the trigger rate to approximately 3.5 kHz, with an event processing time

of about 40 ms, averaged over all events. The final stage of theevent selection is carried

out by the event filter, which reduces the event rate to roughly 200 Hz. Its selections are

implemented using offline analysis procedures within an average event processing time of

the order of four seconds.

The combined detector and trigger infrastructure are called the online part of the ATLAS

analysis process as it operated in real–time as the data arrives and everything that is rejected

by the trigger is lost forever and cannot be recovered.

1.2.2.5 ATLAS Software framework

Athena is the ATLAS general purpose offline software framework. It is build around a core

project, Gaudi, that is common with the LHCb experiment. It provides facilities for various

needs such as event generation, simulation, reconstruction and detector description. It is

structured in packages which contain services and commonlyused algorithms. Each pack-

age may have explicitly defined dependencies on other packages. The handling of input and

output data as well as configuration of run specific parameters is done through a so-called

“jobOption”-file, which is a Python script describing whichalgorithms to run and which
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values are to be used for configuration. The Athena frameworkis under continuous devel-

opment by ATLAS physicists and new versions are released approximately every month. As

data-taking approaches, it is converging towards a stabilisation of the data persistency for-

mats. The analysis algorithms on the other end are evolving quickly and are expected to be

regularly maintained to follow modifications in other packages and changes in the knowledge

of the detector performance.

The offline software contains a generally complete description of the ATLAS detector

as built. This description is used by the reconstruction andis subject to changes as more

information about, for example, inner detector module alignment or calorimeter calibrations,

becomes available. The reconstruction of a collision is performed by a collection of various

tools. For the inner detector reconstruction, hit clustersare first built, then space-points6

are constructed, then finally, a track finder is run to reconstruct charge particle trajectories.

Similarly, energy clusters are reconstructed in the calorimeters by adding energy depositions

in adjacent cells and are added to well lined tracks to build particle candidates. If no matched

tracks are found, neutral object candidates are defined (photon,π0, neutron,. . . )

6in the SCT, at least one hit on each side of a module is needed toconstruct one space-point



Chapter 2

Measuring the electron reconstruction

efficiency at ATLAS
This chapter describes the electron reconstruction at ATLAS. It presents the software algo-

rithm under study and the method to measure its efficiency from data with minimum reliance

on Monte-Carlo. It presents the definition of the Tag and Probe method used for this mea-

surement. The actual measurement and the method used to dealwith the background are

presented in the following chapters.

At a hadron machine like the LHC, lepton identification is a very important tool as the

presence of leptons provides a relatively clean environment and is used in many signatures

of both existing and new physics. Lepton identification can be split in two different aspects:

on the one side, the probability that a lepton is indeed identified as a lepton, which is called

lepton efficiency, and on the other side, the probability fora different particle or jet to be

mistaken for a lepton, which is called the fake rate.

This work concentrates mainly on an algorithm to measure theelectron efficiency, i.e.,

the probability of an electron to be identified as an electronby the combination of hardware

and software. The electron efficiency is a very important parameter that enters in the mea-

surement of many cross-sections and so it is important to obtain an accurate measurement of

it even with early data.

27
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Figure 2.1: Views of the main detectors involved in electronreconstruction. From the cen-
tre out, PIXEL, SCT, TRT and Liquid-Argon Calorimeter. The solenoid is also
represented.

2.1 Electron reconstruction algorithms

This section describes the main features of the electron reconstruction algorithms at ATLAS

whose efficiency we try to assess.

2.1.1 Detector hardware involved

The electron reconstruction at ATLAS mainly involves two detector components:

• the inner detector tracking is used to determine the trajectory of the charged particles

(i.e. track), and is used to separate electron and photons (see Section 1.2.2.1);

• the calorimeters are used to measure the energy of the particles. For electrons, the

liquid argon electro-magnetic calorimeter is the most important sice most electrons

don’t reach the hadronic calorimeter (see Section 1.2.2.2).

The principle of electron reconstruction is that an electron passing through the detector

should leave a track in the inner detector before depositingits energy in the Liquid-Argon

electro-magnetic calorimeter. The software algorithm is built with this principle in mind.
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Figure 2.2: Diagram of the egamma electron algorithm. See text for details in section 2.1.2

The reconstruction software is split between two algorithms which are aimed at electrons

originating from different processes.

The so-called “soft-electron” algorithm is geared toward low energy electron reconstruc-

tion, namely electrons originating from low mass objects like J/ψ1 or evenϒ2 or electrons

from decay of b- of c-jets.

2.1.2 High-pppTTT software algorithm

The main electron algorithm is named “egamma” and is aimed athigh pT electrons originat-

ing from the hard process. It is the main algorithm for electroweak physics studies.

The egamma algorithm is organized in two parts. The first partreconstructs the clusters

in the calorimeter to create electron/photon candidates, the second part tries to associate a

track to differentiate electron from photon candidates. A third separate part defines standard

cuts to increase the probability to get the correct particleidentification.

1The mass of theJ/ψ(1S) is 3096.916 MeV [3]
2The mass of theϒ(4S) is 10579.4 MeV [3]
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Figure 2.3:η-φ view of the energy deposition in the electro-magnetic calorimeter. The en-
ergy is summed by projective tower.

Layer ∆η ∆φ ∆R
Layer 1 0.0031 0.0980 4.3 X0

Layer 2 0.025 0.0245 16 X0

Layer 3 0.5 0.0245 2 X0

Table 2.1: Granularity of the electro-magnetic calorimeter

2.1.2.1 Clustering algorithm

The default clustering algorithm is a Sliding Window Clustering algorithm. The name de-

rives from the fact that the algorithm looks at narrow windows inη ×φ to find the clusters.

The clusters are reconstructed using a three step process :

1. the tower building;

2. the pre-cluster (seed) finding;

3. the cluster filling.
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Parameter Value
Tower building

Calorimeter type Electro-Magnetic (LAr)
η range [−2.5,2.5]

η ×φ divisions (∆η ×∆φ ) 200×256 (.025× .025)
Pre-cluster finding

Size of window (η ×φ towers) 5×5
Ethres

T (GeV) 3
Duplicate separation (∆ηdupl×∆φdupl) 2×2

Cluster filling
cluster size (η ×φ ) 3×5, 3×7 or 5×5,

Table 2.2: Parameters used in the clustering of the egamma reconstruction algorithm

The tower building phase consists in dividing theη−φ plane in a large number of squares

(≈ 50000) and adding the energy of all the cells in each square, giving the representation of

the energy deposition in Figure 2.3. For electro-magnetic clusters, only cells in the electro-

magnetic calorimeter are considered. The electro-magnetic calorimeter segmentation can be

seen on Figure 2.5 as well as its three layer structure. The granularity of the different parts

of the electro-magnetic calorimeter are summarized in Table 2.1.

The pre-cluster finding consists of making “windows”, i.e. groups, of the previously built

towers (typically 5×5 towers inη×φ ). A pre-cluster is formed from the accumulated energy

of such a window is above a thresholdEthres
T . The size of the window and the threshold are

optimised to obtain the best efficiency of the pre-cluster search and to limit the rate of fake

pre-clusters due to noise. Duplicated and/or overlapping clusters are removed by imposing

a minimum separation between the cluster centres, otherwise only the most energetic cluster

is kept. Clusters are circled in grey on Figure 2.3.

Finally, the cluster filling consists of including in the cluster all the cells in a rectangle

centred around the seed position. Different sizes can be used and the calibration is applied

depending of the object type (electrons or photons). The identification criteria (see Section

2.1.2.3) are applied to each cluster size and the one that passes the most criteria is kept.

Full details on the clustering algorithm as well as the values of the parameters are de-



2.1 Electron reconstruction algorithms 32

Figure 2.4: The extrapolation of the track to the calorimeter must match with the cluster
centre.

scribed in the ATLAS Detector Paper [21]. The parameters used in version 14 of the ATLAS

software can be found in Table 2.2.

2.1.2.2 Track matching

After an electro-magnetic cluster has been identified, one needs to determine whether it is a

photon or an electron candidate. This is dependent on whether a track can be matched to this

cluster.

This is done in two steps. First a crude matching is done. Theη −φ direction parameters

of the track at the interaction vertex are loosely matched tothe cluster barycentre. Then, for

the tracks that fulfil that requirement, theη −φ position is extrapolated to each layer of the

calorimeter and a close match is required.

If more than one track passes the extrapolation requirementas in Figure 2.4, the software

only keeps the one such that the ratio of energy to momentum (E/p) is closest to 1. The

energy is extracted from the energy of the cluster, whereas the momentum is calculated from

the track curvature. Again, particular values for the cuts can be found in the ATLAS Detector

Paper [21].
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Parameter Value
crude matchingη < 0.05
crude matchingφ < 0.1
tight matchingη < 0.05
tight matchingφ [−0.1,0.05]

E/p matching < 10

Table 2.3: Parameters used in tracking part of the egamma reconstruction algorithm

Clusters for which a reasonable track-match exists are considered electron candidates,

while the others are kept as photon candidates. This concludes the reconstruction part of the

algorithm.

Table 2.3 summarizes the parameters used in the egamma track-matching algorithm.

2.1.2.3 Identification

Immediately after a candidate has been discovered, identification tests are performed on

electron candidate to separate real electrons from fakes according to different criteria. These

are not part of the reconstruction process as such and so their performance is not the object of

this measurement. But given that they are used by the measurement to reject the background,

we describe them here as well.

The following calorimeter-based discriminating variables are used:

Hadronic leakage is the ratio of the transverse energy deposited in the hadronic calorimeter

to the total transverse energy of the electron;

Second layer electrons deposit most of their energy in the second sampling layer of the

calorimeter as defined on Figure 2.5. In this layer two variables are used:

Shower shapemost of the energy should be deposited close to the centre of the

shower. The shape is defined by the ratio of the energy deposited in the core

of the shower to the energy deposited in a wider circle;

Shower width electrons have narrower showers than hadronic jets;



2.1 Electron reconstruction algorithms 34

∆ϕ = 0.0245

∆η = 0.025
37.5mm/8 = 4.69 mm
∆η = 0.0031

∆ϕ=0.0245x4
36.8mmx4
=147.3mm

Trigger Tower

TriggerTower∆ϕ = 0.0982

∆η = 0.1

16X0

4.3X0

2X0

15
00

 m
m

47
0 

m
m

η

ϕ

η = 0

Strip cells in Layer 1

Square cells in 

Layer 2

1.7X0

Cells in Layer 3

∆ϕ×�∆η = 0.0245×�0.05

Figure 2.5: Sketch of a EM calorimeter barrel module where the different layers are clearly
visible with the ganging of electrodes inφ . The granularity in eta and phi of the
cells of each of the three layers and of the trigger towers is also shown.

First Layer with its very fine granularity in rapidity as pictured on Figure 2.5, it can be used

to detect substructures within a shower. Pion jets (π0/η) are found to have often two

maxima as they mostly decay to two photons. The test searchesfor a second maximum

close to the hottest cell in this layer.

Isolation we can ensure the object is isolated by requiring a hollow cone around the object

core to not exceed a certain energy relative to the amount of energy deposited in its

core.

All these cuts are dependent on the pseudo-rapidity to account for the detector geometry.

The values at central rapidity for a 20 GeV electron are recorded in Table 2.4.

In addition to the calorimeter based identification, a certain number of track based criteria

are also defined :

Track-quality require a certain number of hits to remove track fitter fakes:

• at least nine precision hits (PIXEL+SCT);
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Cut Name Value

Hadronic Leakage Ehad1
T /Ee

T < 0.02

Shower Shape EEM2
3×7 /EEM2

7×7 > 0.77

Shower Width widthEM2 < 0.014

First Layer 1 EEM1
2ndmax

/EEM1
min between max< 0.15

First Layer 2 widthEM1
total < 4

First Layer 3 (EEM1
5strips−EEM1

3strips)/(EEM1
3strips) < 0.45

First Layer 4 widthEM1
3strips< 0.80

Isolation Econe20
T /ET < 0.5

Table 2.4: Calorimeter-based identification cuts for a 20 Gev Electron atη = 0

• at least two hits in the pixel layers, one of the hits being in the b-layer;

• a small transverse impact parameter|d0| < 1 mm.

spacial matching tighter cuts on the extrapolated∆η and∆φ matching between the track

and the cluster;

energy matching tighter cuts on the E/p matching between the track and the cluster;

transition radiation an electron should have a high number of high threshold hits in the

TRT from the higher transition radiation while traversing the radiating material.

All these cuts are again dependent on the pseudo-rapidity tobetter match the detector

geometry. The values at central rapidity for a 20 GeV electron are recorded in Table 2.5.

We can choose to apply any combination of these cuts to reducethe contamination of

fake jets at the cost of reducing the efficiency of the identification.

There are however some predefined sets of selection defined bythe egamma working

group that are designed to be good compromise between efficiency and purity [25]. Rejec-

tions and efficiencies are given in Table 2.6.
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Cut Name Value

PIXEL+SCT Nhits > 9

PIXEL NPIXEL
hits > 2

B-Layer Nb−layer
hits ! = 0

Impact Parameter |d0| < 1mm

Matching∆η |∆η| < 0.005

Matching∆φ |∆φ | < 0.02

Energy Matching 0.8 < E/p < 2.5

TRT Hits NT RT
hits ≥ 15

Transition Radiation Hits NT R/NT RT
hits > 0.08

Table 2.5: Track-based identification cuts for a 20 GeVET Electron atη = 0

IsEM ElectronLoose This set of cuts performs a simple electron identification based only

on limited information from the calorimeters. Cuts are applied on the hadronic leak-

age and on shower-shape variables, derived from only the middle layer of the EM

calorimeter (lateral shower shape and lateral shower width). This set of cuts provides

excellent identification efficiency, but low background rejection.

IsEM ElectronMedium This set of cuts improves the background rejection by addingcuts

on the strips in the first layer of the EM calorimeter and on thetracking variables.

IsEM ElectronTight This set of cuts makes use of all the particle-identificationtools cur-

rently available for electrons. In addition to the cuts usedin the medium set, cuts are

applied on the number of vertexing-layer hits (to reject electrons from conversions),

on the number of hits in the TRT, on the ratio of high-threshold hits to the number of

hits in the TRT (to reject the dominant background from charged hadrons).
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Cuts

ET > 17 GeV ET > 8 GeV
Efficiency (%) Jet rejection Efficiency (%) Jet rejection
electrons from Single electrons

Z0 → e+e− (ET = 10 GeV)
Loose 87.96±0.07 567±1 75.8±0.1 513±2

Medium 77.29±0.06 2184±13 64.8±0.1 1288±10
Tight 64.22±0.07 (9.8±0.4) ·104 48.5±0.1 (5.8±0.3) ·104

Table 2.6: Expected efficiencies for isolated electrons andcorresponding jet background re-
jections for the three standard levels of cuts used for electron identification. The
results are shown for the simulated filtered di-jet and minimum-bias samples, cor-
responding respectively toET-thresholds of 17 GeV (left) and 8 GeV (right). Re-
jection is calculated as the number of rejected jet for everyaccepted one in a pure
light jet sample. The quoted errors are statistical [25].

2.1.2.4 Other refinements

Apart from the main features described previously, additional refinements are gradually be-

ing introduced into the ATLAS software.

Conversion recovery This algorithm tries to recover converted primary photons by look-

ing at nearly parallel tracks. It can decide that an electronis in fact originating from a

converted photon and as such move the object to the photon candidate collection. Because

of the high number of tracks in the ATLAS tracker, fakes are a concern and some primary

electrons may falsely be labelled as converted photons.

Bremsstrahlung recovery These algorithms try to recover hard bremsstrahlung of the

electron track. They try to correct the curvature of the track to get a better fit and extract

a better measurement of the overall electron momentum.

Backtracking This algorithm tries to reconstruct a track by starting froma calorimeter hot

cell and going toward the detector centre. The primary focusis to reconstruct tracks from

late conversions in the tracker. Again, because of the high occupancy in the tracker, fake

tracks may be reconstructed leading to reconstruction problems.
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2.1.3 Low pppTTT electron software algorithm

This algorithm is track based, as opposed to the egamma algorithm. First the algorithm

searches for high quality tracks. Then theses tracks are extrapolated to the calorimeter where

a cluster is built. The same identification variables as for the egamma algorithm are then

available.

The high track quality is assessed by the following requirements:

• at least two hits in the pixel detector, one of which being in the b-layer;

• a minimal number of precision hits (pixels+SCT);

• small impact parameter of the track in the transverse plane|d0| < 1 mm;

• at least one high threshold hit in the TRT detector along the track, corresponding to at

least one instance of transition radiation; (if|η| < 2)

• at least 20 hits in the TRT detector along the track. (if|η| < 2)

After a good track has been selected, a fixed size cluster is constructed around the extrap-

olation of the track in the second sampling of the calorimeter. To reduce fake jets, further

requirements are imposed on the cluster reconstructed after the extrapolation:

• E/p > 0.7 where p is extracted from the track and E is the cluster energy;

• E1/E > 0.03 (Energy in the first EM layer over full cluster energy);

• E3/E < 0.5 (Energy in the third EM layer over full cluster energy).
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Find a well defined track

Construct a cluster around
the track extrapolation point

E/p Match ?

NO

YES

Add a soft electron candidate

Reject

Figure 2.6: Diagram of the soft-electron algorithm

Cut Name Value

PIXEL NPIXEL
hits ≥ 2

B-Layer Nb−layer
hits ! = 0

PIXEL+SCT Nhits≥ 7

Impact Parameter |d0| < 1 mm

TRT Hits NT RT
hits ≥ 20

Transition Radiation Hits NT R/NT RT
hits > 0.05

Minimum pT pT > 2 GeV

Energy Matcht E/p > 0.7

First EM Layer E1/E > 0.03

Third EM Layer E3/E < 0.5

Table 2.7: Requirement on track and cluster for a soft electron reconstruction



2.2 Definition of the measurement 40

2.2 Definition of the measurement

At an experiment like ATLAS, electron identification is the result of many hardware compo-

nents and software algorithms. In the ATLAS software definitions, electrons are selected at

different levels :

• on-line, there are three different definitions matching thethree trigger levels at ATLAS.

• off-line, the reconstruction starts by finding cluster/track combinations that are likely

electron candidates

• subsequently, additional tests are performed on the candidates in an identification step.

The way the trigger system tries to identify electrons is described in the “Electron and

Photon” Chapter of the ATLAS Technical Report [25]. This thesis does not try to determine

the performance of the trigger system.

This works focuses on an algorithm to try to measure the offline efficiency for a real elec-

tron to be reconstructed as an electron candidate by the software. Its purpose is to measure

the efficiency of the first step of the off-line reconstruction process described above.

The efficiency of the identification step is studied separately in the “Electron and Photon”

Chapter of the ATLAS Technical Report [25].

The aim of this work is the measurement of the efficiency of thefirst step of the recon-

struction which we will refer to simply as “reconstruction”as opposed to “identification”,

which will refer to the second step of the software reconstruction process.

This is confusing because many papers, in particular cross-section measurements, refer

to the electron efficiency as the efficiency of the combined reconstruction and identification

steps. But since many analyses uses different identification cut sets, this leads to a set of

different “electron efficiencies”.
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The ATLAS performance group point of view has been that studying the reconstruction

and the identification separately is more efficient. It allows different analyses to use differ-

ent identification cuts and understand their differences. Moreover, the two steps may have

slightly different systematics which can then be studied separately.

What this thesis will refer to as the “electron efficiency” ishenceforth really the electron

reconstructionefficiency, while we will refer to the efficiency of the identification process as

the “identification efficiency”.

The same technique can be used to measure the identification efficiency relative to the

reconstruction efficiency as well as the trigger efficiency at each trigger level. Such studies

are presented in [25].

2.3 Measurement framework

Measuring an efficiency is a question of defining a very clean sample of objects and counting

how many of these pass the requirements.

In our case, that means trying to find “real” high-pT electrons coming from the hard

process, and measuring how many of these are reconstructed by the software. Defining “real”

electrons in data is difficult, as unlike Monte-Carlo production, we have no prior knowledge

of what to expect.

In order to obtain this knowledge from data, we apply a “tag and probe” method to get a

good electron sample.

