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Abstract

The ATLAS experiment is one of the four large detectors ledait the Large Hadron
Collider at CERN near Geneva, Switzerland. It is expectedtaot collecting data from
proton-proton collisions up to 14 TeV centre-of-mass epeAJ LAS is a general-purpose
detector aimed at gaining a better understanding of cuthedries of particle physics as
well as the potential discovery of new physics beyond thad&ied Model.

Due to the large hadronic content in each interaction, lepare expected to be the pri-
mary signature to look for in many processes, hence the it@poe of reconstructing them
efficiently. This thesis presents an algorithm to measweftficiency of the electron recon-
struction software and the expected performance from d&aresults show our capacity to
evaluate the efficiency at different integrated luminesitover a large kinematic range under
different background conditions.

We also validate the development of an ATLAS specific simoiteframework aimed at
fast event processing. In order to achieve this, this trasispares outputs of the different
simulation frameworks, both a full Geant4 simulation arelAiLAS specific fast simulation
ATLFASTII. The study compares the distributions in a stadda® — e*e~ sample and
assesses the consistency of different background pracesibethe event selection cuts.

Finally, we use locally produced fast simulation samplesstgess the sensitivity to mod-
ifications of the strong coupling constant on the numbeZbf~ e*e~ events associated
with additional jets. This sensitivity is compared to th@ested experimental uncertainties,
such as the choice of jet algorithms, jet energy scales or¢tieal uncertainties such as the
parton distribution function uncertainty.
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Preface

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

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

After a brief introduction presenting some theories of igtphysics and the main fea-
tures of the components of the ATLAS experiment (Chaptea fiyst part is devoted to the
measurement of the electron reconstruction efficiency iap@#rs 2 to 5:

e Chapter 2 describes in more detail the hardware and softveanrfegurations used for
electron reconstruction at ATLAS, as well as the selectimt@dure to get as clean a
sample of electrons as possible.

e Chapter 3 describes the mathematical framework which eéglaow to extract the
efficiency under study using the parameters we collectechapr 2.

e Chapter 4 presents the backgrounds considered t@®us et e signal process. It
presents a method to statistically separate the backgrexerds from the signal ones
and how to extract a systematic error associated with tiosguiure. It also presents a
special treatment for QCD-based backgrounds because tHakef available statis-
tics.

e Chapter 5 finally summarises the results we obtained in twbA& organised ex-
ercises using this method. It demonstrates our capacitgitiomn the measurement
under different background assumptions.

In a second study, we validate, in Chapter 6, the electransgouction in the ATLAS fast
simulation framewaork. We verify the accuracy of the electtgstributions and the difference
of a benchmark selection on a selection of process betwesnahdull simulation and the
fast simulation framework ATLFASTII.

Finally, in Chapter 7, we use the results we presented in iinéqus chapters to study
the sensitivity of distribution ratios to the value of theosty coupling constarts(Mxo).

Chapter 8 summarizes the results presented throughouh#sss.

Appendices A, B describe the datasets used in Chapters 5 eagpéctively to get the
results presented in these chapters.

Appendix C finally presents the configuration files used tcegate the datasets used for
the analysis in Chapter 7.
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Glossary

Athena Name of the ATLAS software framework

ATLAS A Toroidal LHC ApparatuS, general purpose high-energy msydetector built as
one of the four LHC experiments

ATLFASTIlI ATLAS fast(er) reconstruction framework, based on a fulhsiation of the
inner detector and a fast simulation of the calorimeters

CERN European Organisation for Nuclear Research, located neaeva, Switzerland

CSC Computing Software Challenge, name of one the of ATLAS cainglexercises

egamma Name given to an electromagnetic object candidate, eitbetren or photon

ElectronLoose Standard set of identification cuts, characterized by a kifjbiency, but
low rejection against jets.

ElectronMedium Standard set of identification cuts, characterized by a umedifficiency
and medium rejection against jets. These cuts are a supéiSkictronLoose.

ElectronTight Standard set of identification cuts, characterized by a ume@ificiency and
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Chapter 1

Introduction

This chapter presents an overall introduction to the mosieati theories in high-energy
physics. It describes a brief history of the discoveries tive last decades and an introduc-
tion to possible extensions beyond the currently accemsdts. It also describes the main

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

Our understanding of matter and energy is described in tefitiie interactions between
elementary particles. Throughout the centuries, the gbphgsicists has been to reduce
the number of laws governing the behaviour of all know forrhsnatter to a minimal set
of fundamental equations and theories. The aim is to ideati§ingle theory that unifies
all theories into a theory of everything from which all otlkgown laws are derived, either

directly or from approximations.