2.3.1 Tag and probe principle

The principle of a tag and probe method is to select an event type which has several distin-

guishable signatures, one of them being the object of the investigation.
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Figure 2.7: Feynman diagram of a simpleZ0 → e+e− event.

In our case, we elected to select theZ0 → e+e− process for several reasons:

• it has a relatively large cross-section3, higher than most of its backgrounds and will

provide us with large statistics;

• no missing transverse energy;

• two high pT leptons;

• one isolated trigger signature (isolated lepton);

We select a clean sample by using all the signatures of the event except the one under

investigation, so that we can then study the remaining one separately.

The selection consists of finding events which triggered on one high energy lepton. We

can then add a requirement for very little missing transverse energy (to account for small

detector mismeasurements) and at least one good electron. Here, “good electron” means one

reconstructed electron which passes all the identificationcuts described earlier in Section

2.1.2.3.
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At least one high-pT
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Figure 2.8: Diagram of the event selection

2.3.2 Global event selection

Given that we are looking for electron decays of theZ0 boson, we decided to put a require-

ment on at least one high-pT electron in the event.

In order to achieve that, we scan through the e-gamma stream of the ATLAS output and

keep only events that pass a determined trigger chain at all three levels.

In release 13, for the CSC4 exercise that led to the publication of the ATLAS Technical

Report [25], we chose the chain corresponding to one isolated electron with a minimumpT

of 15 GeV. That choice was made because that chain was the one with the lowest threshold

without being prescaled.

In release 14, for the FDR5 exercise, for the same reasons, the chosen chain had a mini-

mum pT of 20 GeV.

What is more, since aZ0 → e+e− event has intrinsically no missing transverse energy,

3we expect≈ 1400pb.
4Computing System Commissioning
5Full Dress Rehearsal
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we fix a maximum threshold on the measured missingET in the event. This introduces

a minimum bias in the selection while rejecting backgroundswith neutrinos. The choice

of the threshold will mostly depend on the resolution achieved in the measurement of the

transverse energy.

For the CSC and FDR exercises, that maximum was fixed at 20 GeV.That threshold was

chosen to keep a large signal fraction while rejecting most of the W → eν + fake electron

background. It also limits contamination from some other processes like electronic decays

of tt̄ or Z0 → ττ events.

All these thresholds will of course need to be re-evaluated with data, once the trigger

menu is finalised.

2.3.3 Object Selection

Once an event has passed the global event selection described above, we study the different

reconstructed objects individually to find good candidatesand reject fakes.

We first try to find our Tag, i.e. a well defined electron, beforelooking for a potential

probe electron.

2.3.3.1 Tag selection

As described in subsection 2.3.1, we use the signature from aZ0 → e+e− event to improve

the purity of our sample.

We use as tight a selection as we can on the first lepton from thedecay. We achieve that

by imposing the following requirements on one single reconstructed electron:

1. it was reconstructed by the e-gamma algorithm;

2. it is within the tracking volume (|η| < 2.4);
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TAG

Probe
(True Electron)

Probe

(Fake Electron)

Figure 2.9: Selection of Tag and Probe object in the ATLAS detector. Event with more than
one Probe candidate for one Tag.

3. it is outside the calorimeter cracks to avoid poor energy measurements (1.37< |η| <

1.52);

4. its pT is higher than the chosen trigger threshold;

5. it matches in∆R, at each trigger level of our chosen chain, with an object that passed

the chain;

6. it passes the tightest identification requirements we have (IsEM ElectronTight).

We consider all electrons passing every requirement mentioned above as being a very

good electron candidate. We then decide to use them as one of the legs of aZ0 decay and so

“Tag” the event.

If there are more than one such electron in a event, we consider each one in turn as a new

“Tag” electron. We will explain in chapter 3 how to deal with double counting issues.

After we have identified a Tag, we probe through the rest of theevent for a candidate for

the second leg of theZ0 decay.



2.3 Measurement framework 46

Find a
reconstructed

electron

Matches
trigger electron ?

Within
acceptance ?

Passes
tight cuts ?

Accept as Tag

Find an EM cluster

NO

NO

NO

NO
YES

YES

YES

YES

Is the Tag Cluster ?

Keep as probe

Is base of
another reconstructed

electron ?

Keep as reconstructed probe

YES

Figure 2.10: Tag and Probe selection algorithm

2.3.3.2 Probe selection

Ideally, we would like to measure the “absolute” electron efficiency. For that, we would need

to know precisely where the other true electron is and whether it was reconstructed.

However in data this knowledge is not available and so we haveto use the closest thing

we can find.

In the ATLAS case, we decided to use any electro-magnetic cluster as an electron can-

didate. The reason is that the cluster finding algorithm has amuch lowerET threshold than

the energy of the electrons coming from aZ0 decay. As such it is expected to have a very

good efficiency for highpT electrons. A study made from Monte-Carlo ATLAS simulation,

indicated that the efficiency is much better than 99.9% over most of theη range as illustrated

on figure 2.11.

We have investigated further criteria that can optionally be applied, such as a minimum

separation inφ between the Tag and the Probe. Unfortunately, this criterion was found to
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(b) cluster efficiency as a function ofpT (|η | < 2.47)

Figure 2.11: Efficiency of the clustering algorithm for high-pT electrons.
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(a) pp→ Z0 → e+e−
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(b) pp→ Z0 → τ+τ−
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(d) pp→W+ jets
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Figure 2.12: distance inφ between the Tag and the Probe for the signal and some background
samples.
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criterion Tag Probe reconstructed Probe
EM cluster 2� 2� 2�

Minimum ET 2� 2� 2�

|η| cut 2� 2� 2�

Track matching 2� 2 2�

Tight identification 2� 2 2

Passed trigger 2� 2 2

Table 2.8: Informations available and criteria passes by each Tag or Probe object

have a low discriminating power against the most common backgrounds (see Figure 2.12).

What is more, it may be problematic in case of highly boostedZ0 events, as the angle can be

reduced by the boost.

Once we have selected a Tag and a probe, we can reconstruct theZ0 they supposedly

originated from. We will later use the invariant mass line shape to statistically separate the

signal from the background.

2.3.4 Probe matching criterion

Once we have identified a suitable probe candidate, we shouldhave a criterion to check

whether that candidate was indeed reconstructed as an electron by the software. That is

achieved by checking whether there is a reconstructed e-gamma electron whose cluster is

our probe cluster.

Other versions of this test could rely on∆η-∆φ matching, but this relies on a matching

parameter that will be hard to estimate from data, and it doesnot account for duplicate cluster

finding problems. It could associate more than one cluster with one reconstructed electron.

Table 2.8 summarises the different cuts applied to our different objects. It reminds us

that the set of Tags is a subset of both probes and reconstructed probes.
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2.4 Summary

This chapter presented the ATLAS hardware and the software framework for electron recon-

struction. It also described the aim of the electron reconstruction efficiency measurement.

The next chapter will describe the mathematical framework in which the measurement is

performed as a test of what we can achieve with the ATLAS detector.



Chapter 3

Calculating the electron efficiency
This chapter provides a proof of the mathematical frameworkwe use to extract the efficiency

from data. It assumes we have at our disposal Tag and Probe pairs as described in the

previous chapter. The method to remove the background to getto the true number of Tag

and Probe pairs is described in the next chapter.

Once we have identified Tag and Probe pairs, we need to find the correct way to extract

the efficiency from the numbers we collected.

This chapter describes the derivation and calculation usedto extract the efficiency. We

calculate the efficiency in two cases:

• the overall efficiency, i.e. integrated over all other variables;

• differential efficiencies, i.e. as a function of a given variable.

3.1 Extracting the overall efficiency

This section will describe the proper way to extract the efficiency from the tag and probe

selection. To make things clearer, we will first describe theway to get the efficiency in an

inclusive case, before we expand the method to the differential case which is more useful in

practice.

51
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3.1.1 Definition of the parameters

After background subtraction (see chapter 4), once we have isolatedZ0 → e+e− events, we

can extract from our selection:

• the total number of tag and preselected probe pairs:N1;

• the number of tag and probe pairs in the subset where the probeis reconstructed as an

electron :N2.

The measurement of the efficiencyε we are looking for, is then a function of two other

parameters:

• T : the efficiency for a reconstructed electron to pass the tighter Tag cuts (trigger and

Identification cut requirement).

• N : the total number ofZ0 events where both our electrons were in acceptance (η, pT ,

missingETrequirements);

In all the following computations, the following assumptions are made:

Charge symmetry we assume that the efficiency to reconstruct an electron is the same as

the efficiency to reconstruct a positron. This will be checked, with data, by measuring

separately the efficiency for pairs with electron tags and for pairs with positron tags. If

the efficiencies agree, as they do in the Monte-Carlo simulation, then the two samples

will be merged to improve the statistics;

Tags are subset of probeswhich means that we can factorize the efficiency to reconstruct

a tag as the efficiency to reconstruct a probe times a “taggingefficiency”, which is the

efficiency to pass the trigger and the tight identification cuts. See Table 2.8 for the

differences between tag and probe conditions.
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Figure 3.1: Probability for an event to pass different selections. Colours refer to the cases
enumerated in Section 3.1.2.

3.1.2 Derivation of the inclusive efficiency

We can then distinguish four kinds of events in our signal sample from their signature in our

detector : see Figure 3.1:

1. The events we are blind to, because they have no reconstructed electron or none that

pass the Tag selection (dark blue);

2. The events where only a Tag is found, but the probe is not reconstructed (green);

3. The events where only one of the electrons pass the Tag selection and where the probe

is matched to an offline electron (orange);

4. The events where both of the electrons can pass the Tag selection and, in both cases,

the probe is matched (red).

The last category of event is double counted as we use each electron as a Tag in turn as we

explained in section 2.3.3.1.
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Hence, the total number of pairs we will see will be

N1 = Ngreen+Norange+2 ·Nred, (3.1)

whereas the number of tag and reconstructed probe pairs seenis

N2 = Norange+2 ·Nred. (3.2)

From the Figure 3.1, we extract that from a total number N ofZ0 → e+e− events seen at

ATLAS, we get:

Ngreen = 2 ·N ·Tε(1− ε);

Norange = 2 ·N · (Tε · ε(1−T));

2Nred = 2 ·N · (Tε)2;

Hence, we end up with:N1 = 2NTε andN2 = 2NTε2, so that simple algebra gives us

the calculation for the inclusive electron efficiencyε:

N2

N1
=

2NTε2

2NTε

⇒ ε =
N2

N1
(3.3)

The errors on the two numbersN1 andN2 are correlated seeing asN2 is a subsample ofN1.

Errors can be computed fromN2 andN3 = N1−N2 (sample of non reconstructed electrons).

However, toy Monte-Carlo tests shows that the errors on the ratio is overly conservative

when calculated fromN2 andN3. A better approximation is obtained from a binomial error

compuation usingN1 andN2.
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Unfortunately, this number is not very useful in practice. Indeed, it is very dependant

on the distribution of the electrons originating from theZ0 decay. If the electron efficiency

is very dependent on the electronpT , as we suppose it is, based on previous experiments, a

sample with a different distribution would modify this value. Even the simple bias introduced

by thepT threshold of the trigger can lead to different results.

As a consequence, it is clear that an inclusive efficiency is of limited use to the collab-

oration, and we must try to measure the efficiency differentially, as a function of, e.g., the

pseudo-rapidity or the momentum.

3.2 Deriving a differential efficiency

Ideally, we would like to get a functional form for the efficiency. Unfortunately, neither the

method nor the statistics we will collect in the first years enable us to do so. As such, we

will describe a method to extract a binned efficiency, with the knowledge that as the bin size

reduces, we will be less and less dependent on the distribution of our sample. The previous

section can be described as a particular case of this one withonly a single bin.

We call this parameter-dependent efficiency a “differential efficiency” by analogy with

the “differential cross-section” terminology. Yet, whilein the cross-section case, it is purely

a differential form, the “differential efficiency” must be convoluted by the weighted number

of events in each bin to get the complete efficiency:

εinclusive=
1
N

∫ ∂ε
∂η

δ (η)dη,

where the measureδ (η) is the number of events where the probe has this value ofη.
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Figure 3.2: Studying the efficiency in a region inφ of the detector

3.2.0.1 Definition of the parameters

Once we have isolatedZ0 events, we select one bin of the distribution to study. We canthen

extract from our selection:

• the total number of Tag&Probe pairs where the probe is in thisbin: N1;

• the number of Tag&Probe pairs where the probe is in this bin and where the probe is

reconstructed as an electron :N2.

This case needs to be broken in two separate cases.

• The case where both the Tag and the probe fall into the same bin(in case);

• The case where the Tag and the probe fall into different bins (out case), as in Figure

3.2.

The first case is similar to the one treated in the previous section. The second case is only

slightly different. We must first introduce new parameters:two parameters describing the



3.2 Deriving a differential efficiency 57

“inside” region and three describing the “outside” region to measureε, the electron efficiency

of the bin under investigation ;

• T in : the efficiency for a reconstructed electron to pass the tighter Tag cuts in the

current bin;

• Nin the number of events where both electrons are in the same bin;

• εout : the inclusive electron efficiency for this sample outside of the bin under investi-

gation ;

• Tout : the efficiency for a reconstructed electron to pass the tighter Tag cuts outside of

the reconstruction region.

• Nout the number of events where one electron is in the right bin andone is outside;

3.2.1 Computing the efficiency

We can then reconstruct the two numbersN1 andN2 as defined in section 3.1 from these

parameters.

N1 is constructed from two contributions.

1. The one where the Tag is outside:Nout
1 ;

2. the one where the both are in the same bin:Nin
1

Nin
1 is computed in the same way as for the inclusive case, as it is exactly the same situation.

We can just take equation 3.1 and replace the variables accordingly.
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Nout
1 = Nout · εoutTout

Nin
1 = Nin ·

(

2ε(1− ε)T in +2ε2T in(1−T in)+2ε2T in2
)

= 2NinεT in

N1 = Nin
1 +Nout

1

= NoutεoutTout +2NinεT in

Similarly, N2 is constructed from two contributions as well.

1. The one where the Tag is outside:Nout
2 ;

2. the one where the both are in the same bin:Nin
2 .

Again,Nin
2 yields a similar form to equation 3.2.

Nout
2 = Nout · εoutTout · ε

Nin
2 = Nin ·

(

2ε2T in(1−T in)+2ε2T in2
)

= 2Ninε2T in

N2 = Nin
2 +Nout

2

=
(

NoutεoutTout +2NinεT in)ε

From these formulae, it is obvious that the efficiency we are looking for can again be

extracted by the simple formula:

N2

N1
=

(

NoutεoutTout +2NinεT in
)

ε
NoutεoutTout +2NinεT in
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⇒ ε =
N2

N1
(3.4)

This solution is exactly the same as the one from the inclusive case (see equation 3.3).

This is because the inclusive case is just a special case, where the in region is the whole

detector over the whole kinematic range.

3.2.2 Usage

As we can see from equation 3.4, the result does not depend on the efficiencies outside of

the current binεout. As such it is independent, to the first order, from the distribution of the

Tag electrons. The only dependence left is due to the correlations between the two electrons.

3.3 Summary

This chapter presented the mathematical framework used to extract the electron efficiency.

We first presented the simpler but less interesting case of aninclusive efficiency in theZ0 →

e+e−channel, then the much more useful binned efficiency computation. The only limitation

to the binning is given by the statistics and our capacity to subtract the background.

The next chapter will describe the method used to extract thenumber of signal pairs from

the total number of Tag and Probe pairs in each bin.



Chapter 4

Background subtraction to ZZZ000 →→→ e+e−

This chapter describes the steps taken to separate backgrounds from signal in order to extract

the number of real Tag and Probe pairs in our sample. We discuss the different backgrounds

and their contribution, as well as a method to assess the systematics associated with this

method.

Even after the steps we described in chapter 2, we are still left with some remaining

background contamination. Some background indeed have theexact same signature as the

Z0 → e+e−process. This chapters describes the processes we have identified that will ac-

count for sizeable background to our measurements, the steps we have taken to subtract

them, and finally, how we have prepared for the background estimation using Monte-Carlo

samples.

4.1 List of ZZZ000 →→→ e+e− backgrounds

We have identified a few backgrounds that can fake aZ0 → e+e− signal . Some arereal

in the sense that they really have the same true signature as our signal, i.e., two high-pT

electrons with low missing transverse energy. Some are faking one or more electron, in most

cases a jet is wrongly identified as an electron by our software.

60



4.1 List of ZZZ000 →→→ e+e− backgrounds 61

ν̄τ

q

q̄

γ,Z
τ
τ̄

W+

ντ

W−

p

p

νe

e+

e−

ν̄e

(a) pp→ Z0 → τ+τ−

b̄
q

q̄

γ,Z,g
t
t̄

W−

b

W+

p

p

ν̄e

e−

e+

νe

(b) pp→ tt̄

Figure 4.1: Feynman diagrams of the main backgrounds with two real electrons.

We will list below what we identified as the main backgrounds to our measurement. The

list is not exhaustive, but it is believed that the cross-sections of the omitted processes are

too low to significantly affect the precision of the measurement in the first few years. The

contributions from the included backgrounds already present very varied numbers of events.

The expected contributions from the main backgrounds are plotted in figure 4.3. They are

extracted by running the selection described in Chapter 2 onsamples containing only the

quoted process. A description of the datasets used for theseis given in Appendix A.

A small background also comes fromZ0 → e+e− event, where one of the true recon-

structed electrons is associated with a cluster from a non-electron object. This background

is called combinatorial and has a small efect on the reconstructedZ0 mass line shape in the

Z0 → e+e− sample.

4.1.1 Realbackgrounds

These backgrounds are the backgrounds with a large enough cross-section, which produce

two high-pT electrons. They are backgrounds in the sense that they distort the Z0 mass

resonance peak and would need to be accounted for in a cross section measurement. For the

efficiency measurement, given that they do produce two real electrons, they can be accepted

as signal.
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Figure 4.2: Example Feynman diagrams of the main backgrounds from fakes.

4.1.1.1 pp→ Z0 → τ+τ−

TheZ0 → τ+τ− → e+νeντe−νeντ can under some circumstances have a low missing trans-

verse energy. This leaves just two isolated high-pT electrons. The invariant mass line shape

contribution from this background is a peak which is much wider than theZ0 → e+e− reso-

nance and at a lower energy so that the contamination to theZ0 → e+e− peak is small.

4.1.1.2 pp→ tt̄

Thett̄ → (e+νeb)
(

e−νeb̄
)

may also appear to have a low missing transverse energy. Oncethe

detector is well understood, we may be able to use the b-tagging to reject these events. This

will not be desirable at the beginning of the detector operation and would also be detrimental

to Z0+jets studies. The di-electron mass spectrum peaks right under theZ0 peak, but it is

wider and the small cross section reduces its contribution to a fraction of our total number of

events. We expect a good representation of that background in our Monte-Carlo simulations.

4.1.2 Reducible backgrounds from fake electrons

These backgrounds are backgrounds which do not have the right signature. They are missing

one, or two, of the electrons, but because another object in the event fakes an electron,
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they are picked up by our selection. Despite the rejection power we expect from our event

selection, these processes have high enough cross-sections that they still represent a sizeable

contribution. The normalisation of these contributions isdifficult to determine from Monte-

Carlo simulations. We will need to determine the rejection power of our requirements from

data before we can determine their contribution accurately. Due to their large cross-sections,

it is difficult to simulate enough events to represent a sizeable luminosity. We will describe

a way to compensate for the shortage of simulated events in Section 4.4.

4.1.2.1 pp→W+ jets

W → eν signal is normally rejected by our missingET requirements, but if the neutrino is

emitted in a direction parallel to the beam pipe, the apparent missing transverse energy will

be low. The Tag and trigger requirements can then be fulfilledby the lepton from theW,

and it is possible for an additional jet to fake an electron. From Monte-Carlo simulation we

expect the contribution to have similar features as thett̄ one, but a much higher contribution

due to the difference in cross-section.

4.1.2.2 Multi-jet final states

These processes do not have any real high-pT electrons. But as their cross-sections will be so

much higher than any other single process, it is expected that the contribution of fake leptons

will still be our largest background, in particular the single fake electron associated with

a cluster contribution. This will obviously depend on the rejection power of the selection

criteria we apply.
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Figure 4.3: Background contributions from our main backgrounds for a luminosity of
250pb−1. The spectra are extracted from datasets containing only the mentioned
process.



4.2 Background removal algorithms 65

T&P pair Invariant mass (GeV)
20 40 60 80 100 120 140 160 180 2000

10000

20000

30000

40000

50000

Study Range

E
ve

nt
s/

25
0p

b^
−1

/1
G

eV

Figure 4.4: Invariant mass of Tag and Probe pairs as determined in a Monte-Carlo exercise.

4.2 Background removal algorithms

Now that we have identified which backgrounds will contribute to our measurement, we

must describe the steps we plan to use to remove their contributions from our measurement.

This section will describe two possible techniques.

4.2.1 Data preparation

After we have collected di-electron pair candidates, we make use of theZ0 mass line shape

to separate the background from the signal.

Suppose we want to study the number ofZ0 events with certain characteristics, e.g. one

of the electrons in a certainη range, or events with at least two jets. We extract the subsetof

pairs were that condition was fulfilled, and we plot the invariant mass of the pair. This gives

us an invariant mass line shape as in Figure 4.4.

Since the turn on of the curve is determined by the threshold effect in the trigger and the

software, we place a lower cut to remove the lower tail that isnot easily modelled. Similarly,
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we place a high cut to remove the high mass region were the statistics is expected to be poor.

We then end up with a relatively large range which contains both background and signal. We

have different options to separate the two contributions.

4.2.2 Background contribution determination

We have identified two different techniques to determine thebackground contribution to our

sample. Both make the assumption that the background distribution is falling exponentially

in our range. The function modelling the background will obviously need to be checked with

data as it becomes available.

4.2.2.1 Z0 mass line shape fit

The first technique consists in using a fit describing the peakand the background to determine

the contribution from each one.

We use the Minuit fitter in ROOT for all the technical aspect ofthe fitting process.

The background contribution is modelled by an exponentiale−a·m. We have checked

that this does describe the shape of our Monte-Carlo background correctly. We will use the

first data to try and determine how good this distribution matches the line shape on a large

distribution range and modify the model accordingly.

The signal is modelled based on three contributions:

• the truthZ0 mass distribution from the theory;

• a correction for radiative loses on the electrons and detector resolution.

The trueZ0 mass distribution is simply modelled by the theoretical relativistic Breit-

Wigner distribution as seen on Figure 4.5a.
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Figure 4.5: Possible trueZ0 mass line shapes.

BW(m,mZ0,ΓZ0) =
Γ2

Z0m
2
Z0

[

(m2−m2
Z0)2+Γ2

Z0m2
Z0

]

We see from Figure 4.5b that the side bands are better described by adding an exponential

function describing the photon echange term. However, we elected not to account for this

term as it is smeared by the resolution function and then it represents a smaller effect than the

background contribution, even than from combinatorial mis-association in theZ0 sample.

Another possible contribution to the theoretical line shape is a correction due to the parton

distribution functions. Because low-x collisions are more frequent than energetic ones, the

shape is distorted by a factor which is an inversely proportional power function of the boson

mass (×m−β
Z0 ). But again the effect is smeared by the detector resolutionand there would be a

strong correlation between the parameters of the resolution function andβ if this contribution

were added to the fit parameters.

The correction for radiation losses and energy resolution is modelled by a Crystal Ball

distribution [26]. This function was developed by the Crystal Ball collaboration to model

energy losses. It consists of a Gaussian core with a power lawlow tail while keeping a

continuous first derivative. The low tail models final statesradiations and bremsstrahlung

losses.
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Figure 4.6: Crystal-Ball function with arbitrary parameters.

The parameters ¯x andσ describe the behaviour of the energy resolution. ¯x describes the

offset on the energy scale, whileσ describes the resolution.α and n model the radiation

loses.

CB(x,α,n, x̄,σ) =











exp
(

− (x−x̄)2

2σ2

)

, f or x−x̄
σ > −α

A ·
(

B− (x−x̄)
σ

)−n
, f or x−x̄

σ ≤ −α

where

A =

(

n
|α|

)n

·exp

(

−α2

2

)

B =
n
|α| − |α|

The final form is obtained by convoluting the Breit-Wigner distribution in mass with the

Crystal Ball distribution, to account for the detector effects. Figures 4.7a and 4.7b show that

the simple Breit-Wigner distribution is not good enough fordescribing the peak asymmetry

arising from energy losses in the detector.

The convolution describes the peak much better (Figure 4.7c) but underestimates the

side bands from the combinatorial background and photon exchange term. The addition of

an exponential background corrects this discrepancy as seen from Figure 4.7d.

The value of ¯x in the Crystal Ball definition is fixed at zero, as the convolution implies

that the values of ¯x andmZ0 are correlated. By fixing ¯x, we ensure that the fitted value ofmZ0
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Figure 4.7: Possible reconstructedZ0 mass line shapes.

is shifted by the energy scale offset. We let the massmZ0 run free to account for this wrong

energy scale calibration. The widthΓZ0 is fixed to the LEP measured value as we use the

Crystal Ballσ to account for energy resolution.

S(m,mZ0,β ,α,n, x̄,σ) = [BW(y,mZ0,ΓZ0)∗CB(y,α,n,0,σ)](m)

=

∫

BW(y,mZ0,ΓZ0) ·CB(m−y,α,n,0,σ)dy

We can then extract the number of signal events in a narrow window around the peak by

two different means:

• integrate the signal function;

• integrate the background function and subtract it from the total number of events.

In both cases, we restrict ourselves to a narrower window than the one over which the fit is
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performed to avoid any edge effects and to stay in a region where the signal to background

ratio is slightly better. This consists of performing a fit ona large window 64 GeV–120 GeV,

but only integrating the signal in a region of 80 GeV–100 GeV.

4.2.2.2 Side band extrapolation

In cases where the turn on threshold of the mass distributionis low enough, and we have

sizeable side bands far from the peak where the signal contribution is negligible on both

sides, we can extrapolate the background under the peak assuming a background distribution

shape. An example of such a configuration is shown on Figure 4.4.

This method will be difficult to use at the start of ATLAS operation, as there is no measure

of the quality of the extrapolation to warn us if our assumptions are wrong, unlike theχ2 for

the fit. If the background is well described, however, it has the advantage to require much less

statistics to give accurate results compared to the fit. Unfortunately, as the trigger threshold

increases, the turn-on curve gets closer to theZ0 peak and the low mass side band may

become unusable.

4.3 Background removal systematics estimation

The process we just described in section 4.2 depends on some parameters that are not deter-

mined from data but are defined manually in the code:

• the large range over which we study the mass distribution;

• the smaller range we consider to be our peak region;

• the bin width when we plot our distribution for the fit method;

• the distribution functional form.
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Figure 4.8: Fits using different parameters. The quoted numbers are the number of pairs in
a range of 80–100 GeV around theZ0 mass.

While the functional form is not something easily modified, since it relies on our un-

derstanding of the measurement, the other parameters are really arbitrary and only roughly

optimized for speed and statistical reasons.

To measure the effect of such parameters, we perform the samemeasurement multiple

times by varying slightly the conditions:

binning effect we double the number of bins;

fit effect we reduce the fit range by one bin on each side;

integration effect we reduce the peak range by one bin on each side.

Ideally, we should of course get the same answer every time, except when we reduce the

peak range. In practice, the answers are different, in some cases by quite a large margin.
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The Figure 4.8 show one such spectrum fitted in four differentconfigurations. The quoted

numbers are the number of pairs in a range of 80−100 GeV around theZ0 mass.

We decided to quote as the result for number of pairs, the weighted average of all these

measurements as some fits fail due to poor statistics, and, asa systematic error, the standard

deviation between these. We keep as a statistical error the error from the nominal set of

parameters, as it is the one with the largest statistics, therefore the one whose fit is the best

constrained.

In conclusion, we have completely described a method to extract the number of di-

electron pairs produced through aZ0 → e+e−process from a background contaminated sam-

ple. This includes a measure of the systematic error linked with the separation from the

background and the signal.

4.4 Evaluation of the background from Monte-Carlo sim-

ulations

The plots we have shown so far in figures 4.3 or 4.8 show the expected contribution of the

background in Monte-Carlo simulations of the ATLAS detector.

Most of these were extracted by fully simulating the outcomeof the given process as it

passes through the detector. We simulated more than 250pb−1 worth of Z0 → e+e− events.

We then took events from our main backgrounds scaled to the same luminosity. In cases

where we did not produce enough events to match the required integrated luminosity, we

attributed weights to the events we collected to correct forthe luminosity ratio.

However, this is a highly time consuming process. For a process like dijet production, it

was computationally impossible to simulate enough events to match the simulated luminosity

for theZ0 → e+e− sample. Even with more than six million simulated events, the total dijets

sample only represent around 0.02pb−1. Even at the lower luminosity expected at start-up,
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Figure 4.9: Probability for a jet to fake a electron passing all identification cuts (IsEM Elec-
tronTight).

this represents but a few minutes of running.

The main problem is that, if we attribute a weight to the events passing our whole se-

lection, the weight is very large (≈ 50000) and we end up with a spectrum with very sharp

peaks which is un-physical and is quite clearly an artefact of our simulation shortcomings.

We therefore needed to devise a technique to get a smooth estimation of the background

shape and normalisation. We elected to use a method based on fake rate estimation.

4.4.1 Electron fake rate estimation

The main reason we get sharp peaks in our estimation of the background from the dijets

process, is that our selection has a large rejection factor against dijets. The background con-

tribution mainly comes from the fact that the dijets cross-section is so large. One way to get

a smooth background estimate is that instead of having a weight of 1 for events passing our

selection and a weight of 0 for the others, we can attribute toan event a weight corresponding

to theprobability that an event of this type passes our selection.
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Figure 4.10: Energy scale corrections for fake electrons.

Say we have an event with two jets with properties(E1
T ,η1) and(E2

T ,η2). We can then

compute the probability for each of the jets to fake an electron with our different require-

ments. The weight of an event is computed by the probability of one of the jets to fake the

first electron multiplied by the probability for the second jet to fake the other. As an exam-

ple, Figure 4.9 shows the probability for a jet to fake an electron passing all the identification

cuts. This is plotted as a function ofET andη, as these two variables are the ones which are

expected to have the most influence on the fake rate.

The difference with the number quoted in table 2.6 comes fromthe use of a different

sample. Table 2.6 was computed from a broad simulation of jets in the ATLAS detector,

whereas figure 4.9 was computed from a sample to which a designated filter was applied.

The aim of the filter is to select generator level jets which present an increased probability

to fake leptons, hence the higher fake rate in this sample. The rate is only moderately higher

because the filter only needs one jet to pass the selection whereas the fake rate is calculated

with all jets in the sample.

4.4.2 Energy scale corrections estimation

We still need to correct the reconstructed energy, as the electro-magnetic energy scale will

be different from the jet one. To do just that, we plot a two dimensional histogram of the jet
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Figure 4.11: Algorithm to get the background from a large dijets sample.

ET against the fake electronET for all jets that were falsely reconstructed as an electron as

in Figure 4.10a. Then, when we get any jet with a transverse energy ofE jet
T , we select a slice

of that histogram alongE jet
T , which gives us the distribution of the electron energy for such

a jet as in Figure 4.10b. We then pick a random number from thatdistribution. This allows

us to get the right distribution for the electron energies.

4.4.3 Background normalisation and shape estimation

The algorithm used to extract the background shape from a large background sample is

described in figure 4.11.

For each event in the sample, we loop over the jets in the event. For each jet, we create a

fake electron using the energy correction described in section 4.4.2. We then check whether

that electron would pass the kinematic acceptance cuts for the first electron in our normal

analysis. If it does, we keep that electron and calculate theprobability for that jet to pass the
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Figure 4.12: Dijets background contribution.

other requirements on the electron (trigger levels, identification flags) using the appropriate

fake rate as described in 4.4.1.

We then go over all the other jets in the same event trying to find another potential elec-

tron. For each, we create again a fake electron. Just like forthe first one, we check this fake

electron would pass the selection for the second electron inour analysis (cluster,pT , η, etc.).

Again we calculate the probability for that jet to fake our second electron selection.

Now armed with both electrons, we save the pair as a di-electron candidate with a weight

equal to the probability that both jets were faking the rightkind of electron. This method pro-

vides us with a very large number of pairs, but each with a verylow weight, hence providing

us with a smooth spectrum with a low normalisation.

To get the normalisation right, we add the requirement that our smooth spectrum must

have the same integral as the ragged one we get from the normalanalysis on the same dataset

so that we end up with a smooth spectrum representing the integrated luminosity of our

original sample. This indicated that the fake rate method get the normalisation wrong by

3%. We can then just multiply the weight of the whole sample tomatch the luminosity of

our signal sample without risking isolated sharp peaks as wecan see in Figure 4.12.

The peak at theZ0 mass in Figure 4.12a, is due to the presence of a few (∼ 10 in 4

million) real Z0 production during the scattering process. This effect is overwhelmingly

dominated by the fake jets which is why is does not appear in our estimate. What is more,
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such events contain a realZ0 boson decaying to electron and should be counted as signal,

not background.



Chapter 5

Measuring the electron reconstruction

efficiency during computing exercises
This chapter describes the attempt we made at measuring the electron reconstruction at

ATLAS as described in Section 2.2 during two separate computing exercises in 2007-2008.

It presents the measured efficiency comparing it with the Monte-Carlo truth when available.

The efficiency is presented differentially when the statistics permit it.

During the run-up to the LHC startup, the ATLAS community hasbeen preparing for

data taking by organizing computing exercises. The idea is to use Monte-Carlo simulated

data to train and assess the different algorithms needed to reconstruct events and prepare

the necessary tools for physics analyses. A first series of exercises was organized, before

2006, under the name Data Challenge whose aim was to assess the scalability of the ATLAS

computing architecture to the volume of data expected from the experiment.

Then, between 2006 and 2008, the Computing Software Challenge (CSC) was meant

to test all aspects of the ATLAS software from triggers to complete physics analyses. The

results were then compiled by the collaboration and were published asExpected Performance

of the ATLAS Experiment, Detector, Trigger and Physics[25].

Finally, in 2008, another exercise was set-up to test the data pipeline and reconstruction

infrastructure. The so-called Full Dress Rehearsal (FDR) simulated a few hours of ATLAS

78
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operation at low luminosity.

5.1 Electron reconstruction efficiency measurement during

the CSC exercise

The CSC exercise1 was geared toward preparing for physics analyses. As such, data was

prepared to simulate most expected processes that we shouldbe able to study at ATLAS,

from well-known SM processes likeW+ → e+νe to different beyond the SM processes like

SUSY. These samples are produced separately to be able to study precisely the contribution

of each on a given analysis. They obviously need to be combined according to their relative

cross-section and sizes.

5.1.1 Samples and software versions considered

As we explained in chapter 4, one signal sample and four backgrounds are considered. Our

signal is obviouslyZ0 → e+e− for the reasons we explained in section 2.3.1, while the four

backgrounds are :

• pp→ Z0 → τ+τ−;

• pp→ tt̄;

• pp→W+ jets;

• pp→ jets

The list of datasets used and the software versions for the different simulation steps is

given in Appendix A.
1While the original samples used in the CSC exercise and published in [25] were generated with a centre of

mass energy of 14 TeV and were simulated and reconstructed with previous versions of the ATLAS software,
the results presented in this section have been updated to use data samples generated with a centre of mass
energy of 10 TeV and simulated and reconstructed with more recent (Release 14) software.
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Process number of events cross-section (pb) filter efficiency
pp→ Z0 → e+e− 909909 1143.96 0.86
pp→ Z0 → τ+τ− 97907 1128.37 1.0

pp→ tt̄ 1027675 373.59 0.55
pp→W → eν 964526 11764.6 0.88

pp→ jet + jet 1003804 1.461·109 0.0706

Table 5.1: Cross-sections and sizes of the samples used for the CSC like analysis.

We processed the event samples listed in Table 5.1 and using the appropriate weights for

each event to get an equivalent sample of integrated luminosity 924 pb−1.

All the results presented in this chapter have been obtainedusing Athena version

14.2.25.0 and ROOT version 5.18.

The trigger menu (list of triggers) used in these samples is the one expected to be used

by ATLAS once the LHC reaches a luminosity of 1032 cm−2s−1. In this menu, the lowest

non-prescaled trigger chain is calibrated for an isolated 15 GeV electron. It consists of one

13 GeV region of interest (L1EM13I) and two high-level trigger objects (L2e15i medium

and EFe15i medium). This dictates that our acceptances will be for electrons above 15GeV

and with|η| < 2.5.

All results in this chapter are compared to “Truth” information. We selected events for

which both truth electrons passed the same acceptance cuts as the reconstructed ones to

account for biases due to the selection as explained in Chapter 2. Then we studied which

fraction was effectively reconstructed as offline electrons, thus yielding the “true electron

efficiency”. The criteria for electron resconstruction is that a reconstructed electron can be

found within∆R< 0.2 of the true electron in theη −−φ plane. This is plotted in black with

yellow statistical errors throughout this chapter.
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(b) Electron efficiency as a function ofET

Figure 5.1: Electron efficiencies for a signal only sample. Errors include systematics.

5.1.2 Signal only tests

This first section compares the result we get from our algorithm if we only consider the

signal sample. It can be considered an ideal case where our selection (2.3) is perfect and we

only analysedZ0 → e+e−events. There are nevertheless a few fakee+e− pairs remaining

due mainly to wrong combinations between a real tight electron and a cluster coming from

another object, e.g. a jet.

Hence we still perform the background removal explained in section 4.2.2.1. The combi-

natorial background is small compared to the one originating from other processes but should

not be discarded. For the overall sample, we estimated the number of background events to

12121±849 out of 483831±696 events whose electron-cluster pair has an invariant mass

in the range 82–100GeV (2.5%) and 10500± 774 out of the 439835± 663 events whose

cluster is matched to an electron (2.38%).

This background contribution in the simulation is small, but the addition of pile-up once

the LHC reaches the design luminosity will increase this contribution because of our very

loose requirements on the probe electron.

Table 5.2 and Figure 5.1a show the measured efficiency compared to the Monte-Carlo

truth as a function ofη. Table 5.2 also shows the difference between the two as the ra-
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η Measured Monte Carlo difference
mean stat. syst. mean stat. (σ )

−2.50–−2.00 79.51 0.22 0.44 79.50 0.17 0.01
−2.00–−1.52 85.04 0.18 0.44 84.66 0.14 0.63
−1.52–−1.37 91.14 0.26 0.86 89.85 0.20 1.18
−1.37–−1.00 93.11 0.13 0.49 92.71 0.10 0.64
−1.00–−0.70 95.72 0.11 0.53 95.20 0.09 0.83
−0.70–−0.34 95.57 0.10 0.47 95.07 0.08 0.90
−0.34–0.00 95.00 0.11 0.47 94.82 0.08 0.31

0.00–0.34 94.89 0.11 0.47 94.79 0.08 0.18
0.34–0.70 94.26 0.11 0.46 94.80 0.08 - 0.96
0.70–1.00 95.32 0.12 0.56 94.76 0.09 0.84
1.00–1.37 93.05 0.13 0.49 92.86 0.10 0.31
1.37–1.52 90.99 0.26 0.86 89.93 0.19 0.98
1.52–2.00 84.78 0.18 0.44 84.26 0.14 0.84
2.00–2.50 80.57 0.21 0.45 80.85 0.17 -0.43

Table 5.2: Electron efficiency as a function ofη for a signal only sample

tio εdata−εmc
errordata

. The quoted systematic uncertainty is associated with the background subtrac-

tion and the different choices we made for the binning of distribution.

The fact that the measured uncertainty is consistently within one sigma from the MC

truth indicates that the errors on the measured and MC valuesare correlated (mostly the

statistical component) but proves our capacity to conduct the measurement with accuracy.

What is more, the asymmetry observed inη is an artefact of the geometry used in the

CSC exercise. Additional dead material was introduced in the simulation for half the detector

to study its impact on the performance. In practise, after having ascertained that the detector

is symmetric using this method, we will fold the detector to study |η|, hence doubling our

statistics.