1.1 Theories in Particle Physics

Over the last 112 years since the discovery of the electrahbyhomson in 1897 [1], the

particle physics community has developed a relatively ensial and well-accepted descrip-
tion of what are considered elementary particles. How terekthe model beyond what is
already well established by past experiments is still udigdate. It is hoped by a large part
of the community that the results we will collect from the garHadron Collider will help

us strengthen our current theories and pave the way to nea\wdises.

1
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1.1.1 The Standard Model of Particle Physics

The Standard Model (SM) [2, 3] is currently the most widelgegamed model describing the
fundamental particles and their interactions. It is a the@scribing three of the four known
fundamental interactions. It was initiated in 1963 by SbalGlashow’s discovery of a way
to combine the electromagnetic and weak interactions f#],taok its modern form in 1967
after Weinberg and Salam incorporated the Higgs mechamsmGlashow’s Electroweak
theory [2]. The theory of strong interactions only acquirsdmnodern form around 1973-
1974 and was completely integrated to the Standard Mode #ife discovery of the gluon

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

Over the last three decades, almost all experimental téste dorces described in the
Standard Model have agreed with its predictions. The ghilftthe SM to successfully
predict physical phenomena was first observed with the desgoof neutral current weak
interactions in 1973 [7]. The observation of the intermeiseak bosondV* andz®, at
the European Organization for Nuclear Research (CERN) &3 I9rther increased the con-
fidence in that model as these particle exhibited the exggxtgperties [8]. The electroweak
parameters and quantitative predictions from Quantum @bdynamics (QCD) were sub-
sequently tested with high precision at the Large ElectrositPon collider (LEP) [9, 10],
the Stanford Linear Collider (SLC) [11], the TeVatron [12jc6HERA [13]. Accurate mea-
surements at thE® resonance energies in electron-positron collisions staveeevidence
for deviations from the SM predictions. TN&* boson and top quark mass measurements
performed in electron-positron collisions at LEP Il (foetv [14]) and in proton-antiproton

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

The theory is presented as a spontaneously broken gaugeiquiéeld theory. The most
fundamental principles of nature are explained throughtigd@s and their interactions where
the interactions themselves are also considered as thamge'of virtual particles. Particles
or groups of particles are represented as quantum fields)-démensional complex fields,

noted by an operatay;(x), where the norm of the field is the probability of finding that
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particle at the coordinate Since the norm is the only measurable quantity, the phageof
field is left as a free parameter. To comply with special rélgt it is necessary to be able to
assign the phas@ arbitrarily at any point in the phase-space without affegthe physical

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

under the transformation

Y(x) — °Py(x).

This is the basis of local gauge invariance in the SM and asgipte extension. In the SM,
electroweak interactions result from a lo@&l(2),. x U(1)y symmetry which is sponta-
neously broken via the Higgs mechanism [16] and leads toxis¢éemce of four electroweak
bosons,y, W* andZ°, the last three being massive. Strong interactions areatestiby

eight gluons which arise from a loc8U(3)c symmetry.

Matter fields representing fermions are organized into lias)iwith left-handetl and
right-handed particles transforming respectively as weak isodoubletbveeak isosinglets.
Only the left-handed component of particles and the riginteled component of their anti-
particles participate in charged weak interactions in the ®hich is known as parity vi-
olation. Masses of particles are introduced by their cogpto a scalar field known as the
Higgs field. However, despite intensive searches at LEP aNdtion, the Higgs particle has

not yet been discovered. It remains as the only missinggbaiti the SM.

Despite the very good agreement of SM predictions with nreasents in the last
decades, there is some evidence that the minimal versitnl®ifree parameters used at the
moment, does not describe nature sufficiently. There igXample, evidence that neutrinos
have non-zero masses, which the minimal SM does not allowweder, the SM can be
extended to be consistent with these results by adding tee free parameters which are

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

The projection of the spin onto the direction of movementit-parallel to the momentum in the limit of
massless particles

2The projection of the spin onto the direction of movementasafiel to the momentum in the limit of
massless particles
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Standard Model Particles

Family | Interaction eigenstatgsMass eigenstatesSpin
Leptons G r R TR € 1,7 1/2
VelL, Vi, ViL Ve, Vi, Vr 1/2
/ 7

Quarks UIL/R’C,L/R7t|/_/R u,c,t 1/2
dl R SR PR d,sb 1/2

BO’WO 12 ZO 1

Bosons HO H° 0

Wj: Wi 1

9 g 1

Table 1.1: Particle spectrum of the SM. Labels “L” and “R” denleft- and right-handed

electroweak eigenstates.