The results agree over the whole range, proving our capacityto measure the efficiency

in a clean sample with minimum bias. The binning was chosen tomatch the geometry of

the detector while maintaining high enough statistics in each bin. The crack region in the

calorimeter (1.37< η < 1.52) is treated separately because the resolution is expected to be

much worse and so it disturbs the line shape of theZ0 resonance.
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ET (GeV)
Measured Monte Carlo difference

mean stat. syst. mean stat. (σ )
15.00–24.00 88.22 0.17 0.48 87.80 0.12 0.68
24.00–30.00 89.20 0.14 0.40 89.27 0.10 -0.14
30.00–34.70 89.86 0.12 0.37 90.14 0.09 -0.58
34.70–38.40 90.75 0.11 0.36 90.49 0.09 0.56
38.40–41.60 91.31 0.11 0.36 90.85 0.09 1.00
41.60–44.90 91.61 0.10 0.35 91.38 0.09 0.52
44.90–50.00 93.59 0.09 0.36 91.75 0.08 3.99
50.00–100.00 91.50 0.11 8.00 91.58 0.08 -0.01

Table 5.3: Electron efficiency as a function ofET (GeV) for a signal only sample
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(b) Electron efficiency as a function ofET

Figure 5.2: Electron efficiencies for a sample without dijets. Errors include systematics.

Considering the distribution as a function ofET (see Figure 5.1b and Table 5.3), the

agreement is again very good, with an overestimation at large values ofET (41GeV< ET <

50 GeV).

5.1.3 Signal and non-QCD backgrounds

As we explained in section 4.4, QCD represents a major challenge for the simulation of AT-

LAS data due to its large cross-section at the LHC. Since it undergoes a particular treatment,

we will consider it separately. As Table 5.1 shows, we analysed enough events from our

other backgrounds so that we can just reweigh our events without creating artefacts from

outstanding events through reweighting (artificial spikesin distributions).
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η Measured Monte Carlo difference
mean stat. syst. mean stat. (σ )

−2.50–−2.00 80.31 0.21 0.46 79.50 0.17 1.20
−2.00–−1.52 85.36 0.18 0.44 84.66 0.14 1.14
−1.52–−1.37 90.35 0.27 0.85 89.85 0.20 0.46
−1.37–−1.00 93.09 0.13 0.50 92.71 0.10 0.61
−1.00–−0.70 95.63 0.11 0.66 95.20 0.09 0.57
−0.70–−0.34 95.06 0.11 0.47 95.07 0.08 -0.01
−0.34–0.00 94.56 0.11 0.50 94.82 0.08 -0.43

0.00–0.34 94.71 0.11 0.47 94.79 0.08 -0.14
0.34–0.70 95.03 0.11 0.47 94.80 0.08 0.42
0.70–1.00 95.72 0.11 0.66 94.76 0.09 1.26
1.00–1.37 93.58 0.13 0.49 92.86 0.10 1.18
1.37–1.52 91.31 0.26 0.89 89.93 0.19 1.23
1.52–2.00 85.07 0.18 0.44 84.26 0.14 1.32
2.00–2.50 81.70 0.21 0.46 80.85 0.17 1.27

Table 5.4: Electron efficiency as a function ofη for a sample without dijets.

In the case where we collected a sample containing our signalalong with our three other

backgrounds, the contribution of background increased to 22841±957 out of 494473±754

simple electron-cluster pairs (4.61%) and to 19404±845 out of 449027±716 matched pairs

(4.32%). This doubles our background contribution but has limited impact on our capacity

to measure the efficiency.

As we can see from Figure 5.2a, the addition of these backgrounds has little impact on

our mean estimate. We observe a systematic overestimation in the end-cap. Comparing the

results from Table 5.4 with Table 5.2, we can notice a small increase in the systematic errors

coming from a higher uncertainty on the background estimation.

Figure 5.2b and Table 5.5 again show an excellent agreement except at very largeET .

This can be explained by looking at the fit. At largeET the background events do not follow

the exponential background description as we can see on Figure 5.3.

This leads to a poor background estimation in that region and, as a consequence, biases

the result. This bias is anticipated to distort the spectrumas our selection of a Tag with a

minimum ET of 15 GeV and a probe of minimum 50GeV the phase-space for low-mass
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ET (GeV)
Measured Monte Carlo difference

mean stat. syst. mean stat. (σ )
15.00–24.00 88.59 0.17 0.47 87.80 0.12 1.27
24.00–30.00 89.27 0.14 0.40 89.27 0.10 0.00
30.00–34.70 90.25 0.12 0.37 90.14 0.09 0.23
34.70–38.40 90.58 0.11 0.36 90.49 0.09 0.19
38.40–41.60 91.12 0.11 0.36 90.85 0.09 0.58
41.60–44.90 91.94 0.10 0.35 91.38 0.09 1.27
44.90–50.00 91.35 0.11 0.43 91.75 0.08 -0.77
50.00–100.00 91.81 0.11 0.54 91.58 0.08 0.35

Table 5.5: Electron efficiency as a function ofET (GeV) for a sample without dijets.
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Figure 5.3: Invariant mass spectrum of tag and probe pair which have
44.90GeV< Eprobe

T < 50GeV Sample includes signal and non QCD back-
grounds. The straight line represents the background contribution evaluated
from the fit.
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Sample All pairs Match pairs
Signal only 471710±487 429337±399

Signal and non-QCD backgrounds471632±589 429623±449
All backgrounds 469527±833 422794±1342

Table 5.6: Estimated number of signal events for different sample mixing

pairs is much reduced. Only boosted pairs where the tag and the probe are bunched together

will fill the left side of the spectrum.

High-energy fakes are less likely, as they mostly punch through to the hadronic calorime-

ter, but they still distort the spectrum. We didn’t take any action at this point to do a special fit

for these bins as the effects of QCD fake still needs to be added and are expected to dominate.

5.1.4 Complete sample with estimated QCD background

As we explained in section 4.4, the contribution from QCD hasto be estimated in our simula-

tion data. It is by far the largest contribution to our background, in particular for low energy

probes, since most fakes will come from low energy jets.

After we added in the QCD, the contribution of background increased to 226818±2484

out of 696345±2123 simple electron-cluster pairs (33.04%) and to 207016±2512 out of

629870±2123 matched pairs (32.86%). This huge increase in background is the main worry

at the LHC as the QCD contribution at these energies suffers from very large uncertainties.

In this exercise, as we can see from Table 5.6, despite the fact that the signal to noise

ratio dropped from 40:1 to 2:1 with the introduction of different background, we managed to

keep a consistent estimate of thereal number of pairs overall (1.5% variation).

The main effect of the QCD background addition is a large increase in the systematic

error for all distributions. Large background effects happen at large pseudo-rapidity and low

ET , where most of the fakes are concentrated. Apart from theη andET distribution, Table

5.9 shows the effect of correlations between the two variables. Thediff column indicates
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(b) Electron efficiency as a function ofET

Figure 5.4: Electron efficiencies for a realistic sample including an estimated QCD back-
ground. Errors include systematics.

the difference between the measured efficiency and the truthin terms of the error on the

measured efficiency.

Just like for the non QCD case, the degradation of performance at low and highET comes

from distortions to the line shape as illustrated on Figure 5.5.

At low ET (Figure 5.5a), the signal to noise ratio becomes an issue. Inthis case in

particular, where our QCD background estimation method implies a large uncertainty for

each bin, the fit quality cannot be assessed effectively. Considering that the absolute level of

the background in data is still relatively unknown due to theuncertainty on the cross-section,

one may have to raise the threshold at which to select its electrons.

At high ET (Figure 5.5b), the background distribution looks like a flatpedestal. Once

again, it is poorly described by our falling exponential anda different function will be used in

this case if data proves to follow this behaviour. A test performed on the spectrum shown on

Figure 5.6 shows that changing the background from an exponential to a quadratic function

( f (m) = a ·m2 + b ·m+ c) improves theχ2 for the fits (85.92/48 down from 94.03/48).

The uncertainty is still large, in particular at low and highinvariant mass. Once first data is

available, systematic studies will be carried on to find the function giving the best description

of the line shape for each regime.
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η Measured Monte Carlo difference
mean stat. syst. mean stat. (σ )

−2.50–−2.00 81.24 0.21 0.89 79.50 0.17 1.60
−2.00–−1.52 85.36 0.18 0.75 84.66 0.14 0.77
−1.52–−1.37 94.01 0.21 1.84 89.85 0.20 2.04
−1.37–−1.00 93.84 0.12 0.49 92.71 0.10 1.86
−1.00–−0.70 95.78 0.11 0.54 95.20 0.09 0.91
−0.70–−0.34 95.37 0.10 0.46 95.07 0.08 0.54
−0.34–0.00 94.75 0.11 0.48 94.82 0.08 -0.11

0.00–0.34 94.87 0.11 0.48 94.79 0.08 -0.14
0.34–0.70 94.67 0.11 0.60 94.80 0.08 -0.19
0.70–1.00 94.86 0.12 0.53 94.76 0.09 0.15
1.00–1.37 94.11 0.12 0.50 92.86 0.10 2.02
1.37–1.52 91.45 0.28 0.92 89.93 0.19 1.32
1.52–2.00 87.20 0.17 1.07 84.26 0.14 2.41
2.00–2.50 83.62 0.21 0.94 80.85 0.17 2.44

Table 5.7: Electron efficiency as a function ofη for a realistic sample including an estimated
QCD background.

ET (GeV)
Measured Monte Carlo difference χ2/NDF

mean stat. syst. mean stat. (σ )
15.00–24.00 90.10 0.16 1.41 87.80 0.12 1.50 54.98/48
24.00–30.00 88.73 0.14 0.40 89.27 0.10 -1.03 57.38/48
30.00–34.70 90.05 0.12 0.37 90.14 0.09 -0.19 55.59/48
34.70–38.40 90.41 0.12 0.36 90.49 0.09 -0.18 50.82/48
38.40–41.60 90.66 0.11 0.35 90.85 0.09 -0.41 97.87/48
41.60–44.90 89.91 0.11 0.34 91.38 0.09 -3.29 90.64/48
44.90–50.00 91.49 0.11 0.35 91.75 0.08 -0.58 307.66/48
50.00–100.00 93.15 0.10 0.42 91.58 0.08 3.04 94.03/48

Table 5.8: Electron efficiency as a function ofET (GeV) for a realistic sample including an
estimated QCD background.

|η | \ET (GeV)
15.00–32.40 32.40–42.43 42.43–75.00

mean stat. syst. diff.(σ ) mean stat. syst. diff.(σ ) mean stat. syst. diff.(σ )
0.00 – 0.70 95.40 0.11 0.52 2.15 94.24 0.09 0.37 1.21 95.42 0.08 0.44 0.06
0.70 – 1.37 92.31 0.15 0.64 0.33 92.69 0.11 0.39 1.98 93.04 0.11 0.41 3.57
1.37 – 1.52 89.88 0.37 1.79 0.61 91.35 0.29 0.95 1.18 91.54 0.32 1.06 0.15
1.52 – 2.00 81.71 0.26 1.48 0.78 84.06 0.21 0.50 0.11 86.63 0.20 0.59 0.81
2.00 – 2.50 83.02 0.24 1.50 1.86 80.58 0.26 0.54 0.54 79.60 0.28 0.57 1.28

Table 5.9: Electron efficiency as a function ofET (GeV) and|η| for a realistic sample in-
cluding an estimated QCD background.
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Figure 5.5: Invariant mass spectrum of tag and probe pairs. Sample includes all background
samples. The straight line represents the background contribution evaluated from
the fit.
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Figure 5.6: Invariant mass spectrum of tag and probe pair which haveEprobe
T > 50 GeV.

Sample includes all background samples. Background fit is described as a
parabola. The parabola represents the background contribution evaluated from
the fit.
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Figure 5.7: Electron efficiency as a function ofη for a realistic sample. Black is the sample
with nominal background, blue is the half background and redis the sample with
background and a half.

5.1.5 Different background normalisations

As we explained in Chapter 4, our knowledge of the QCD background is very limited. The

expected cross-section of the dijet process suffers an uncertainty of ±50%. As such it is

important for us to check that our methods yields consistentresults in the different situations.

We performed the same analysis as in subsection 5.1.4, but byusing weights of 0.5, 1 and

1.5 for QCD background events.

As expected, we can see from Figures 5.7 and 5.8 that the signal to noise ratio has an

inverse effect on the uncertainty of our measurement. For a luminosity of 1 fb−1, the implied

uncertainty raises from 1% to about 3%. The overall capacityto measurement the efficiency

is not fundamentally affected.

5.1.6 Other results on this type of analysis

As described earlier, the same exercise has been carried outfor the ATLAS collaboration

for [25]. Results can bee seen in the ChapterElectrons and Photons,pages 88–91 and in the
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Figure 5.8: Electron efficiency as a function ofpT for a realistic sample. Black is the sample
with nominal background, blue is the half background and redis the sample with
background and a half.

ChapterStandard Model, pages 761–763. Both results focused on a lower luminosity (100

and 50 pb−1 resp.).

5.2 Electron reconstruction efficiency measurement for a

FDR-style exercise

The FDR (Full Dress Rehearsal) was the last computing exercise organized to test the AT-

LAS software before the planned start-up of the LHC in September 2008. It was organized

as a blind exercise for the different ATLAS analyses.

5.2.1 Samples and software versions considered

Fully simulated events from the CSC datasets were mixed to simulate the expected output of

the detector. The simulated hits were inserted in the ATLAS data pipeline to test the trigger

and reconstruction frameworks.



5.2 Electron reconstruction efficiency measurement for a FDR-style exercise 92

Run number dataset luminosity (nb−1) events
52280 fdr08 run2.0052280.physicsEgamma.merge.AOD.o3f47 m26 348.00 90588
52283 fdr08 run2.0052280.physicsEgamma.merge.AOD.o3f47 m26 349.20 41324

Table 5.10: Runs included in FDR-like analysis

The FDR-2 data was a series of runs played over several days. Each day’s series of

runs is supposed to correspond approximately to an LHC “fill”. The two runs used for this

analysis correspond to misaligned data reconstructed withthe geometry ATLAS-CSC-02-

00-00, both at 1031 cm−2s−1 average luminosity. This geometry is the one extracted by the

ATLAS alignment group during the CSC exercise and represents a realistic estimate of our

knowledge of thereal detector geometry after a few months of data taking.

Finally, the software release used to reconstruct these events was AtlasTier0-14.2.20.6.

The runs considered for this study are listed in Table 5.10. The difference in the number

of events between the two samples comes from the fact that runnumber 52280 also included

a filtered dijets sample to increase the fake electron probability. Altogether, the QCD contri-

bution is largely underestimated, as the simulated statistics available at ATLAS in insufficient

to match the luminosity used for other samples.

The trigger menu used was different from the one used in the CSC algorithm. As a result,

we used a different trigger chain to selectZ0 → e+e−candidate events. Among the available

non-prescale trigger chains, the isolated 20 GeV electron chain is the closest to the lower

threshold of 15 GeV we want to study. This chain consists of a Level 1 18 GeV region of

interest (L1EM18) and two high-level trigger objects (L2e20i and EFe20i).

5.2.2 Efficiency determination in very early data

The limited luminosity of the sample (697.2 nb−1) combined with the lack of QCD contribu-

tion limit our ability to estimate the background contribution in this sample. The background

is much lower than what we anticipated in the CSC exercise, with the contribution of back-
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Figure 5.9: Invariant mass spectrum of tag and probe pair in the FDR sample.
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(b) Electron efficiency as a function ofET

Figure 5.10: Electron efficiencies in FDR sample. Errors include systematics.

ground being limited to 128±52 out of 1577±37 simple electron-cluster pairs (8.11%) and

to 78±52 out of 1392±40 matched pairs (5.6%). This background estimation is compatible

with the background estimate we got from the CSC estimate in the non-QCD sample (Sec-

tion 5.1.3). The increase can be explained by the inclusion of some other dilepton samples

and the small QCD sample in run 52280.

The Figure 5.10 shows the measured efficiency in the FDR sample. Given that the FDR

sample doesn’t include any Monte Carlo truth information, the measured efficiency is over-

laid with the MC information extracted from the CSC dataset for comparison. The statistical

uncertainty on the MC truth corresponds to the same luminosity as the FDR sample.
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|η| Measured Monte Carlo difference
mean stat. syst. mean (σ )

0.00–0.70 95.96 0.84 4.31 94.87 0.25
0.70–1.37 89.70 1.17 5.60 93.81 0.71
1.37–1.52 86.70 3.92 11.06 89.89 0.27
1.52–2.40 82.72 2.13 5.65 82.85 0.02

Table 5.11: Electron Efficiency as a function of|η| in FDR sample

ET (GeV)
Measured Monte Carlo difference

mean stat. syst. mean (σ )
15.00–29.00 88.01 2.44 8.86 88.45 0.05
29.00–37.00 90.17 1.88 5.71 90.21 0.01
37.00–45.00 96.38 0.87 4.81 91.05 1.08
45.00–100.00 90.68 1.24 67.78 91.66 0.01

Table 5.12: Electron Efficiency as a function ofET (GeV) in FDR sample

Despite the challenging luminosity, these results desmonstrate the fact that we can get

insight as to the behaviour of the reconstruction to the level of 5% after just a couple of

running hours at this luminosity in absence of QCD background. We should be able to

measure the efficiency to within 5% in a handfull of bins.

5.3 ATLAS collaborative effort

These results have been presented to the ATLAS collaboration and have appeared in talks at

conferences and proceedings.

The methods and algorithms have been incorporated in a global collaborative effort to

measure the detector performance from data. Called InSituPerformance, this effort regroups

efficiencies and resolutions measurement for the differenttypes of object ATLAS will try to

reconstruct. In particular, the event selection and the background subtraction method have

been converted to an Athena algorithm and tool respectivelyand are now part of the official

ATLAS release. The background subtraction tool in particular is available to use by any

analyses in PhysicsAnalysis/AnalysisCommon/InsituPerformance/EGammaPerformance.
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The InSituPerformance framework is aimed at providing an automated system to mea-

sure ATLAS performances with data to be then used by other analyses like cross-section

calculations.

The current effort points to the fact that we sould be able to measure the efficiency to

within 5% in a few hours and to within 1% to 3%in a few of months depending on the

background conditions at the LHC.



Chapter 6

Validation of the ATLAS fast simulation

reconstruction – ATLFASTII
This chapter describes the work done with the fast simulation validation group to verify the

usability of the fast simulation ATLFASTII to simulateZ0 → e+e− events and most back-

grounds. It describes the fast simulation software used forthe reconstruction and compares

the fast and full simulation results.

Due to the complexity of the ATLAS detector, in particular its high granularity, simu-

lating the accurate propagation of particles is a time-consuming process. At ATLAS, we

evaluate the average time to simulate the propagation of allthe particles of an event from the

centre of the detector to the muon system to about fifteen minutes. This makes this solution

impractical for large scale productions or tests involvingdifferent sets of parameters. Other

solutions have been proposed that sacrifice accuracy for speed. The usability of such solu-

tions to study physics processes must be checked, i.e. validated, against the output of the full

detector simulation

96
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6.1 The ATLAS fast simulation reconstruction framework

– ATLFASTII

The normal ATLAS reconstruction framework, referred to as full simulation, is based on

a high precision description of the detector geometry and the material budget in the detec-

tor. All known particle-matter interaction effects are modelled using the Geant4 software

program [27, 28]. This high precision has a price in speed that makes its usage difficult

for comparison between the data and the Monte-Carlo simulation for processes with a large

cross-section.

Different options have been proposed to improve the speed ofthe simulation. They are

all based on the same principle.

6.1.1 Principle of fast simulation of particle reconstruction

The most costly part of the full simulation is the computation of the evolution of each in-

dividual particle coming out of a hard interaction. The precise tracking of each particle, of

its interactions, and of the interactions of each particle produced during any decay require

significant computing time. The simulation of particles passing through the calorimeters in

particular is very costly because of the high material density in the detector.

Fast simulation strategies are based on the principle of average detector responses. For

each particle type, many single particles are fully simulated. We then collect the distribu-

tion of the main reconstructed physical parameters that we consider are important for physics

studies (transverse energy and momentum, shower shape variables, . . . ). When we then want

to reconstruct another particle of that type in fast simulation, we take the corresponding dis-

tributions for particles with the same basic truth parameters (pseudo-rapidity, momentum),

and draw random values from these distributions. This is similar to the principle we pre-

sented to simulate a large number of fake electrons with a corrected energy scale from a dijet
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Figure 6.1: Difference between the full and fast reconstruction.

sample in section 4.4.2. This process is called smearing andcan produce a reconstructed

object straight from the parton-level generation stage.