Figure 1.1: Summary of the interactions between the padidescribed by the Standard

Model.

leptons

quarks

Higgs Boson
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measurements of the anomalous magnetic moment of the muBroekhaven [17], and
the measurement of the cold matter density in our universéVMAP [18], give a hint
that physics even beyond the extended SM should exist. pisygics observations make
it clear for example that either our understanding of gyabiised on Einstein’s theory of
General Relativity is wrong, or that particles forming caldrk matter, which have so far
escaped our detection, must exist. Similarly, the Axionsauglo-scalar particle supposed
to explain the non-existence of CP-violation in the stramgiiaction, has not be discovered
yet. It could theoretically be an ingredient of such coldkdaatter, but may not explain the
measured dark matter density sufficiently [19] and is natnezally part of the SM. Other
SM shortcomings include the matter-antimatter asymmetgeoved in the universe which

is not explained at the moment either.

There also are theoretical motivations for physics beyted3IM. One such example is
the hierarchy problem concerning the quadratically digatgermion loop corrections to the
Higgs boson mass. New physics is required to happen at theda¥ to constrain the Higgs
mass in the area of a few hundred GeV and thus make the SM tamtsigth recent W and
top mass measurements. Additionally for a reason of synyiitagorists are aiming for the
unification of the gauge couplings. Repeatedly, historyshasvn 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 neutralkn®sonz®. At the LHC, this
happens primaraly by a process call Drell-Yan process whepgark-antiquark annihilates
into aZ® boson. The study of the Z boson is very important at the LH@ iagroduced with
a large cross-section relative to other processes. We eapmmd 1400 pb* at 14 TeV for
theZ® — ete~ channel alone. It also has a very clean signature which ntakeseful tool

for calibrations and performance studies.
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P

Figure 1.2: Feynman diagram of a simglé— ete~ event.

The main features of the® — ete~ process are :

large cross-section, higher than most of its backgroundsaélhprovide us with large

statistics;

no intrinsic missing transverse energy;

two high pr leptons;

isolated lepton trigger signature (isolated lepton);

1.1.3 Supersymmetry

Many theoretical aspects justify the addition of an extrpetyof symmetry beyond the
SU(3)c x SU(2)L x U(1)y gauge symmetries of the SM fields. Since the discovery of the
Pauli Principle, particles have been divided into two gsyuigrmions with half-integer
spins of the form% and bosons with integer spins. The additional symmetryiregu
new particles to be added to form multiplets, so that a syparsetric operation on the
representation of a particle belonging to one group trans$at into a member of the other
group. Thus the spin is modified but all other properties gnesuplings) remain the same.

Hence, the electron with spéﬁand amass of.611 MeV would have a bosonic superpartner,
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| Minimum Supersymmetric Standard Model Particles |

Interaction Mass Spin Interaction Mass Spin
e RH R T R| € KT | 1)2 éE/R? Hor TR éi/g’ Hyjao Ty 0
Vel, Vi ,ViL | Ve, Vu,Vr | 1/2 || Ve, VL, VoL Ve, Vi, Vi 0
/ / ~7 ~ ~/ ~ ~ =~
UL/R’ LRt /R u,c,t 1/2 UL/R’ C/L/R’ LR | Uy2:Cy2.tp | 0
|_ R,S{_ R’ b{_ R d,S,b 1/2 |_ qu_ R7b{_ R d1/27sl/27b1/2 0
B°, WO y,Z° 1 BY, WY -0 50 50 50 | 1/2
i I X 7X27X37X47
H.H) | hH.A%A*T | O HE, Hg ' 1/2
W+ W+ 1 W+ ot ot 1/2
5 X15X
H* H* 1 H* 1-42 1/2
g g 1 g g 1/2

Table 1.2: Particle spectrum of the MSSM. Labels “L” and “Réhabte left- and right-handed
electroweak eigenstates., The extended SM has an addiidmys doublet. Mass
eigenstateg; , are defined ag;, = X /r-C0S8 + Xz, - sinf. Sinceb is close
to zero for electrons, muons, up, down, charm and strangeksgutheir mass
eigenstates are mostly denoted with “L/R” instead of “142Tiierature.

in most theories with spin 0, and the same mass. Howeveg simsupersymmetric partner
has been discovered to date, it is certain that, if Supersstnyrexists at a high energy scale,

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

The simplest possible extension of the SM with a minimaliplricontent is called the
Minimal Supersymmetric Standard Model (MSSM) [20]. The M&fresents an additional
Higgs doublet among its “standard” particles, describesentioan twice as many particles

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

One of the main motivations for supersymmetry comes frongtreratically divergent
contributions to the squared Higgs mass. The quantum machameractions of the Higgs
boson including the fermion loops at one-loop-level causeiphysical quadratic diver-
gence of the Higgs mass and unless there is an effective lmare the natural size of the
Higgs mass is the highest scale possible. Supersymmetugesdhe size of the quantum
corrections by having automatic cancellations betweeaniferic and bosonic Higgs interac-
tions. If supersymmetry is restored at the weak scale, theRliggs mass is related to super-
symmetry breaking, which can be induced from small nonypbdétive effects, explaining

the vastly different scales between the weak interactiodgaavitational interactions.
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In many supersymmetric Standard Models, there is a stalaleyhgarticle (such as the
lightest neutralino) which could serve as a WIMP (weaklgratting massive particle) dark
matter candidate. The existence of a supersymmetric datentandidate is closely tied to

the stability of the lightest supersymmetric particle.