For boolean or quantified information (identification flags,. . . ), we use the full simulation

to study the efficiency of a particular flag and use a random number generator to make sure

the result follows the right distribution. Again, particles are binned for optimal statistics.

This approach, despite being much faster, presents a lot of limitations. Due to the limited

statistics available to create the initial distributions,one has to make concessions as to the

precision of the distributions. More importantly, it is very difficult to take into consideration

the correlations between the different observables, such as, for example, the interactions

between different energy depositions in busy event topologies.

6.1.2 ATLFASTII fast simulation

To improve the overall accuracy of the fast reconstruction,ATLFASTII, the current fast

simulation strategy in ATLAS, combines features of the fastand full simulations. It uses

a full simulation of the inner detector (PIXEL, SCT and TRT) to get a good representation
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of the particle tracking and a fast simulation of the calorimeters (FastCaloSim). This limits

the time-saving aspect of the fast simulation to a factor of 3but improves accuracy compared

with older versions which used a crude fast(er) tracking algorithm. This work investigates

the state of ATLFASTII in Athena 14.2.25.8.

Newer algorithms are being tested as well to use a more modernfast tracking system

(ATLFASTII-F) that would save more time. Another extensionis to produce detector hits

instead of reconstructed objects: this project is called ATLFASTII-D (for digitization). This

allows to run trigger code out-of-the-box as well. This is intended to be the default ATL-

FASTII simulation in Athena release 15 and later.

6.1.3 Validation of individual object reconstruction

The first step of the validation is to check that the smearing process does produce objects

that reproduce all the main features of the full simulation.This is generally done using

single particle samples to be able to check that each part of the detector geometry is repro-

duced effectively. This work was carried out by the ATLFASTII validation group and will

be presented in a public note added to [25] later in 2009.

6.1.4 Validation through benchmark analyses

The final validation is carried out by comparing the output offull and fast simulations on

complete analyses. Some physics processes are chosen (Higgs, W, tt̄) to be reconstructed

by both full and fast simulation. We then compare the efficiency of the different selection

cuts to verify they comply between the two approaches. Theseanalyses are also run on the

different backgrounds to check the usability of ATLFASTII for full data analysis.
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Figure 6.2: Event selection algorithm.

6.1.5 Post-simulation corrections

Since the constants used by the reconstruction are frozen with each release, as the under-

standing of the detector improves, the output of the simulation for a given release differs

from our best understanding at any given time. In order to avoid re-simulating every event,

every time a constant changes, a post-simulation correction scheme has been devised. It

takes the finished output from the fast simulation and slightly modifies some of the observ-

ables (identification flags, momentum, . . . ) to match our bestunderstanding of the detector

performances. These corrections can be applied to be saved to new datasets for later use, or

can be performed on the fly to match different running conditions.

The reason we need to apply such corrections is that a fixed version of ATLFAST is

released with built-in values of the smearing distributions and identification efficiencies. As

new full simulation versions are released or as more data gets collected, the ATLFAST output

drifts from our up-to-date knowledge of the detector. The corrections allow us to reduce the

difference without rerunning the whole fast simulation framework.
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6.2 BenchmarkZZZ000 →→→ e+e− analysis validation

The aim of the validation exercise is to design a simple selection for Z0 → e+e− events

and run it on the signal dataset and its main background to verify whether the fast simulation

complies with the full simulation. This would justify the use of fast simulation for feasability

studies that do not require detailed detector level cuts.

6.2.1 Signal selection

The selection is very similar to the one described in section2.3. The selection has to be

simplified slightly as not all features of full simulation are available in the fast simulation in

version 14.

6.2.1.1 Event selection

In particular, as no trigger information is available, the selection skips that step entirely. We

retain the missing transverse selection. The maximum cut-off is increased to 25 GeV. It

will still be an important discrimination factor against the backgrounds, but since the object

selection has a higher discrimination factor than the one used for the electron efficiency, we

can afford to increase our acceptance slightly, without letting any more background in our

selection.

6.2.1.2 Objects selection

The object selection consists of requiring two reconstructed electrons with tight identification

selection cuts (see ElectronTight in Section 2.1.2.3). Because of the inner detector geometry,

we still restrict electrons to an absolute pseudo-rapiditybelow 2.5. Tight identification was

chosen because it is the largest sample of electron with the same identification cut. Medium

would include electrons which are medium but not tight. Thisis a fraction of the signal
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(∼ 10%) for which we expect the fast simulation to be less reliable because the sample from

which to extract the constant is much smaller.

Despite the lack of trigger threshold, we still retained theminimum transverse energy

threshold at 15 GeV, as it is what we expect to use when data first become available.

As we are interested in pairs around theZ0 mass peak, we reject pairs with a transverse

mass below 50 GeV and those over 120 GeV.

6.2.1.3 Datasets representation

The validation compares three different setups of the ATLASreconstruction software. The

full simulation dataset is plotted in black throughout thischapter. The standard fast simula-

tion results appear in red while the fast simulation with post-simulation corrections is plotted

in blue.

The full list of datasets is given in Appendix B.

6.2.2 Electron distributions

The first step is checking that the electrons follow the same distributions in full and fast

simulations.

6.2.2.1 Efficiencies

We started by checking that the electron efficiency is the same throughout all samples. Any

deviation would bias the final number of events passing any selection.

For that we compared the threeZ0 → e+e− datasets: we measured in each the probability

for a generator-level electron to be reconstructed as an electron with tight cuts.
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(b) Tight electron efficiency as a function ofET

Figure 6.3: Comparison of tight electron efficiencies. Distribution colours are defined in
Section 6.2.1.3.

As we can see from Figure 6.3, the efficiency is higher in the fast simulated sample than

in the fully reconstructed one. The deviation is clearly visible at lowET where the difference

reaches 4%. In pseudo-rapidity, we see the main difference in the crack region (1.37< |η|<

1.52). There also is a large difference at|η| ∼ 0.8 where the full simulation efficiency drops

while the fast simulation efficiency remains level with respect to the neighbouring bins.

The application of efficiency correction on this sample shows clearly the important effect

they can have. The behaviour of the full simulation is much better reproduced over the whole

range of pseudo-rapidity and energy. The corrections are less efficient in the calorimeter

transition regions (|η| ∼ 0.8 or |η| ∼ 1.5). This is due to the limited statistics that prevent us

modelling very localized effects more efficiently.

6.2.2.2 Energy scale

We then tried to assess whether the energy scale is the same inall samples. In order to

achieve this, we looked at the relative difference in transverse energy between the generator-

level electrons and their reconstructed counter parts.

Figure 6.4 shows that the energy scale is very consistent between the fast and the full

simulations. The match shows an overestimation as a function of ET of the order of 0.5%.
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(a) Tight electron energy scale as a function ofη
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(b) Tight electron energy scale as a function ofET

Figure 6.4: Comparison of Tight electron energy scales. Distribution colours are defined in
Section 6.2.1.3.

Figure 6.4a show that while the energy is well estimated in the barrel region, the crack

region (1.37< |η| < 1.52) and the end-caps (|η| > 1.52) present sizeable deviations. These

effects come from the fact that the energy scale in these regions present highly non-gaussian

distributions which make the fast simulation less reliable.

Overall the fast simulation smooths out the effect of the detector geometry due to the

averaging effect of the smearing. The used version of the post-simulation corrections does

not attempt to correct the energy scale, hence the lack of difference between the two samples.

The overall effect of the complicated structure in pseudo-rapidity leads to a small bias

over the whole energy range as we can clearly see from Figure 6.4b. This means that on

average, the electrons from the fast simulation are slightly less energetic than the ones from

full simulation by about 0.5%.

6.2.2.3 Electron parameter distributions

After having observed the small differences in efficiency and energy scale, we can carry out

the selections described earlier to keep only tight electrons coming fromZ0 decays. Because

each datasets contain a different number of events, we overlay the normalized distributions,

to hide the differences in luminosity. Any difference in theefficiency of the event selection
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(b) Electron distribution as a function ofET
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(d) Distribution of the fraction of the energy recon-
structed in the first compartment of the electro-
magnetic calorimeter (see text for details)

Figure 6.5: Comparison of electron distributions. Distribution colours are defined in Section
6.2.1.3.

will be detailed later in Section 6.2.4.

Figures 6.5a and 6.5b show that the agreement is between the full and fast simulation is

generally good (excluding crack region). The fast simulation only exhibits a small underes-

timation in the central barrel region.

Unfortunately, the fast simulation is less well tuned to simulate precise detector ef-

fects like the parameters of the electro-magnetic shower. Figure 6.5c shows that the trans-

verse energy in a hollow cone around an electron is under estimated by the fast simulation.

This is a difficult variable to simulate because it is heavilyaffected by final state radiation,

bremsstrahlung and clustering effects. Most shower-shaperelated variables are not correctly

modelled. Figure 6.5d shows another distribution which varies significantly from the full

simulation. The distribution is the distribution of the fraction of the energy deposited in the
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(b) Invariant mass of the reconstructed electron pairs
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(c) Difference between the invariant mass of the re-
constructed electron pairs and the invariant mass
of the true electron pairs
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(d) Difference between the invariant mass of the re-
constructed electron pairs and the mass of the true
Z0 boson

Figure 6.6: Distributions of parameters of the reconstructed electron pairs. Distribution
colours are defined in Section 6.2.1.3.

electro-magnetic calorimeter in a window of five strips centred around the maximum energy

strip in the first longitudinal layer to the total energy of the shower. The reason that the

shapes differ so wildly is that the parametrisation was extracted using an outdated version of

the full simulation and that the distribution had not been updated since.

These two distributions show that the fast simulation, in the tested version, is ill-suited

for analyses that require this level of detail.

6.2.3 Electron pair distributions

It is important that a simulation maintains the correlationbetween electrons coming from a

Z0 decay. Figure 6.6a shows that the transverse momentum of thereconstructedZ0 boson is
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dataset
Mean (GeV) Width (GeV)
mean±error mean±error

full sim 90.618± .005 2.567± .005
fast sim 90.696± .002 2.510± .002

fast sim with corrections 90.700± .005 2.510± .006

Table 6.1: Parameters of the gaussian fit of theZ0 invariant mass peak in Figure 6.6b

dataset
Mean (GeV) Width (GeV)
mean±error mean±error

full sim -0.066± .003 1.593± .003
fast sim 0.046±.001 1.600± .001

fast sim with corrections 0.048±.003 1.600± .004

Table 6.2: Parameters of the gaussian fit of the distributionof the difference between the
invariant mass of the electron pair and the invariant mass ofthe true electron pair
in Figure 6.6c

conserved between the samples. As we can see, the fast simulation reproduces the spectrum

of the full simulation.

Similarly, the invariant mass distributions plotted on Figure 6.6b show a very good agree-

ment. To check the agreement of the peaks, as well as the checkof the tails, a gaussian fit

is shown. A gaussian is fitted iteratively in a range[−σ ,2 ·σ ] around the distribution mean

until it stabilizes. The parameters of the fits are displayedin Table 6.1. The fast simulation

agrees again well with the full simulation.

Figure 6.6c shows the difference between the invariant massof the reconstructed pair

and the one of the true electron pair, i.e. the true electronsafter final state radiations might

have happened. Again the distributions match and the gaussian fit parameters displayed

in Table 6.2 are in agreement. The small difference in the mean can be explained by the

small difference in energy scale we already noticed, but overall the effect is negligible when

compared with the width of the peak.

Figure 6.6d shows the difference between the invariant massof the reconstructed pair and

the mass of the trueZ0 boson in the event. Despite the fact that the fit parameters show that

the peak is largely unaffected by the fast simulation, we clearly see a lack of fast simulation
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dataset
Mean (GeV) Width (GeV)
mean±error mean±error

full sim -0.303± .004 1.527± .003
fast sim -0.173± .001 1.506± .001

fast sim with corrections -0.172± .004 1.507± .003

Table 6.3: Parameters of the gaussian fit of the distributionof the difference between the
invariant mass of the electron pair and the invariant mass ofthe trueZ0 boson in
Figure 6.6d
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(b) Electron distribution as a function ofET

Figure 6.7: Comparison of tight electron distribution for events where
mreco

e+e− −mtruth
Z > 3 GeV. Distribution colours are defined in Section 6.2.1.3.

events in the high tail of the distribution.

Figure 6.7 shows the distribution of the electron parameters for precisely the electrons in

events in the high tail (mreco
e+e− −mtruth

Z > 3 GeV). We can clearly identify the detector regions

which lead to the lack of events. They correspond to transition detector regions where the

calorimeter segments are connected (see Figure 1.13). The full simulation predicts that the

energy of the pair is much more likely to be overestimated if one of the electrons fall in

the regions|η| ∼ 0, |η| ∼ 0.8 or |η| ∼ 1.5. This results from a large non-linearity of the

reconstructed energy in these regions. While the fast simulation does present some non-

linear behaviour in these regions, it does not correctly reproduce the effects happening in

these regions.

The difference between the distributions in Figure 6.6d is hard to see in Figure 6.6b. The

1% or below effect is spread out over many more bins which makea difference in shape
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invisible to the fit or the naked eye.

TheET distribution in Figure 6.7b also shows that the fast simulation overestimates the

contribution of lowET electrons compared to the full simulation. Coupled with thesmall

difference in energy scale between the simulations (Figure6.4b), this leads to the lack of

events where the reconstructed electron pair mass is higherthan the true mass.

The post-simulation corrections have negligible influenceon the distribution shapes.

However the difference in efficiencies does have a noticeable impact on the total number

of pairs collected as we will see in the Section 6.2.4.

6.2.4 Selection cut flow tables

One of the most important aspects of fast simulation is that it reproduces as precisely as

possible the selection applied on the full analysis. One wayto check this is to compare the

cut flow: we observe which fraction of the signal survives each of our cuts.

The different cuts are as follows:

Missing ET The event passes the selection for a maximum missing transverse energy of

25 GeV;

Acceptance The number of pairs of electrons in these events where both electron pass the

pseudo-rapidity and minimum momentum cuts. There may be more than one pair per

event in the case of fakes;

Identification The number of such pairs where both electrons pass the identification criteria

(ElectronTight);

Charge The number of such pairs where both electrons have opposite charge;

Mass The number of such pairs with an invariant mass in the window[60 GeV,120 GeV].
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cut
G4 AFII Corrected AFII

events cut eff. events cut eff. events cut eff.
Full sample 983806±447 983806±143 983806±527
MissingET 965093±443 98% 954329±141 97% 954324±519 97%
Acceptance 425240±294 44% 425154±94 45% 424904±346 45%

Identification 223638±213 53% 231457±69 54% 222231±250 52%
Charge 222551±213 100% 230305±69 100% 221087±250 99%
Mass 218478±211 98% 226031±68 98% 216963±247 98%

Table 6.4: Cut flow table for theZ0 → e+e−signal. Number of events is scaled to 1 fb−1 and
statistical errors are MC statistics scaled to the same luminosity.

We then compare the effect of each cut on the signal and three backgrounds. The list

of datasets used is listed in Appendix B. We do not compare theoutput of the dijet sample

because its large cross section will require a special treatment for each analysis which will be

too analysis specific. This section will present the cut flow tables for the following samples:

• Z0 → e+e−;

• Z0 → τ+τ−;

• tt̄;

• W+ jets.

The efficiency of the different cuts for the signalZ0 → e+e− sample, as seen in Table 6.4,

gives us many indications of the strength and weaknesses of ATLFASTII.

The number of events left after the MissingET cut is understimated by the fast simula-

tion by approximately 1%. Both samples present the same distribution in pseudo-rapidity

and transverse momentum as we’ve already seen on Figure 6.5,hence the efficiency of the

Acceptance cut is the same through all samples. But we have also noted that the probability

to pass the tight identification cuts is slightly higher for the fast simulation which leads to a

∼ 2% increase in the selection efficiency for the Identification cut.

The identical values of efficiencies of the Charge cut indicates that both simulations have

the same small charge misidentification rate.
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cut
G4 AFII Corrected AFII

events cut eff. events cut eff. events cut eff.
Full sample 1128370±1458 1128370±2523 1128370±3402
MissingET 903350±1305 80% 905839±2261 80% 905804±3048 80%
Acceptance 31370±243 3% 33699±436 4% 33646±587 4%

Identification 1002±43 3% 1207±83 4% 1159±109 3%
Charge 982±43 98% 1151±81 95% 1118±107 96%
Mass 266±22 27% 310±42 27% 339±59 30%

Table 6.5: Cut flow table for theZ0 → τ+τ− background. Number of events is scaled to 1
fb−1 and statistical errors are MC statistics scaled to the same luminosity.

Finally, the fact that the energy scales were mostly identical between the samples leads

to the fact that the reconstructedZ0 boson masses follow the same distribution in both simu-

lations, hence the identical efficiency for both Mass cuts.

Overall, normalized to the integrated luminosity of the full simulation sample, this leads

to a 3.46% overestimation in the number of events for the fast simulation.

Once the post-simulation corrections have been applied, the discrepancy of the identifi-

cation cut is reduced. This directly leads to a difference inthe normalized number of events

of barely 0.9%, as none of the other cuts are overly affected.

The different backgrounds present different behaviours.Z0 → τ+τ−, as we can see from

Table 6.5, presents good consistency in the efficiency of theMissing ET and Acceptance

cuts.

We also find that the increased efficiency in the corrected fast simulation leads to a small

increase of the efficiency of the Identification cut again. This is particularly important be-

cause the difference in efficiency is highest in the lowET region where most of the electrons

from taus are. The Charge and Mass cut efficiencies are statistically compatible between full

and fast simulations.

Overall, the normalized fast simulation sample presents 16.5% more events than the full

simulation but this number has to be considered relative to the 8.3% statistical uncertainty

on the full simulation number.
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cut
G4 AFII Corrected AFII

events cut eff. events cut eff. events cut eff.

Full sample 205475±147 205475±92 205475±118
MissingET 25401±52 12% 26689±33 13% 26675±43 13%
Acceptance 33527±59 132% 40041±41 150% 40068±52 150%

Identification 208±5 1% 228±3 1% 223±4 1%
Charge 194±5 93% 211±3 92% 205±4 92%
Mass 84±3 43% 93±2 44% 89±2 43%

Table 6.6: Cut flow table for thett̄ background. Number of events is scaled to 1 fb−1 and
statistical errors are MC statistics scaled to the same luminosity.

For this sample, the post-simulation corrections increases the difference. The better effi-

ciency cuts out fractionally more background even though the efficiency is still overestimated

in the lowET region. However, the efficiency corrections, varying with energy, increases the

invariant mass of the remaining pairs, leading to more of them passing the Mass cut.

The tt̄ background presents the same properties as theZ0 → τ+τ− one as we can see

from Table 6.6. The MissingET cut is consistent throughout all samples.

The Acceptance cut presents an efficiency of more than 100% because the extra jets

increase the number of fake electrons, and therefore, the number of pairs we can reconstruct.

If we have three electrons (including one fake), we can indeed reconstruct three possible

pairs. The identification cuts are nevertheless identical as the rejection factor of the tight

identification cuts rejects nearly all fake electrons.

Again the Charge and Mass cuts do not present any disparity between the full and the

fast simulation.

Overall, the fast simulation over estimated this background by 10.7% but also the full

simulation presents a statistical uncertainty of 4%.

The effect for this sample of post-simulation corrections is opposed to the one for

Z0 → τ+τ−. The efficiency for high energy electrons implies an invariant mass reconstruc-

tion closer to the one from the full simulation. It means morepairs are failing the Mass cut

because their invariant mass is too high. The remaining small difference in the normalized
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cut
G4 AFII Corrected AFII

events cut eff. events cut eff. events cut eff.
Full sample 10352848±22191 10352848±59772 10352848±59772
MissingET 2516223±10940 24% 2609263±30007 25% 2609263±30007 25%
Acceptance 56459±1639 2% 72815±5013 3% 72815±5013 3%

Identification 143±82 0% 345±345 0% 0±345 0%
Charge 95±67 67% 0±345 0% 0±345 0%
Mass 48±48 50% 0±345 0% 0±345 0%

Table 6.7: Cut flow table for theW+ jetsbackground. Number of events is scaled to 1f b−1

and statistical errors are MC statistics scaled to the same luminosity.

sample is mostly due to the increased number of fakes which leads to a higher number of

pairs passing the Acceptance cut, which biases the rest of our selection.