One other theoretical incentive for the existence of sypensetry existing at the weak
scale is gauge coupling unification. The evolution of theigadf the three gauge coupling
constants of the Standard Model with the energy scale istsent® the particle content of
the theory. These coupling constants do not quite meethliegat a common energy scale if
we run them using the Standard Model. With the addition oessygnmetry, such a match is
possible, which would help reduce the number of free parara@t the model. The MSSM

provides the possibility of gauge coupling unification atals of about 18 GeV [20].

However, the MSSM also leaves open some important questibres not give any
hint as to the source of CP-violation nor is it able to makeljmtéons for any particle mass.

Furthermore, the MSSM still is a theory without quantum gsav

In order to confirm the predictions of the MSSM, it will first hecessary to find some of
the new particles given in Table 1.2, and measure their massgeractions. In the MSSM,
each superpartner has the same couplings as its SM paramere,hin a second step, the

interactions, couplings and the spin of the new particlesld/bave to be determined.

1.2 Experimentally probing Nature at the highest energies

To study the most fundamental components of matter and ithteractions, it is necessary
to study them at always decreasing length scales. That isaent to studying them at
always increasing energies. During the past century, tdobres have been developed to
accelerate and collide charged particles at energies winehil nature down to a fraction

of a femtometre. Such energies allow us to reproduce thetsftd a temperature of 19
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Figure 1.3: Diagram of the LHC accelerator among the CERMIlacator complex

Kelvins (in lead ion collisions), which existed a fractioh a nano-second after the Big-
Bang. Experiments of that scale are very expensive, andftirer only possible thanks to
large international funding and collaboration. In additto the contribution to fundamental
knowledge about particles we get from their results, theper®ments have a far-reaching

impact on technical developments which is then contribbteazk to society.

1.2.1 The Large Hadron Collider

The construction of the Large Hadron Collider (LHC) [26] wasproved by the CERN's
Council in December 1994. The LHC has been installed in a Brigtre circumference
tunnel which is about 100 metres underground and was usetettbhat by the Large Electron
Positron collider (LEP) until 2001. When it reaches it despgrformance, the LHC will

collide protons at a center-of-mass enexdy of up to 14 TeV, the highest ever reached in
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the history of human-made particle collisions. The designihosity.Z is 10?* cm 2571,
Furthermore, lead-ion collisions are planned with a tgtalof 1148 TeV and a luminosity

of 102 cm2s 1,

The experimental program of the LHC will include the dedécklheavy-ion detector AL-
ICE (A Large lon Collider Experiment), the specialised Bypits spectrometer LHCb and
the general purpose detectors CMS (Compact Muon SolenatAaLAS (Section 1.2.2).

The accelerator consists of two interleaved synchrotnogstiwhose main elements are
1232 superconducting NbTi dipole and 392 quadrupole magrating in superfluid he-
lium at a temperature of.Q K. The dipole magnets guide the particles along the rindewhi
the quadrupole magnets keep the particle bunches focuBsesominal field for LHC mag-
nets to handle 7 TeV beams i38 Tesla, and the goal is to achieve 9 Tesla. Two 450 GeV
beams produced in the Super Proton Synchrotron (SPS) witljeeted into the LHC, and
then accelerated by superconducting cavities, 8 cavigesipg, operating at 2 MV and

400 MHz.

It is certain that the LHC is going to provide an exciting gisi into the most funda-
mental laws of nature. There are several possible scenafriahat might, or might not,
be discovered in this new range of energy. The Higgs partiwclech was predicted over
40 years ago, could finally be unveiled. On the other hanthgife is no Higgs, our current
understanding of physics might be shaken fundamentailyclear that, if the SM describes
physics at the investigated energy scale, the Higgs couttidoevered already with an inte-
grated luminosity of 30 fb* or less depending on its mass [21]. Its non-existence wasgtl ¢
very serious doubts on the consistency of the SM. Furthexptbere are numerous theories
which predict various different particles within the energnge of the LHC. All these the-
ories can be tested and some of them, like most supersynemetdels, provide very clear
signatures which could be discovered at the LHC. Unforielgatost theories can adjust

their parameters such that they cannot be excluded compl&tm example, in some areas
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of the MSSM, in regions of moderate 1@ and large values dfg* [22], the lightest Higgs
boson might be very difficult to detect and all other pargoleould be invisible within the

investigated range of energy [21].

History has shown that each step into a new area of physiderbas existing theories
and opens our eyes towards better ones. Furthermore, #as ttlat the discoveries at the
LHC will have a strong impact on the future of particle phgsiespecially on the question of
whether a linear collider should be build or not. Also, theide of such a collider depends
on the energy range of the particles which may be discovdredny case, the LHC will
provide important experimental data for theories whichehlaeen developed and worked on

in the past decades.

For the discovery of new physics, a precise knowledge abewtxperimental conditions
is extremely important. Besides the understanding of waraiher uncertainties, such as lu-
minosity, alignment and calibration, the knowledge abagautainties coming from parton
distribution functions in the proton (PDF) and higher orderrections 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 protongratollisions at the LHC. It
will be run by a collaboration of 2100 physicists working irora than 165 universities
and laboratories from 37 countries. The detector designopéisnised to maximise the
possible range for physics analyses, from precision measemt of SM parameters |iR&
and top masses to the searches for the Higgs boson or otharetyyrbreaking mechanisms,
supersymmetric particles, and other indications of theterice of physics beyond the SM

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

3relative contribution that the two Higgs doublets conttébto the electroweak symmetry breaking
4trilinear scalar couplings tg at the GUT scale
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25m
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LAr hadronic end-cap and
forward calorimeters

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor tracker

Figure 1.4: A computer-generated view of the ATLAS deteciidre 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 aggel cylinder 25 meters in
diameter and 44 meter long centred around the beam pipe.iabpeatphasis is given to a
region about 60 cm long in the centre of the detector wherénbédeams will collide. The
nominal interaction point (IP) is defined as the origin of dw®rdinate system, while the
beam direction defines theaxis, and thex-y plane is transverse to the beam direction. The
positivex-axis is defined as pointing from the interaction point to¢batre of the LHC ring
and the positivg-axis is defined as pointing upwards. The posithaxis was chosen to form
a right-handed coordinate-system. Hence the A-side ofehectbr, facing the Geneva lake,
is defined as that with positiveand the C-side, facing the Jura, is that with negativEhe
radiusr of an element is defined as the distance between that elemehe beam pipe in
thex-y plane. The azimuthal angigeis measured as usual around the beam axis, and the polar
anglef is the angle from the beam axis. The pseudorapidity is defisgo= —Intan(6/2)

(in the case of massive objects suctz8bosons, the rapidity=1/2In[(E + p,)/(E — p;)]
is used). The transverse momentpi the transverse enerdt, and the missing transverse
energyEMss are defined in the-y plane unless stated otherwise. The distahBen the

pseudorapidity-azimuthal angle space is definefiRis- \/An?2 + A@?.

The ATLAS detector has been built forward-backward symioetith respect to the
nominal IP. The magnet configuration comprises a thin supehacting solenoid surround-
ing the inner-detector cavity, and three large supercamuydoroids (one barrel and two
end-caps) arranged with an eight-fold azimuthal symmetoyired the calorimeters. This

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

The inner detector (Section 1.2.2.1, Figure 1.6) is imntweieea 2 T solenoidal field.
Pattern recognition, momentum and vertex measurementselactron identification are
achieved with a combination of discrete, high-resolutiem&onductor pixel and strip de-
tectors in the inner part of the tracking volume, and strabettracking detectors with the

capability to generate and detect transition radiatiotsiouter part.

The calorimeters (Section 1.2.2.2, Figure 1.12) provigeethergy reconstruction in AT-
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Figure 1.5: View of the ATLAS detector in thez plane. The detector is symmetric on the
other side of thg axis and present a cylindrical symmetry aroundzbgis. The

inner detector is represented in black, the solenoid in,ghey calorimeters in
green and red, and the muon spectrometer in blue.
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Figure 1.6: Perspective cut-away view of the inner detedtbe different sub-structures are
labelled. The outer radius of the inner detector is 103 cmaftotal length of

14
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LAS. High granularity liquid-argon (LAr) electromagnesampling calorimeters, with ex-
cellent performance in terms of energy and position resmiytcover the pseudorapidity
rangeln| < 3.2. The hadronic calorimetry in the rangg < 1.7 is provided by a scintillator-
tile calorimeter, which is separated into a large barreltaradsmaller extended barrel cylin-
ders, one on either side of the central barrel. In the end-¢gp > 1.5), LAr technology is
also used for the hadronic calorimeters, matching the ogteimits of end-cap electromag-
netic calorimeters. The LAr forward calorimeters providéibelectromagnetic and hadronic

energy measurements, and extend the pseudorapidity gevieriag | < 4.9.