TheW + jetsbackground sample (Table 6.7) shows that both simulations predict virtu-

ally no background from this sample. Virtually every event fails our Identification cut as

there is only one true electron in each event. The remaining survivors are completely dealt

with by the opposite charge requirement.

There are no obvious differences introduced by the post-simulation corrections.

Overall, even in such a simplified analysis with selection cuts tuned to be comparable

with fast simulation, the agreement is limited but sufficient for feasability studies.

6.3 Summary

The fast improvement of the fast simulation has made it very usefull for feasibility study

that do not require precise information of energy deposition in the detector. The current

reconstruction allows a selection of event to within 5% at a cost a third of the one of the full

simulation. Improvements being developped will futher reduce the cost by a factor of 3 to 5

which will make very large scale simulation much more manageable.



Chapter 7

Sensitivity to the strong coupling

constantαs at the Large Hadron Collider
This chapter studies the possible influence of the strong coupling constant on different dis-

tributions. It aims at analysing the impact of different values of the parameterαs(MZ0)

on distributions measured from the production ofZ0 bosons with associated jets in the

Z0 → e+e− channel for an integrated luminosity of 1 fb−1.

Quantum Chromodynamics (QCD) will play a major role in LHC analyses. It is a major

source of uncertainty on the rate of most hadronic events (hard multi-jets interactions) and

on the underlying event structure. We hope that the use of LHCdata will enable us to further

constrain its parameters, thus improving our theoretical predictions and our understanding of

hadronization. Many QCD effects need to be understood to improve our models, from parton

distributions functions in the proton structure to parton showering in hard interactions.

Most of these effects are governed by a limited number of parameters. One of these

parameters appears in all QCD equations: the strong coupling constantαs. This chapter

tries to study if the production ofZ0 → e+e− events associated with jets at the LHC has the

sensitivity necessary to be competitive with the existing measurements.

114
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7.1 The strong coupling constant

7.1.1 Theoretical framework

The effective QCD couplingαs has a strong dependence on the renormalization scale. This

dependence is the reason that ensure that quarks are bound atsmall scales whilst being

asymptotically free at high energy. The Particle Data Group[3] describes this dependence

as being controlled by theβ -function:

µ
∂αs

∂ µ
= 2β (αs) = − β0

2π
αs

2− β1

4π2αs
3− β2

64π3αs
4− . . . ,

β0 = 11− 2
3

nf ,

β1 = 51− 19
3

nf ,

β2 = 2857− 5033
9

nf +
325
27

n2
f ;

wherenf is the number of quarks with mass less than the energy scaleµ. Although this

expression governs the running of the coupling, it does not determine its normalisation. That

must be determined from experiment. This constant of integration is the one fundamental

constant of QCD. For convenience and to allow for the comparison of the value with other

experiments, it has become standard to chooseMZ0 as a fixed-reference scale. The value at

other values of the scaleµ can be obtained from log(µ2/M2
Z0) =

∫ αs(µ)
αs(MZ0)

dαs
β (αs)

.

Measurements ofαs(MZ0) have been performed in deep-inelastic scattering experiments

through global fits [29] as well as in high-energy hadron collisions [12] and at perturbative

QCD level ine+e− collision at LEP [30]. The values ofαs(MZ0) going into world average

computations are shown in Figure 7.1. The current world average is estimated atαs(MZ0) =

0.1176±0.002.
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Figure 7.1: Summary of the value ofαs(MZ0) from various processes. The values shown
indicate the process and the measured value ofαs extrapolated toαs(MZ0). The
error shown is the total error including theoretical uncertainties. The average
which comes from these measurements is also shown. [3]

7.1.2 Motivations

As we already stated, the effective QCD couplingαs plays a major role at the LHC. While

it is correlated with other parameters in parton distribution functions and parton shower

implementations, it is easy to understand its contributionto hard-interaction rates.

The simplest Feynman diagram forZ0 production at the LHC is given by Figure 7.2. It

contains no strong interaction vertex. However, at tree level, Z0 production associated with

one hard jet displays oneqqgor gqq̄ initiated hard initial state radiation as seen on Figure

7.3.

Each strong interaction vertex carries anαs-proportional factor in rate, such that we

expect the ratioR0 = Z0+1 jet
Z0+0 jets

to be a function of the value ofαs(MZ0). The QCD vertex

factor is given from Feynman rules by−igγµTa
i j , wherea and µ are the indices carried

by the gluon propagator,i and j the ones from the quarks, andg is the coupling such that

αs = g2/4π [31]. In the squared matrix element, we always obtain even powers ofg, hence

theαs dependence of the cross-sections of the considered processes.
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Figure 7.3: Feynman diagrams of two tree-levelZ0 +1 jet events.
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Figure 7.4: Feynman diagram of a tree-levelZ0 +2 jets event.
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Each subsequent quark or gluon radiation vertex carries thesame factor, so that higher

order tree level diagrams can also be used to extract the strong coupling constant such as the

one drawn on Figure 7.4.

For this reason, measuring not only the ratioR0 = Z0+1 jet
Z0+0 jets, but the ratio between any

two distributions for different numbers of associated jetsmay contribute to the study of the

influence ofαs.

The use ofZ0 → e+e− events is justified by the high-cross section and the clean signa-

tures we already described in Section 2.3.1. Background subtraction is also easier than in

most other channels, thanks to the procedure we described inChapter 4.

7.1.3 Data preparation

As we already explained, the constantαs(MZ0), or simplyαs, is fundamental in all physics

processes involving QCD. Hence, to simulate events with a particular value ofαs, that value

must be consistently used by every part of the simulation chain.

By default in release 14, the ATLAS simulation framework uses a value ofαs(MZ0) = 0.118.

The default parton distribution used is CTEQ6L1 (from LHAPDF-5.6.0 [32]) which is a

Leading Order (LO) fit using a LO expression for the running ofαs. Pythia, and any

other generator is configured to use the same value for hard interactions and parton shower

algorithms.

Because we wanted to simulate events with different values of αs, we had to simulate

events using a different software configuration.

7.1.3.1 Choice of Parton Distribution Functions

Parton Distribution Function (PDF) fits are generally performed for fixed values ofαs. As

we already stated, CTEQ6L1 uses the value 0.118 [33]. However, the CTEQ collaboration
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also releases PDFs using different values ofαs. The PDF set CTEQ6AB is a set of 20 PDFs

using 10 different values ofαs that span the range 0.110< αs(MZ0) < 0.128 with 0.002

increments [34]. These PDFs are Next-to-Leading Order (NLO) in αs but use two slightly

different methods for the running of the constant.

Set A, CTEQ6A the original NLO definition is given by

αs(µ) = c1[1−c2 ln(L)/L]/L,

whereL = ln(µ2/Λ2), c1 = 4π/β0, andc2 = 16π4/β1. The parameterΛ depends on

nf , and hence takes on different valuesΛnf whenµ crosses each quark threshold. This

is the definition used in all others CTEQ global analyses.

Set B, CTEQ6B this definition solves exactly the partial differential equation

µ
∂αs

∂ µ
= − β0

2π
αs

2− β1

4π2αs
3.

The other theoretical assumptions and functional parametrizations are identical to other

CTEQ6 series, so that PDFs CTEQ6A118 and CTEQ6B118 are nearly identical to PDF

CTEQ6M (LO fit, NLOαs), the best fit PDF from the CTEQ collaboration.

The range ofαs(MZ0) covered by the CTEQ6AB series is much wider than the currently

accepted 1σ error range on the world average. It explores this extended range because the

lowest and highest values (0.110 and 0.128) represent outlying values that have been obtained

by individual experiments.

We decided to use the CTEQ6A series because it allows for an easier comparison with

other CTEQ PDF sets, in particular the PDF error set of the CTEQ6M series (see 7.4.5).
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7.1.3.2 Choice of event generator

The ATLAS software can be interfaced with a number of different event generators, from

leading-order generators (PYTHIA [35], ALPGEN [36]) to Next-to-Leading Order ones

(MC@NLO [37]). The different generators have different limitations that make the simu-

lation of our events difficult:

• PYTHIA uses the Leading Log approximation, which is known tounderestimate the

hard-jet emission process. This is a major issue forZ0+jets events generation;

• ALPGEN, MC@NLO and others have a limited set of PDFs hard-coded, which mean

we cannot use the CTEQ6A series. What is more, they do not offer any mechanism to

set the value ofαs consistently.

For these reasons, we elected to use the generator SHERPA 1.1.2 [38]. SHERPA uses a

tree-level matrix element generator for the calculation ofhard-scattering processes. It allows

us to choose any PDF set in the LHAPDF package and the value ofαs can be set consistently

for both hard-scattering and parton shower processing.

The configuration files used to simulate events for Z+up-to-3jets withαs = 0.110 at 14

TeV can be found in Appendix C. The events were produced in 2008 and in winter 2009,

when it was expected that the 10 TeV phase of collisions wouldlast but a few months to

tune the machine. Hence it was believed that we would only collect a few hundred inverse

picobarns at 10 TeV before moving on to the design energy. Therefore the centre-of-mass

energy was set to 14 TeV. It has been announced since that the LHC would start at 7 TeV

centre-of-mass energy before increasing to 10 TeV for an extended period of time, collecting

more than the target 1 fb−1.

Unfortunately, this means that all the background samples in 2009 have been centrally

generated at 10 TeV. Since we do not attempt a precise measurement of the level of back-

ground in our sample, but only aim to estimate the uncertainty which the background sub-
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αs(MZ0) number of events cross-section (pb) luminosity (fb−1)
0.110 773041 684.79 1.12
0.118 786926 799.39 .98
0.128 790921 911.96 .86

Table 7.1: Cross-sections and sizes of the privately produced samples ofZ0 → e+e− + jets.

traction method introduces on our measurement, this is treated as one further source of un-

certainty on the level of background. Figure 7.5 shows how the cross-sections of various

processes are affected by this change in available centre-of-mass energy.

We decided to only simulate events with up to 3 jets for the following reasons :

• the computation time needed to prepare the matrix elements for all diagrams for Z+4

jets events was too high;

• the cross section for Z+3 jets is, according to SHERPA forαs = 0.118, 32.44 pb out

of the inclusive cross section for Z+up-to-3 jets of 799.39 pb (4%). The Z+4 jets cross

section would be of the order of 10 pb or less, which would leave poor statistics for

the background subtraction;

• we do not expect our background representation to be very accurate for a larger number

of jets before Monte-Carlo tuning using real ATLAS data.

7.1.3.3 Choice of detector simulation

Given the high time consumption of the full simulation, and the private nature of the event

production, we selected to simulate the events using ATLFASTII as described in Chapter 6.

The configuration was the same as the one used for the official validation samples in Athena

14.2.25.8.
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7.1.3.4 Simulated data

We simulated events with three different values ofαs(0.110, 0.118, 0.128). Table 7.1 shows

the number of events and cross sections of the three simulated datasets. The cross sections

are the ones given by SHERPA and include the filter efficiencies. The filter applied on the

generation is described in the configuration file Selector.dat (see Appendix C). The filters

are :

• |ηe+/e− | < 3,

• pe+/e−

T > 8 GeV,

• mZ0 > 50 GeV,

• E jet
T > 20 GeV, for each jet.

As we already mentioned, the values ofαs span a range which is wider than the error

on the world average. The reason behind this choice was to study the full range of values

obtained by different experiments. We aim at comparing the result of the simulations with

uncertainties from PDFs and Jet Energy Scale (JES). Precision measurements ofαs will

require higher integrated luminosities as well as Monte-Carlo tuning to ATLAS data.

7.2 Event Selection

The selection ofZ0 → e+e− events is carried out following similar selection cuts to those

outlined in Section 2.3
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7.2.1 Global event selection

As we already pointed out in Chapter 6, no trigger information is available in ATLFASTII re-

construction in release 14. The global event selection is therefore only based on a maximum

missing transverse energy cutEmiss
T < 25GeV.

7.2.2 Electron selection

To maximize the background rejection, we only retain as valid electrons, the electrons pass-

ing the ElectronTight set of identification cuts in the pseudorapidity range|η|< 2.5 and with

a minimum transverse energy of 15 GeV, which would correspond to our trigger requirement

at low luminosities (1032 cm−2s−1). Only events which contain exactly two such electrons

are kept in the analysis.

7.2.3 Jet selection

Jet counting is an intrinsic part of a Z + jets study. Hence theselection of jets is an important

step and some care has to be taken.

The first consideration is geometric. Because of the coverage of the hadronic calorimeter

in ATLAS (see Section 1.2.2.2), we restrict ourselves away from the forward calorimeters

which are expected to be harder to calibrate effectively. Hence we only study jets in the

pseudorapidity range|η| < 3.

7.2.3.1 Jet algorithms

ATLAS, like most recent high-energy physics experiment, employs different schemes for jet

reconstruction. The most common ones have been in use for years at Tevatron [40] are called

Cone and Kt algorithms.
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Threshold

(a) Collinear safety issue (b) Infrared safety issue

Figure 7.6: Illustration of collinear (left) and infrared safety (right) issues. See text for details

• Cone algorithms form jets by associating together particles whose energy deposition

lie within a circle of a specific radius R in theη ×φ plane. ATLAS uses two differ-

ent values for the parameter R of 0.4 and 0.7. The algorithm seeds from high-energy

calorimeter energy depositions and iterates until stable energy weighted cones are ob-

tained.

• Kt algorithms [41] are recursively aggregative algorithms. At each step, they

calculate the distance between two pre-clustersi and j using the formuladi j =

min(p2
T,i, p2

T, j)
∆R2

i j

D2 whereD is a parameter of the jet algorithm. If this distance is

smaller than bothp2
T,i andp2

T, j the two clusters are merged. The algorithm produces a

list of jets separated by at least∆R> D. ATLAS uses again two different values forD

of 0.4 and 0.6.

In addition, ATLAS also implemented a new algorithm: Seedless Infrared Safe Cone jet

algorithm (SISCone), which is a variation of cone algorithms supposed to provide more infra-

red and collinear safety [42]. Collinear safety implies thealgorithm should not be sensitive

to threshold effects if, instead of one high-energy particle, the jet is composed of multiple

collinear softer ones, as seen on Figure 7.6a. Similarly, infrared safety implies the identified

jets should not depend on the presence of soft radiation as seen on Figure 7.6b. Typically,

seeded algorithms are also collinear safe if the seed energythreshold is much lower than the

scale at which jets are studied.
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7.2.3.2 Jet calibrations

For reconstructed data, full simulation and ATLFASTII provide two calibration schemes for

jet algorithms. The first is based on calorimeter towers and uses a global calibration method

derived from the one used at the H1 experiment at DESY [43]. The other one is based on a

Local Calibration (LC) of calorimeter cells. Both methods are presented in Section 10.5.3 of

[21].

7.2.3.3 Choice of jet collection

After all reconstruction and calibration choices have beenapplied, we end up with seven

choices of jets collections in ATLFASTII reconstructed events:

Cone 0.4 H1 Jets reconstructed with a Cone algorithm of size 0.4 and calibrated using the

global H1 method;

Cone 0.4 LC Jets reconstructed with a Cone algorithm of size 0.4 and calibrated using the

local calibration method;

Cone 0.7 H1 Jets reconstructed with a Cone algorithm of size 0.7 and calibrated using the

global H1 method;

Cone 0.7 LC Jets reconstructed with a Cone algorithm of size 0.7 and calibrated using the

local calibration method;

Kt 0.4 LC Jets reconstructed with a Kt algorithm of parameter 0.4 and calibrated using the

local calibration method;

Kt 0.6 LC Jets reconstructed with a Kt algorithm of parameter 0.6 and calibrated using the

local calibration method;

SISCone 0.5 LC Jets reconstructed with a SISCone algorithm of size 0.5 and calibrated

using the local calibration method;
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As we aim at performing a jet counting experiment, the most important parameters from

a point of view of a jet algorithm performance are the efficiency and the linearity. The

following discussion is based on the plots from Figure 7.7, obtained by applying the Jet-

Performance package directly to our private sample withαs(MZ0) = 0.118. For methods to

measure these parameters on ATLAS data, refer to [25].

The efficiency of a jet algorithm (Figure 7.7a) is defined as the probability of a jet re-

constructed from truth particles to be reconstructed in thereconstructed data, i.e. does the

offline software find one Cone4 jet for each truth Cone4 jet. The jet algorithms are com-

pared with their truth equivalent as they should exhibit thesame properties. The matching

is done by comparing the distance between the two jets with the jet algorithm parameterP

: ∆R< P/2. No energy matching is performed so that the same matching can be used to

study efficiencies, linearities and resolutions. Figure 7.7a shows that Cone7 jets have the

lowest efficiencies with SISCone jets. On the other end of thescale, Kt 0.4 LC clearly has

the highest efficiency with∼ 97% in the range 40GeV< ET < 200GeV

The linearity (Figure 7.7b) is defined as the ratio of the reconstructed jet energy over

the truth jet energy. It measures the average shift in energyintroduced by the calorimeter

and the reconstruction software. No algorithm is exactly linear. The global H1 calibration

does a better job at high energy than the local calibration scheme in these simulated data.

However, we expect most of our jets to have low energy so that local calibration shows

better performances in this high interest region as well as 0.4 cone H1. Furthermore, the

energy sensitivity is very important close to the jet cut-off threshold, so that again, linearity

at low energies is more important.

Finally, the resolution (Figure 7.7c) is the standard deviation of the reconstructed energy

for a set of jets of a given energy. Figure 7.7c displays resolutions after corrections of the re-

constructed jet energy by the linearity extracted from Figure 7.7b. Here again, the global H1

calibration outperforms the local calibration method at high energies. Most other algorithms

perform similarly over the whole range.
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Global Emiss
T < 25 GeV

Electrons

|ηe| < 2.5
Ee

T > 15 GeV
Electron ID Cuts == Tight

Nelectrons == 2

Jets
Jet collection == Kt 0.4 LC

|η jet| < 3
E jet

T > 40 GeV
Overlap ∆Re− jet > 0.4

Table 7.2: Summary of selection used forαs study

Since most of the algorithms perform very closely as far as energy reconstruction is

performed, we decided to use the Kt 0.4 LC jets as they presenta clear edge in term of

efficiency for this sample. For similar reasons, we decided to study jets only above 40 GeV

as the efficiency drops rapidly at lower energies.

Furthermore, the probability of reconstructing jets from pile-up interactions (interactions

between two protons other than the ones producing theZ0 boson) decreases rapidly with the

jet transverse energy. A high threshold of 40 GeV implies that virtually all our jets will have

been produced by the hard interaction.

Our jet selection then consists of all jets in the Kt 0.4 LC collection with |η| < 3, ET >

40 GeV and which do not overlap with any of our selected electrons. The selection cuts for

our selection are summarized in Table 7.2

7.3 Event counting

For easier comparison between reconstructed data and truthlevel information, it is conven-

tional to unfold the reconstructed data to hadron-level, i.e. the state of the event generation

after parton showering and fragmentation took place, wherewe can also reconstruct truth
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jets. The typical formula used is :

Ntruth
n jets=n =

Ndata
n jets=n−BG

A · εelectron
2 · εtrigger

,

where :

Ndata
n jets=n is the number of reconstructed events in data, withn truth jets, which pass all our

selection cuts;

A is the acceptance, i.e. the probability that a truth n-jets event present the right topological

configuration to be reconstructed and selected.

εelectron is the probability of a truth electron to be reconstructed asan ElectronTight offline

electron. The probability is squared because of the presence of two electrons;

εtrigger is the probability of an event with two tight electrons to pass the trigger;

Because the efficiency for electron reconstruction is not uniform as a function of either

η or ET , we weight each event independently to increase our precision. It is very difficult

to measure efficiency for a given sample whereas we expect theefficiency to reconstruct

individual object to be process-independent, so that we canuse the information extracted

using the method presented in Chapters 2 to 5.

As we presented in Chapter 5, we can measure the reconstruction efficiency as a 2-D

distribution. As the same can be done for the efficiency of an offline electron to pass the

ElectronTight cuts, we can use a 2-D map similar to the one presented on Figure 7.8 to

extractεelectron for each electron individually.

Trigger information is not available in ATLFASTII, which isequivalent toεtrigger = 1;

In this preliminary study, we select our truth objects usingthe same selection as our

offline ones. As such, the acceptance correction isA= 1. This ensures that distributions such

aspZ0

T are not distorted by our electron requirements in terms of pseudo-rapidity and energy.
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Figure 7.8: 2-D efficiency for tight electron reconstruction

It makes the comparison between parton-level measurement and reconstructed objects easier

but it will be different for comparison with CMS results and combined studies. Truth level

calculations are here compared with reconstructed calculations using the same acceptance

for electrons.

The numberNdata
n jets=n is harder to estimate. Because of the inefficiencies in the jet recon-

struction algorithm, events are shifted between bins ofn jets. Events with one truth jet are

reconstructed as events with no jets with a probability 1− ε jet, whereε jet is the probability

of a truth jet to be reconstructed as an offline jet. So that, ifwe labelNR
i the number of events

wherei jets were reconstructed (R for Reconstructed) andNdata
i the number of reconstructed

events (with two reconstructed electrons and low missing transverse energy) which contain

i truth jets, thenNdata
i can be obtained by solving the system based on the upper triangular

matrix:

























NR
0

NR
1

NR
2

NR
3
...

























=



























1 1− ε jet (1− ε jet)
2 (1− ε jet)

3 . . .

0 ε jet

(

2
1

)

ε jet(1− ε jet)
(

3
1

)

ε jet(1− ε jet)2 . . .

0 0 (ε jet)
2

(

3
2

)

ε2
jet(1− ε jet) . . .

0 0 0 (ε jet)
3 . . .

...
...

...
...

. . .



























·

























Ndata
0

Ndata
1

Ndata
2

Ndata
3
...



























7.4 Sources of uncertainty 132

Using the work by the Jet/Etmiss group in ATLAS, we should be able to extract the

efficiency similar to the one presented on Figure 7.7a. Because this correction is applied on

the integrated set and not event by event, it is important that the efficiency be as uniform as

possible. The efficiency presents an important turn-on curve below our 40 GeV threshold,

which reinforces the necessity for a high jet energy threshold. This matrix assumes that the

jet efficiency is independent of the jet multiplicity in the event. This can be assumed to be the

case as jets are local objects, unless the jets start to overlap. Because we study only events

with few jets compared with the availableη −φ space in the calorimeters, we assumed that

this assumption holds.

Each jet energy will also be corrected for non-linearity using results of the type shown

on Figure 7.7b as underestimating the jet energy would mean reconstructed jets would not

pass the energy threshold while the truth jets would.

7.4 Sources of uncertainty

7.4.1 Background subtraction

We described in Chapter 4 a method to subtract background events from aZ0 → e+e− event

sample. As we described in Chapter 4, this procedure yields asystematic uncertainty linked

with the choice of initial parameters. We use standard errorpropagation techniques to eval-

uate the resulting error on the measured distribution.

7.4.2 Electron efficiency uncertainty

The second source of uncertainty is the one arising from our measurement of the electron

efficiency from data. Because we use this efficiency when we unfold the number of events

to hadron level, this leads to an experimental uncertainty.
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Figure 7.9: Uncertainty due to the electron efficiency on themeasured number of jets

We estimate this error by varying the estimated electron efficiency. From the result of

Chapter 5, we expect to be able to measure the electron efficiency to within 2% or below.

Therefore, we measure the distributions with an uncertainty of ±2%, which is slightly worse

than the precision the ATLAS collaboration hopes to achievewith 1 fb−1. One such distri-

bution can be observed on Figure 7.9.

7.4.3 Jet efficiency uncertainty

Just like electrons, jets are a source of uncertainty. This uncertainty arises from the limited

accuracy of our measurement of the jet efficiencies from data. Despite the large statistics, it

will be difficult to select a clean jet sample. Since we use theefficiency when we unfold the

number of events to hadron level, this also leads to an experimental uncertainty.

We estimate this error by varying the estimated jet efficiency. It is difficult to estimate

which precision the efficiency determination will reach. Different methods have been pro-

posed including methods using jet balancing methods against the recoil of electron-magnetic

objects like photons orZ0 bosons. The expected performance of these methods are how-

ever very uncertain. Therefore, we decided to assume an uncertainty comparable to the one

arising from the electron efficiency of±2%. The resulting uncertainties can be observed in



7.4 Sources of uncertainty 134

jetsN
0 1 2 3

E
ve

n
ts

410

510

(a) Absolute uncertainty

jetsN
0 1 2 3

)∆
fr

ac
ti

o
n

n
al

 e
rr

o
r 

(%

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

(b) fractional uncertainty

Figure 7.10: Uncertainty due to the jet efficiency on the measured number of jets
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Figure 7.11: Jet energy scale uncertainty on the measured number of jets

Figure 7.10.

7.4.4 Jet energy scale uncertainty

The second source of uncertainty is linked to the fact that weonly accept jets above a certain

threshold. Because of that, we might underestimate the number of jets in the event if we

underestimate the energy or overestimate it in the other case. The jet energy scale error result

from remaining uncertainties after our the estimation of the linearity of the jet algorithm

calibration.

We estimate this error by varying the estimation of the jet energies. For this study, we
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measure the distributions with uncertainties of±1%, ±3% and±5%, the latter being the

precision the ATLAS collaboration hopes to achieve with 1 fb−1. A JES of±5% has been

quickly achieved at previous experiments, including thoseat the TeVatron, so that it is a

reasonable expectation that the ATLAS calibration expertsmay achieve a similar precision.

All the sources of uncertainty listed are linked with our limited knowledge of the occur-

ring processes. However, our understanding of the underlying theory is also limited. Apart

from uncertainties due to missing higher order corrections, the main source of uncertainty is

linked with our knowledge of the Parton Distribution Functions.

7.4.5 PDF uncertainty

We already mentioned the impact that the choice of PDF can have on the event generation

process. PDF are extracted from global fits to data from many experiments. The fits, apart

from a fixed value ofαs, contain, for the CTEQ series, 22 free parameters, also called eigen-

vectors. To study the effect of 1σ errors on the estimation of these parameters, the CTEQ

collaboration releases what they call 44 error PDFs [44], which are PDFs where one of these

eigenvectors is modified up or down so that theχ2 of the fit varies by 10 [44].

To study the influence of the eigenvector-based errors, we use a technique called PDF

reweighting [45]. For an event with parton 1 carrying a momentum fractionx1, parton 2 car-

rying a momentum fractionx2 and undergoing a hard-process of scaleQ2, we can calculate

the probabilities of such an event happening with two PDFs A and B, respectivelypA andpB.

For a whole dataset simulated with PDF A, we can obtain distributions similar to those ob-

tained from a dataset simulated with PDF B by reweighting each event by the corresponding

fraction pB/pA.

The PDF uncertainty is then calculated by adding in quadrature, the errors computed as

the difference between the values obtained from the nominalPDF (Vnominal) and the values
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Figure 7.12: Error estimation from PDF uncertainty on the measured number of jets

obtained from each of the eigenvector variations (V−1σ andV+1σ ):

error+ = max(0,V−1σ −Vnominal,V+1σ −Vnominal),

error− = max(0,Vnominal−V−1σ ,Vnominal−V+1σ ).

This gives us “positive” and “negative” errors linked with the PDF uncertainty as seen on

Figure 7.12a.

Because the 44 error PDFs are provided by the CTEQ collaboration as variation of the

CTEQ6M best fit PDF, we calculate the errors relative to that central value and then apply

them to the value measured with the CTEQ6A118 PDF.

7.5 αs sensitivity

This section describes the measurement of some distributions and studies the corresponding

sensitivity toαs.
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R0 R1 R2

Measured from reconstructed data (×100)

value 14.56 25.96 21.86

statistical error 0.07 0.25 0.44

background systematics 0.09 0.35 0.64

electron efficiency±2% +0.00
−0.03

+0.03
−0.46

+0.49
−0.00

jet efficiency±2% +0.20
−0.19

+0.48
−0.47

+0.80
−0.74

JES±1% +0.28
−0.32

+0.00
−0.20

+0.32
−0.44

JES±3% +0.59
−0.81

+0.57
−0.65

+0.39
−1.26

JES±5% +1.03
−1.10

+0.63
−1.08

+0.72
−1.17

Measured from parton-level (×100)

value 14.53 25.97 21.14

statistical error 0.06 0.23 0.40

PDF uncertainty +1.43
−1.03

+0.80
−0.79

+0.68
−0.68

Table 7.3: Measurement of the ratioRN = Z0→e+e−+(N+1) jets
Z0→e+e−+N jets

. The errors associated with
different uncertainties are quoted. All values have been scaled by 100 for read-
ability.
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RN

αs = 0.118 αs = 0.110 αs = 0.128
mean stat. mean stat. diff mean stat. diff

×100 ×100 (σ ) ×100 (σ )
R0 14.53 0.06 14.23 0.06 3.35 16.87 0.07 25.10
R1 25.97 0.23 24.96 0.23 3.11 27.49 0.22 4.74
R2 21.14 0.40 19.02 0.39 3.80 20.74 0.36 0.75

Table 7.4: Truth value ofRN for samples with different values ofαs. The means and errors
have been scaled by a factor of 100 for readability. Diff indicates the separation
between a sample and the 118 reference sample in terms of statistical error.

7.5.1 RatioRRRNNN ===
Z0→e+e−+(N+1) jets

Z0→e+e−+N jets

As we discussed in Section 7.1, the primary quantity to observe a sensitivity toαs is the ratio

RN = Z0→e+e−+(N+1) jets
Z0→e+e−+N jets

, in particular,R0 = Z0→e+e−+1 jet
Z0→e+e−+0 jets

, with its high statistics. Table 7.3

compares the measured ratio of the ratiosR0, R1 andR2 with their generator-level values and

the uncertainty from the different sources listed in Section 7.4. For readability, the values in

Table 7.3 have been multiplied by a factor of 100, i.e. the measured value ofR0 is 0.1456

with a statistical error of 0.0007.

We notice that statistical errors, background subtractionsystematic errors and electron

efficiency are the smallest sources of uncertainty, while, uncertainties on jet parameters are

the largest source of uncertainty on the measured value of the ratio.

PDF uncertainties on the theoretical value are however the principal source of uncertainty

and are comparable with the largest uncertainty on the reconstructed measured value. This is

worrisome, as anyαs sensitivity necessitates to be able to distinguish values at parton-level

from dataset simulated with differentαs values.

However, while Table 7.3 shows our ability to measure the first few ratiosRN using

reasonably calibrated ATLAS data, Table 7.4 shows that the statistical power to separate the

samples with different values ofαs is insufficient.

The separation inR0 between the samplesαs = 0.110 andαs = 0.118 for R0 is only

0.003, while the theoretical error on the value formαs = 0.118 from PDF uncertainties
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alone is+0.0143
−0.0103.

Most of the PDF uncertainty comes from the fact that most of the electroweak interac-

tions at the LHC are produced at a regime where the PDFs are poorly constrained (low-x

gluon collisions). It is possible that the PDF uncertainty will be rapidly reduced using, in

particular,W production [46] at the LHC.

If the PDF uncertainties are constrained enough that the different samples become distin-

guishable (|Rαs=0.118
N −Rαs=0.110

N |? 3σ ), then the limiting constraint becomes the jet energy

scale. Bringing the jet energy scale to within 1% would enable us to separate the true value

(0.118 in this study) from the extreme values 0.110 and 0.128. Further sensitivity would

require more precise knowledge of the jet algorithm performances. While it is unclear how

far we can improve the jet efficiency in the LHC environment, its measurement is difficult

using only data and mostly relies on Monte-Carlo tuning.

Because the emission of initial radiation hard-jets will generally result in a transverse

boost of the exchanged quark, it is possible that looking at transverse parameter distributions

will yield a better sensitivity.

7.5.2 RatioRRRNNN as a function of pppZ0

TTT

Table 7.5 shows the measurement ofR0 in four bins ofpZ0

T . This distribution is probably the

most efficient to studyR0 as most events with no jets will have very lowpZ0

T while events

with more than one jet will see theZ0 recoil against the hadronic components of the event.

We study this distribution in the range[0−60] GeV. Figure 7.13 shows that the statistics

in the bin[45−60] GeV are still sufficient forNjets == 0 to study the the ratio. These high

pTevents are produced in association with many low-pT jets which fail our threshold.

As we can see easily from Table 7.5 and Figure 7.14, the PDF uncertainty onR0 is not a

flat function ofpZ0

T . The uncertainty is much lower for low values ofpZ0

T because most of the
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pZ0

T (GeV) 0 – 15 15 – 30 30 – 45 45 – 60

Measured from reconstructed data (×100)

value 0.52 4.73 28.84 112.00

statistical error 0.01 0.07 0.33 1.45

background systematics 0.02 0.10 0.47 2.06

electron efficiency±2% +0.01
−0.00

+0.00
−0.04

+0.43
−0.00

+0.00
−0.86

jet efficiency±2% +0.00
−0.00

+0.02
−0.02

+0.53
−0.51

+4.49
−4.15

JES±1% +0.01
−0.01

+0.08
−0.30

+0.93
−1.48

+3.71
−6.54

JES±3% +0.03
−0.05

+0.37
−0.66

+3.64
−3.96

+9.39
−14.93

JES±5% +0.06
−0.07

+0.61
−0.95

+5.65
−5.64

+18.21
−22.19

Measured from parton-level Monte-Carlo (×100)

value 0.52 4.24 25.65 106.23

statistical error 0.01 0.07 0.29 1.30

PDF uncertainty +0.05
−0.05

+0.23
−0.22

+0.43
−0.38

+1.92
−1.98

Table 7.5: Measurement of the ratioR0 as a function ofpZ0

T . The errors associated with dif-
ferent uncertainties are quoted. All values have been scaled by 100 for readability.
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Figure 7.13: Number of events in the sample whereNjets == 0 as a function ofpZ0

T for
samples with different values ofαs. Black is nominalαs = 0.118, blue isαs =
0.110 and red isαs = 0.128.
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T for samples with different values ofαs.
Black is nominalαs = 0.118, blue isαs = 0.110 and red isαs = 0.128. The
shaded areas represent the PDF uncertainty on theαs = 0.118 value.

pZ0

T (GeV)
αs = 0.118 αs = 0.110 αs = 0.128
mean stat. mean stat. diff mean stat. diff

×100 ×100 (σ ) ×100 (σ )
0.00–15.00 0.52 0.01 0.41 0.01 5.63 0.67 0.02 6.91

15.00–30.00 4.24 0.07 4.16 0.07 0.83 4.82 0.07 6.25
30.00–45.00 25.65 0.29 24.65 0.29 2.41 26.42 0.28 1.91
45.00–60.00 106.23 1.30 114.72 1.44 4.37 99.43 1.14 3.92

Table 7.6: Truth values ofR0 as a function ofpZ0

T for samples with different values ofαs

events forZ0 → e+e− + 0 jets are produced by quark-antiquark interactions for which the

uncertainty is lower. A high value ofpZ0

T betrays a hard jet emission, which is more sensitive

to gluon contributions as seen in the Feynman diagrams on Figure 7.3 and 7.4.

Overall, the uncertainty in this first bin is much smaller than the error on the integrated

R0 seen in Table 7.3 and a JES uncertainty of±5% only induces an uncertainty which is

double what we expect from our background subtraction.

The same effect is observed when comparing the truth values obtained using the different

values ofαs in Figure 7.14 and Table 7.6. At lowpZ0

T the separation betweenR0.110
0 and

R0.118
0 is of the order of 2σ in terms of theoretical uncertainty (including PDF uncertainty).

In comparison, the uncertainty on the measured value from reconstructed data is of the order
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ELeading jet
T (GeV) 40–60 60–80 80–100 100–120

Measured from reconstructed data (×100)

value 9.22 27.06 40.47 55.00

statistical error 0.18 0.50 0.96 1.62

background systematics 0.26 0.74 1.38 2.29

electron efficiency±2% +0.03
−0.08

+0.00
−0.38

+0.00
−0.40

+0.98
−0.00

jet efficiency±2% +0.19
−0.19

+0.75
−0.71

+0.85
−0.82

+1.36
−1.30

JES±1% +0.32
−0.43

+0.36
−0.75

+0.00
−1.25

+1.31
−1.17

JES±3% +1.49
−1.25

+1.26
−2.38

+1.18
−3.10

+1.93
−4.37

JES±5% +2.51
−1.71

+2.30
−3.50

+3.23
−3.94

+3.09
−4.86

Measured from parton-level Monte-Carlo (×100)

value 9.00 27.19 43.28 57.43

statistical error 0.17 0.49 0.97 1.64

PDF uncertainty +0.28
−0.29

+0.80
−0.78

+1.27
−1.25

+1.83
−1.73

Table 7.7: Measurement of the ratioR1 as a function ofELeading jet
T . The errors associated

with different uncertainties are quoted. All values have been scaled by 100 for
readability.

of 0.0005, which would be the limit for a 95% exclusion for the extreme values ofαs.

Other bins of the same distribution could also yield some separation if the PDF uncer-

tainty were to be reduced significantly. For the most part, the efforts needed to include these

bins in a measurement would be the same as the one needed for the inclusiveRN ratios.

7.5.3 RatioRRRNNN as a function ofEEELeading jet
TTT

The distribution ofRN as a function ofELeading jet
T is another distribution where we expectαs

to induce a change in shape. Unfortunately, this means discarding theZ0 → e+e− + 0 jets

subsample, which is the largest part of theZ0 → e+e−sample which means the statistics are

limited. This implies that the statistical error on the measurement is larger and becomes
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Figure 7.15: Truth value ofR1 as a function ofELeading jet
T for samples with different values

of αs. Black is nominalαs = 0.118, blue isαs = 0.110 and red isαs = 0.128.
The shaded areas represent the PDF uncertainty on theαs = 0.118 value.

ELeading jet
T (GeV)

αs = 0.118 αs = 0.110 αs = 0.128
mean stat. mean stat. diff mean stat. diff

×100 ×100 (σ ) ×100 (σ )
40.00–60.00 9.00 0.17 8.80 0.17 0.79 10.08 0.17 4.42
60.00–80.00 27.19 0.49 26.42 0.50 1.11 28.52 0.48 1.94
80.00–100.00 43.28 0.97 40.57 0.94 2.01 45.93 0.95 1.96

100.00–120.00 57.43 1.64 53.53 1.57 1.72 62.78 1.66 2.30

Table 7.8: Truth value ofR0 as a function ofELeading jet
T for samples with different values of

αs

comparable with the PDF uncertainty over the whole range as seen in Table 7.7.

A different value ofαs modifies the probability of the emission of hard jets. Hence the

sensitivity in the leading jetET distribution is mostly observed at higher values ofELeading jet
T

as we can see on Figure 7.15 and Table 7.8.

Again, the cumulated measurement uncertainty using the best JES estimate is comparable

with the theoretical uncertainty including the PDF uncertainty and with the separation of the

measured ratio for different values ofαs.
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7.6 Summary

We have shown that we can measure the value of the ratioRN = Z0→e+e−+(N+1) jets
Z0→e+e−+N jets

with an

accuracy about equal to the current theoretical uncertainty. Unfortunately, the current theory

does not provide enough separating power to be able to use this information to constrain the

value ofαs.

Improvements to the global PDF fits from LHC data will rapidlyreduce the theoretical

uncertainties as the gluon structure of the proton becomes better constrained at lowx. It

will then be a question of how well we manage to calibrate the detector with early data. In

particular, understanding the jet algorithms performances will be crucial to get an accurate

estimate of the ratio in this channel.



Chapter 8

Conclusions

Just as the LHC is gearing up to take the lead in high-energy physics research, the ATLAS

collaboration is preparing to meet the challenges of this new frontier. The search for new

physics predicted by various theories will require preciseknowledge of the detector hardware

condition, software environment and a good understanding of the existing theories in this

new regime. This thesis is part of this collaborative effort.