The calorimeter is surrounded by the muon spectrometetigaset.2.2.3). The air-core
toroid system, with along barrel and two inserted end-cagmats, generates strong bending
power in a large volume within a light and open structure. thbig-scattering effects are
thereby minimised, and excellent muon momentum resolusi@chieved with three layers

of high precision tracking chambers.

1.2.2.1 Inner detector

The inner detector is the innermost part of the ATLAS detectbconsists of three sub-
detectors: from the beam pipe out, a silicon pixel deted®XIEL), a silicon strip detector

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

The inner detector was designed to provide tracking in agseapidity range up to
In| < 2.5. However, for budget reason, the last big wheels of the TiR¥-eGap were not

built, so that the TRT coverage only extends to a pseuddalitgpf |n| < 2.0.

The PIXEL (Figure 1.8) is designed for high-precision paetitracking close the inter-
action point. Its precision allows finding relatively lotiged particles such ab-mesons
and t-leptons. The detector is constituted of 1744 modules whighsilicon wafers of
16.4 x 60.8 mn?, each covered by 47268 pixels. Out of these pixels, 41984 hasize of

50 x 400 un? each, while the remaining 5284 each have a size of 600 un¥ to cover
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Figure 1.7: Drawing showing the sensors and structural eistraversed by a charged
track in the barrel inner detector. The track traverses essieely the beryl-
lium beam-pipe, the three cylindrical silicon-pixel lagethe four cylindrical
double layers of barrel silicon microstrip sensors (SChy approximately 36
axial straws contained in the barrel transition radiati@ehker modules within
their support structure. [21]

Figure 1.8: Computer-generated 3D view of the PIXEL layuuit three barrel layers, three
disks on each side and its support structure. The full lerggffl600 mm for an
outer radius of 200 mm. [21]
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decoupling
capacitors

Figure 1.9: Schematic view of a barrel PIXEL module (top)strating the major pixel hy-
brid and sensor elements, including the MCC (module-corhip), the front-
end (FE) chips, the NTC thermistors, the high-voltage (HMeents and the
TypeO signal connector. Also shown (bottom) is a plan vieanshg the bump-
bonding of the silicon pixel sensors to the polyimide elecics substrate. [21]

the gap between their read-out chips. Figure 1.9 shows arstfeeview of a barrel pixel
module. The PIXEL consists of three cylindrical barrel leyat radii 505 mm, 885 mm
and 1225 mm, respectively (see Figure 1.7). The innermost layelsis later referred to
as the b-layer, as it is the most critical for the resolutieeded to reconstruct secondary
vertices, which a critical discrimination factor to segarh-, c- and light quark jets. The
1456 barrel modules are glued to carbon staves which arméacby an azimuthal angle
of 20 degree around their long axis. This angle called theshiarangle, ensures that the
deposited charges drift straight to the anode in the sallemaignetic field. There also are
three end-cap disks on each side to increase coverage idgrapidity while maintaining
the number of hits for each track. Each disk is made of 8 seti@ving 6 modules each. The
heat of the modules is evacuated through the flex hybrid bmeatlminium cooling tubes

fixed to the carbon support structure.

The SCT (Figure 1.10) provides precision track measuresnarihe intermediate radial
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Figure 1.10: Schematic view of the SCT layout, with barrel 48 disks. The full length is
5440 mm for an outer radius of 514 mm. [21]

BeO facings (far side)
Hybrid assembly

Slotted washer

Baseboard TPG

Silicon sensors Datum washer Connector
BeO facings (cooling side)

Figure 1.11: Schematic view of a barrel SCT module. The readlectronics is located in
the centre of the module. The electronics board is also aied¢o the cooling

system to dissipate the excess heat from the silicon. [21]
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region while limiting cost. It contributes to the measuremaf momentum, impact param-
eter and vertex position. The 2112 SCT barrel modules arentedwn four carbon-fibre
cylinders with radii of 299 mm, 271 mm, 443 mm, 514 mm and atlero 1498 mm sym-
metric around the nominal IP. Another 1976 modules are nmezbioim 18 SCT end-cap disks.
Barrel modules consist of four wafers of 768 microstrips mted in two planes which are
glued together back-to-back at a 40 mrad stereo angle asrpeekin figure 1.11. The pitch
in the barrel is 8Qum, and in the end-cap it varies with radius from 55 to/@% because
the modules are wedge-shaped to accommodate the wheeusttuthe two planes with a
small stereo angle allow the determination of the hit posilong the strips. The design
is a compromise between reducing cost and number of reatianinels on the one hand
and improving the spatial resolution on the other hand. likesthe PIXEL barrel modules,
the SCT barrel modules are mounted on their support strietith a small Lorentz angle
around the beam direction as seen on Figure 1.7. The spagi@ution is 17um in the di-
rection perpendicular to the strips and 58@ in the direction parallel to the strips [23]. The

SCT allows a coverage of the pseudorapidity range up ftec 2.5.