To start with, a method has been developed to measure the electron reconstruction effi-

ciency inZ0 → e+e−events, using both initial data as it becomes available and data collected

at higher integrated luminosities for higher precision and/or granularity. The initial mea-

surement will be used to identify possible under-performing detector regions and, if found,

understand whether the problems are hardware or software related. More precise measure-

ments will be available later for the benefit of all other physics groups to use in their analyses,

such as the many cross-section measurements ATLAS will perform.

The algorithm has been shown to perform in different background conditions as the

hadronic background at high energy is still unknown. The background subtraction method

presented is adaptable to different running conditions of the LHC and does not rely on

Monte-Carlo predictions.

145
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The precision of the measurement depends on the background conditions and on the

statistics available. It is however expected that the electron efficiency will be measured

with an accuracy of±2% with a data sample of 1 fb−1 for electrons with an intermediate

transverse energy, 20 GeV< ET < 100 GeV.

Because of the precision of the ATLAS simulation software, simulation of events is a

highly time consuming process. New physics studies and private “toy” production will re-

quire a faster way to simulate new physics conditions than the standard Geant4-based re-

construction model. A faster lighter reconstruction framework was investigated and com-

pared with the original framework, showing sufficient accuracy for first feasability studies

of possible physics analyses. Simulations of different processes were studied and limitied

consistency was achieved for a benchmark analysis relying mostly on electron identification

and kinematics. Further improvement are, however needed ifthe fast simulation and recon-

struction framework is to be used for analyses with more complex detector-based selection

cuts.

Finally, the influence ofαs on different distributions in Z + jets events was studied.

Despite limited sensitivity to relatively large variations of the parameter, accurate measure-

ments have been performed. Improvements to the parton distribution function with LHC

data should increase our sensitivity which will then mainlybe limited by our knowledge of

the jet energy scale and jet reconstruction afficiency.
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Datasets used in the CSC exercise

The datasets names are :

pp→ Z0 → e+e− mc08.106050.PythiaZee1Lepton.recon.AOD.e347s462r604/ ;

pp→ Z0 → τ+τ− mc08.106052.PythiaZtautau.recon.AOD.e347s462r604/;

pp→ tt̄ mc08.105200.T1McAtNlo Jimmy.recon.AOD.e357s462r635/;

pp→W → eν mc08.106020.PythiaWenu1Lepton.recon.AOD.e352s462r604/;

pp→ jet + jet mc08.105802.JF17pythia jet filter.recon.AOD.e347s462r604/

The final part of each dataset name indicates which releases were used for the different

stages of the centralized ATLAS production. They can be interpreted as follows :

e347 the events were generated using version 14.2.0.2;

e352 the events were generated using version 14.2.20.1;

e357 the events were generated using version 14.2.21.1;

s462 the events were fully simulated (Geant4) using version 14.2.10.1;
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r604 the events were reconstructed using version 14.2.25.2;

r635 the events were reconstructed using version 14.2.25.8;



Appendix B

Datasets used in the validation of

ATLFASTII

The datasets used for both types of reconstruction always come from the same generation

datasets. We compared datasets for the signal and the four backgrounds we described in

section 4.

B.1 pp→ Z0 → e+e− datasets

simulation step dataset name
Generation mc08.106050.PythiaZee1Lepton.evgen.EVNT.e347/

Full simulation mc08.106050.PythiaZee1Lepton.merge.AOD.e347s462r635 t53/
Fast simluation mc08.106050.PythiaZee1Lepton.merge.AOD.e347a84 t53/

Corrected fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.106050.
PythiaZee1Lepton.merge.AOD.e347a84t53 tid060104

user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.106050.
PythiaZee1Lepton.merge.AOD.e347a84t53 tid060105

user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.106050.
PythiaZee1Lepton.merge.AOD.e347a84t53 tid060106

Table B.1: Datasets involved in ATLFASTII validation forpp→ Z0 → e+e−

The dataset involved are listed in Table B.1.

All datasets were generated using Athena version 14.2.0.2.
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The full simulation was run using version 14.2.10.1 and the reconstruction run using

14.2.25.8. Finally the output files were merged using version 14.2.25.6

The fast simulation was performed using version 14.2.25.8 and the files were subse-

quently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wereapplied in Release 14.2.25

using the packages MonteCarloReactTools-00-02-04-12 andMonteCarloReactUtils-00-00-

12.

B.2 pp→ Z0 → τ+τ− datasets

simulation step dataset name
Generation mc08.106052.PythiaZtautau.evgen.EVNT.e347/

Full simulation mc08.106052.PythiaZtautau.merge.AOD.e347s462r635 t53/
Fast simluation mc08.106052.PythiaZtautau.merge.AOD.e347a84 t53/

Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.106052.
PythiaZtautau.merge.AOD.e347a84 t53 tid056545

Table B.2: Datasets involved in ATLFASTII validation forpp→ Z0 → τ+τ−

The dataset involved are listed in Table B.2.

All datasets were generated using Athena version 14.2.0.2.

The full simulation was run using version 14.2.10.1 and the reconstruction run using

14.2.25.8. Finally the output files were merged using version 14.2.25.6

The fast simulation dataset was performed out using version14.2.25.8 and the files were

subsequently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wereapplied in Release 14.2.25

using the packages MonteCarloReactTools-00-02-04-12 andMonteCarloReactUtils-00-00-

12.
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B.3 pp→ tt̄ datasets

simulation step dataset name
Generation mc08.105200.T1McAtNlo Jimmy.evgen.EVNT.e357/

Full simulation mc08.105200.T1McAtNlo Jimmy.merge.AOD.e357s462r635 t53/
Fast simluation mc08.105200.T1McAtNlo Jimmy.merge.AOD.e357a84 t53/

Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.105200.
T1 McAtNlo Jimmy.merge.AOD.e357a84 t53 tid059047

user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.105200.
T1 McAtNlo Jimmy.merge.AOD.e357a84 t53 tid059048

user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.105200.
T1 McAtNlo Jimmy.merge.AOD.e357a84 t53 tid059049

Table B.3: Datasets involved in ATLFASTII validation forpp→ tt̄

The dataset involved are listed in Table B.3.

All datasets were generated using Athena version 14.2.21.1.

The full simulation was run using version 14.2.10.1 and the reconstruction run using

14.2.25.8. Finally the output files were merged using version 14.2.25.6

The fast simulation was performed using version 14.2.25.8 and the files were subse-

quently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wereapplied in Release 14.2.25

using the packages MonteCarloReactTools-00-02-04-12 andMonteCarloReactUtils-00-00-

12.

B.4 pp→W → eν datasets

simulation step dataset name
Generation mc08.106020.PythiaWenu1Lepton.evgen.EVNT.e352/

Full simulation mc08.106020.PythiaWenu1Lepton.recon.AOD.e352s462r635/
Fast simluation mc08.106020.PythiaWenu1Lepton.recon.AOD.e352a84/

Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.106020.
PythiaWenu1Lepton.merge.AOD.e352a84 t53 tid071425

Table B.4: Datasets involved in ATLFASTII validation forpp→W → eν

The dataset involved are listed in Table B.4.
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All datasets were generated using Athena version 14.2.20.1and reconstructed from

dataset

The full simulation dataset used was run using version 14.2.10.1 and the reconstruction

run using 14.2.25.8.

The fast simulation dataset used was carried out using version 14.2.25.8.

The fast simulation with post-simulation corrections wereapplied in Release 14.2.25

using the packages MonteCarloReactTools-00-02-04-12 andMonteCarloReactUtils-00-00-

12.
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SHERPA configuration files

C.1 Analysis.dat

BEGIN ANALYSIS {
LEVEL Showers
PATH PIECE A n a l y s i s
S t a t i s t i c s F i n a l S t a t e

} END ANALYSIS

C.2 Model.dat

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Model p a r a m e t e r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
MODEL = SM ! Model
!
! SM p a r a m e t e r s
!
EW SCHEME = 0 ! which p a r a m e t e r s d e f i n e

t h e ew s e c t o r .
ALPHAS(MZ) = 0.110 ! s t r o n g co u p l i n g a t s c a l e

M Z
ALPHAS( d e f a u l t ) = 0 .0800 ! s t r o n g co u p l i n g
ORDERALPHAS = 1 ! NLO
1 /ALPHAQED( 0 ) = 137.036 ! i n v e r s e o f a l p h a QED i n

t h e Thomson l i m i t
1 /ALPHAQED( d e f a u l t ) = 132.51 ! i n v e r s e o f a l p h a QED
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SIN2THETAW = 0.2222 ! Weinberg an g l e a t s c a l e
M Z

VEV = 246 . ! Higgs vev
LAMBDA = 0.47591 ! SM Higgs s e l f co u p l i n g
CKMORDER = 0 ! o r d e r o f expans ion o f CKM

m at r i x i n Cabibbo an g l e
CABIBBO = 0 .22 ! Cabibbo an g l e ( W o l f en s t e i n

p a r a m e t r i z a t i o n )
A = 0 .85 ! A ( W o l f en s t e i n

p a r a m e t r i z a t i o n )
RHO = 0 .50 ! rho ( W o l f en s t e i n

p a r a m e t r i z a t i o n )
ETA = 0 .50 ! e t a ( W o l f en s t e i n

p a r a m e t r i z a t i o n )
!
! SUSY p a r a m e t e r s
!
SLHA INPUT = LesHouchesSPS1A . d a t
!
! ADD p a r a m e t e r s
!
N ED = 2 ! Number o f e x t r a

d imens ions i n ADD model
G NEWTON = 6.707 e−39 ! Newton g r a v i t y c o n s t a n t
M S = 2 . 5 e3 ! s t r i n g s c a l e f o r ADD

model , meaning depends on KKCONVENTION
M CUT = 2 . 5 e3 ! cu t−o f f s c a l e f o r t h e c .m

. energy
KK CONVENTION = 1 ! 0= c o n s t mass

! 1= s i m p l i f i e d sum (HLZ)
2= e x a c t sum (HLZ)

! 3= Hewett +1 4=Hewett
−1

! 5=GRW ( LambdaT (GRW) =M S
f o r v i r t u a l G rav i t o n
exchange

! or M D=M S f o r
r e a l G rav t i o n p r o d u c t i o n
)

! on ly KK CONVENTION’ s 1 ,2
or 5 a re a p p l i c a b l e f o r
r e a l G rav i t o n p r o d u c t i o n
!

!
! P a r t i c l e s Tau Decays
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!
STABLE[15 ]=0
!
! P a r t i c l e s top
!
Mass [6 ]=1 7 2 . 5
!
! P a r t i c l e s W
!
MASS[24 ]=80 .403
WIDTH[2 4 ]=2 . 1 4 1
!
! P a r t i c l e s Z
!
MASS[23 ]=91 .1876
WIDTH[23 ]=2 .4952

C.3 Processes.dat

%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%−− P r o c e s s e s t o c a l c u l a t e−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% j e t j e t −> e l e c t r o n p o s i t r o n + n− j e t s
%
Pro ces s : 93 93−> 11 −11 93{3}
P r i n t G r a p h s
Order e l e c t r o w e a k : 2
End p r o c e s s
%
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%
% j e t j e t −> mu+ mu− + n− j e t s
%
% Pro ces s : 93 93−> 13 −13 93{3}
% P r i n t G r a p h s
% Order e l e c t r o w e a k : 2
% End p r o c e s s
% %
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% %
% % j e t j e t −> e l e c t r o n p o s i t r o n + n− j e t s
% %
% Pro ces s : 93 93−> 15 −15 93{3}



C SHERPA configuration files 156

% P r i n t G r a p h s
% Order e l e c t r o w e a k : 2
% End p r o c e s s
% %
% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

C.4 Run.dat

( beam ){
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Beam p a r a m e t e r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
BEAM 1 = 2212 ! p o s s i b l e beam

p a r t i c l e s : P+ , P− , e + , e−
BEAM ENERGY 1 = 7000. ! i n GeV
BEAM POL 1 = 0 . ! P o l a r i z a t i o n

deg ree −1 . . . 1
BEAM SPECTRUM1 = Monochromat ic ! Monochromatic ,

L a s e r B a c k s c a t t e r i n g , SimpleCompton
K PERPMEAN 1 = 0 . 2
K PERPSIGMA 1 = 0 . 8
!
BEAM 2 = 2212 ! p o s s i b l e beam

p a r t i c l e s : P+ , P− , e + , e−
BEAM ENERGY 2 = 7000. ! i n GeV
BEAM POL 2 = 0 . ! P o l a r i z a t i o n

deg ree −1 . . . 1
BEAM SPECTRUM2 = Monochromat ic ! Monochromatic ,

L a s e r B a c k s c a t t e r i n g , SimpleCompton
K PERPMEAN 2 = 0 . 2
K PERPSIGMA 2 = 0 . 8
!
BEAM SMIN = 1 . e−10 ! Minimal f r a c t i o n

o f nominal s a f t e r beam s p e c t r a
BEAM SMAX = 1 . 0 ! Maximal f r a c t i o n

o f nominal s a f t e r beam s p e c t r a
!
E LASER 1 = 1 .17 e−9 ! Laser energy i n

GeV
P LASER 1 = 0 . ! Laser p o l a r i z a t i o n

+−1
E LASER 2 = 1 .17 e−9 ! Laser energy i n

GeV
P LASER 2 = 0 . ! Laser p o l a r i z a t i o n

+−1
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LASER MODE = 0 ! 0 = a l l , 1 ,2 ,3 =
i n d i v i d u a l components

LASER ANGLES = Off ! On / Off
LASER NONLINEARITY = On ! On / Off

} ( beam )
( i s r ){

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− ISR p a r a m e t e r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
BUNCH 1 = 2212 ! p o s s i b l e beam p a r t i c l e s : P+ ,

P− , e + , e−
ISR 1 = On ! On / Off
!
BUNCH 2 = 2212 ! p o s s i b l e beam p a r t i c l e s : P+ ,

P− , e + , e−
ISR 2 = On ! On / Off
!
ISR SMIN = 1 . e−10 ! Minimal f r a c t i o n o f nominal s

f o r p a r t o n a f t e r ISR
ISR SMAX = 1 . 0 ! Maximal f r a c t i o n o f nominal s

f o r p a r t o n a f t e r ISR
!
ISR E ORDER = 1 ! P e r t u r b a t i v e o r d e r o f

e l e c t r o n s t r u c t u r e f u n c t i o n
ISR E SCHEME = 2 ! Beta−scheme : 0 ,1 ,2 , d e f a u l t

= 2
!
PDF SET = cteq6AB . LHgrid ! t h e CTEQ6 PDFs cteq6m

, c teq6d , c t eq 6 l , c t e q 6 l 1
! can be acces s ed when

PDF GRID PATH = CTEQ6Grid
!
! t o use LHAPDF l i s t one of t h e

PDF s e t s ,
! , e . g . A lekh in 100 . LHpdf , t h a t

comes wi th your
! LHAPDF i n s t a l l a t i o n , t h e f u l l

l i s t can be found i n
! ’ l hapd f−c o n f i g −−p d f s e t s−path

’ , i n a d d i t i o n s e t
! PDF GRID PATH = PDFsets
!

! o r use t h e i n t e r f a c e t o
MRST99 t h ro u g h

! PDF GRID PATH = MRST99Grid
!
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PDF SET VERSION = 0
!
PDF GRID PATH = PDFsets ! CTEQ6Grid , PDFsets , MRST99Grid

} ( i s r )
(me){

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− ME g e n e r a t o r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ME SIGNAL GENERATOR = Amegic ! I n t e r n a l o r Amegic
EVENT GENERATION MODE = Unweighted
!
COUPLING SCHEME = Runn inga lpha S ! F ixed ( d e f a u l t

v a l u e ) or
! Running ( s f o r ME

g e n e r a t o r s , p t f o r
2−>2)

YUKAWA MASSES = Fixed ! F ixed ( po lemass ) or
! Running ( h i g g s mass )

YUKAWA MASSESFACTOR = 1 . ! A d d i t i o n a l p r e f a c t o r
f o r yukawas

!
SCALE SCHEME = CKKW ! see ’ h t t p : / / www.

sherpa−mc . de / s c a l e s . html ’
KFACTOR SCHEME = 1 ! 1= as ( p t2 ) / as ( ecms ) ˆ

ns t rong , d e f a u l t =1
SUDAKOV WEIGHT = 1 ! app l y sudakov weigh t

on s i n g l e e v e n t s
SCALE FACTOR = 1 . ! f a c t o r t h e s c a l e i s

m u l t i p l i e d wi th
} (me)
( i n t e g r a t i o n ){

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Phase space s e t u p−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ERROR = 1 . e−2 ! E r r o r by c a l c u l a t i n g mat r i x−e l em en t s
!
FINISH OPTIMIZATION = On ! I n t e g r a t e u n t i l o p t i m i z a t i o n i s

comple ted
!
INTEGRATOR = 6 ! Phasespace : Rambo=0 , Sarge =1 ,

! Rambo + Sarge =2 ,
! Rambo + M u l t i ch an n e l =3 ,
! M u l t i ch an n e l :
! =4 ( O r i g i n a l ch an n e l

g e n e r a t o r )
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! =5 ( O r i g i n a l + e x t r a ch an n e l s
f o r compet ing peaks

! l i k e i n −>Higgs−>ZZ−>q qb
q qb )

! =6 (New ch an n e l g e n e r a t o r )
! Choice 4−6 on ly a f f e c t s ch an n e l g e n e r a t i o n

!
VEGAS = On

} ( i n t e g r a t i o n )
( mi ) {

!=================================================!
! Under l y i ng Event Setup f i l e !
!=================================================!
!
! g e n e r a l p a r a m e t e r s
!
MI HANDLER = Amisic ! Amisic / None
!
! hard u n d e r l y i n g ev en t p a r a m e t e r s
!
CREATE GRID 93 93 −> 93 93 ! p r o c e s s e s t o

g e n e r a t e
PS ERROR = 1 . 0 e−2 ! e r r o r f o r

i n t e g r a t i o n
REGULATE XS = 0 ! r e g u l a t e c r o s s

s e c t i o n
XS REGULATION = 2 .45 ! r e g u l a t i o n

p a ram e t e r
SCALE MIN = 2 .45 ! minimum s c a l e
RESCALEEXPONENT = 0 .16 ! r e s c a l i n g exponen t
REFERENCESCALE = 1800.0 ! r e f e r e n c e

energy s c a l e
PROFILE FUNCTION = Gauss ian ! Gauss ian /

Doub le Gauss ian
PROFILEPARAMETERS = 1 . 0 0 . 5 0 . 5 ! s i z e ( must be 1) ,

c o r e s i z e ,
! m a t t e r f r a c t i o n

} ( mi )
( shower ){

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Par t o n showers−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
SHOWERGENERATOR = Apacic !
!
FSRSHOWER = 1 ! 1=On,0= Off
ISR SHOWER = 1 ! 1=On,0= Off
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!
IS PT2MIN = 4 . ! IS Shower c u t o f f
FS PT2MIN = 1 . ! FS Shower c u t o f f

} ( shower )
( f r a g m e n t a t i o n ){

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Frag m en t a t i o n paramete rs−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
FRAGMENTATION = Ahadic ! Off , Lund ( P y t h i a s t r i n g

f r a g m e n t a t i o n ) or Ahadic
DECAYMODEL = Hadrons ! Lund or Hadrons

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Photons p a r a m e t e r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
YFS MODE = 2 ! s e t t i n g s f o r Photons−module :

! 0 − o f f / no c o r r e c t i o n s
! 1 − s o f t on ly
! 2 − s o f t + o r d e r ( a l p h a

) hard c o r r e c t i o n ( d e f a u l t )
YFS USE ME = 1 ! use e x a c t MEs f o r hard

c o r r e c t i o n i f p o s s i b l e
YFS IR CUTOFF = 1E−3 ! IR cu t−o f f

MAX PROPERLIFETIME = 10
} ( f r a g m e n t a t i o n )

C.5 Selector.dat

!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−− Par t o n l e v e l s e l e c t o r s−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
!−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
J e t F i n d e r s q r ( 2 0 /ECMS) 1 .
Mass 11 −11 50 10000
PT 11 8 . 1000000.
PT −11 8 . 1000000.
R a p i d i t y 11 −3.0 3 . 0
R a p i d i t y −11 −3.0 3 . 0
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