The final part of the ATLAS Inner Detector is a combined stizaged drift chamber
tracker and a transition radiation detector as seen on tts&dewof figures 1.6 and 1.7. The
TRT barrel is made of 52544 axial straws (aligned to the begre)pvhich are 4 mm in
diameter and about 150 cm in length. They are located bet&&am and 107 cm away
from the beam pipe. The TRT end-cap detectors contain a ®6t246760 radial straws
(perpendicular of the beam pipe) at radii between 64 cm aBcdch@ The TRT provides on
average, 36 two-dimensional measurement points per tritbkawresolutioR of less than
0.170 mm [24]. The higher signal collected when particles d@raitsition radiation facil-
itates distinguishing electrons from pions. The techngloged consists of Kapton straws
interleaved with polypropylene foils or fibres acting asiaaats, and a gas mixture made of
Xenon (70%) —for good X-ray absorption— with the additiorCad, (27%) andO-, (3%) to

increase the electron drift velocity and for photon-quengh

Sthe 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 dietescand are separated from
these by the solenoidal magnet as seen on Figure 1.5 and THElr aim is to measure
the energy of particles originating from the proton-prototeractions at the IP. They con-
sist of an electromagnetic (EM) calorimeter covering theugrapidity regionn| < 3.2,

a hadronic barrel calorimeter covering| < 1.7, hadronic end-cap calorimeters covering
1.5<|n| < 3.2, and forward calorimeters covering the regioh 3 |n| < 4.9 as seen on fig-
ure 1.13. Particles are stopped in the material of the cakigrs in order to determine their
energies. The main fraction of the energy gets absorbed/erdaof high-density material.
The EM calorimeter which is responsible for the absorptibelectromagnetically inter-
acting particles like electrons, positrons and photonbased on a lead and stainless steel
structure. Its high granularity makes it very precise fa& mheasurement of both the amount
of energy absorbed and the location of the deposited enémgles of particle trajectories

can be measured within about 580 mrad//E (GeV) [21].

The hadronic calorimeter uses steel plates in the centdhltamgsten in the forward
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Figure 1.13: Schematic of the transition region betweenbidreel and end-cap cryostats,
where additional scintillator elements are installed tovjde corrections for

energy lost in inactive material (not shown), such as thadigargon cryostats
and the inner-detector services.
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calorimeter as absorption material to measure the energyrafgly interacting particles.
It localises particles with a precision of about 1®@ad/+/E GeV [24]. Charge particles,
produced in the absorption process of the primary partictesze the liquid argon which
is interleaved between the absorber plates. Due to an dppléetric field, electrons re-
leased drift, inducing a current on the electrode structiitee total current is proportional
to the energy of the incoming particle. The described typeatdrimeter is called a sam-
pling calorimeter because only a small sample of the degabgihergy is actually measured
in the active medium. The correct calibration of the cal@tens is therefore crucial for their
physics performance. Initial calibration is extrapolatexin extensive test beam data col-
lected on the different module types. Further improvememslve a complex procedure

which is partly based on using particles originating fronown 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 Eidut4. It is based on the
magnetic deflection of muon tracks in the large supercomiyetir-core toroid magnets,
instrumented with separate trigger and high-precisiockirey chambers. Over the range
In| < 1.4, magnetic bending is provided by the large barrel toroidr £6 < |n| < 2.7,
muon tracks are bent by two smaller end-cap magnets insetetoth ends of the barrel
toroid. Over 14 < |n| < 1.6, usually referred to as the transition region, magnetftede
tion is provided by a combination of barrel and end-cap fieltisis magnet configuration
provides a field which is mostly orthogonal to the muon tregges, while minimising the
degradation of resolution due to multiple scattering. Thecgyated high level of particle
flux has had a major impact on the choice and design of therspeeter instrumentation,
affecting performance parameters such as rate capapiégularity, ageing properties, and

radiation hardness.
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In the barrel region, tracks are measured in chambers adanghree cylindrical layers
around the beam axis; in the transition and end-cap regitbesshambers are installed in
planes perpendicular to the beam, also in three layers.ré&ihd4 shows the arrangement
of the different detectors. Over most of therange, a precision measurement of the track
coordinates in the principal bending direction of the maigrfesld is provided by Monitored
Drift Tubes (MDT’s). The mechanical isolation in the driftites of each sense wire from
its neighbours guarantees a robust and reliable operafibfarge pseudorapidities, Cath-
ode Strip Chambers (CSC'’s, which are multiwire proporti@m@mbers with cathodes seg-
mented into strips) with higher granularity are used in tirermost plane over2 |n| < 2.7,
to withstand the demanding rate and background conditibhs.stringent requirements on
the relative alignment of the muon chamber layers are meh&ygdmbination of precision
mechanical-assembly techniques and optical alignmernémsgsboth within and between
muon chambers. The trigger system covers the pseudorapadige|n| < 2.4. Resistive
Plate Chambers (RPC’s) are used in the barrel and Thin Gamkira (TGC's) in the end-
cap regions. The trigger chambers for the muon spectroreetee a threefold purpose: to
provide bunch-crossing identification, to provide welfided pt thresholds for the trigger,
and to measure the muon coordinate in the direction orthagorthat determined by the

precision tracking chambers.

1.2.2.4 Trigger system

The Trigger and Data Acquisition (collectively TDAQ) syste, the timing- and trigger-
control logic, and the Detector Control System (DCS) ardifp@med into sub-systems, typ-
ically associated with sub-detectors, which have the sagiedl components and building
blocks. The trigger system has three distinct levels: L1,dr®l the event filter (EF) .Each
trigger level refines the decisions made at the previoud seve, where necessary, applies
additional selection criteria. L1 is a fully electronic deated hardware trigger, whereas L2

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

the event data from the detector-specific readout elecsoiait the L1 trigger accept rate,
over 1600 point-to-point readout links. The first level uadsnited amount of the total de-
tector information to make a decision in less thah s, reducing the rate to about 75 kHz
[21]. The two higher levels access more detector infornmeoo 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 m@estrons, photons, jets,
and t-leptons decaying into hadrons, as well as large missingt@tadl transverse energy.
Its selection is based on information from a subset of detecHigh transverse-momentum
muons are identified using trigger chambers in the barreleatticap regions of the spec-
trometer. Calorimeter selections are based on reduced#graty information from all the
calorimeters. Results from the L1 muon and calorimetegéig are processed by the central
trigger processor, which implements a trigger “menu” mageficombinations of trigger
selections. Pre-scaling of trigger menu items is also alil allowing optimal use of the

bandwidth as luminosity and background conditions chayents passing the L1 trigger
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selection are transferred to the next stages of the detsptmific electronics and subse-
guently to the data acquisition via point-to-point links dach event, the L1 trigger also
defines one or more Regions-of-Interest (Rol’s), i.e. thaggaphical coordinates in and

@, of those regions within the detector where its selectiamt@ss has identified interesting
features. The Rol data include information on the type ofuieaidentified and the criteria

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

The L2 selection is seeded by the Rol information providedhsyL1 trigger over a
dedicated data path. L2 selections use, at full granularity precision, all the available
detector data within the Rol’s (approximately 2% of the ltetaent data). The L2 menus are
designed to reduce the trigger rate to approximately 3.5 k#th an event processing time
of about 40 ms, averaged over all events. The final stage ofwéet selection is carried
out by the event filter, which reduces the event rate to rquglbD Hz. Its selections are
implemented using offline analysis procedures within anmaye event processing time of

the order of four seconds.

The combined detector and trigger infrastructure are @délie online part of the ATLAS
analysis process as it operated in real-time as the datasand 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 framswit is build around a core
project, Gaudi, that is common with the LHCb experiment.réiyides facilities for various
needs such as event generation, simulation, reconstnuatid detector description. It is
structured in packages which contain services and commeay algorithms. Each pack-
age may have explicitly defined dependencies on other paskddne handling of input and
output data as well as configuration of run specific pararsesedone through a so-called

“jobOption”-file, which is a Python script describing whietgorithms to run and which
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values are to be used for configuration. The Athena framevwgoukder continuous devel-
opment by ATLAS physicists and new versions are releaserbappately every month. As
data-taking approaches, it is converging towards a ssalbidin of the data persistency for-
mats. The analysis algorithms on the other end are evoluingkly and are expected to be
regularly maintained to follow modifications in other pagka and changes in the knowledge

of the detector performance.

The offline software contains a generally complete desonptf the ATLAS detector
as built. This description is used by the reconstruction ianglibject to changes as more
information about, for example, inner detector moduleratignt or calorimeter calibrations,
becomes available. The reconstruction of a collision i$gpered by a collection of various
tools. For the inner detector reconstruction, hit clustesfirst built, then space-poifits
are constructed, then finally, a track finder is run to reqosicharge particle trajectories.
Similarly, energy clusters are reconstructed in the cadeters by adding energy depositions
in adjacent cells and are added to well lined tracks to bultigle candidates. If no matched

tracks are found, neutral object candidates are defineddphw®, neutron,...)

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



Chapter 2

Measuring the electron reconstruction

efficiency at ATLAS

This chapter describes the electron reconstruction at A.LUApresents the software algo-
rithm under study and the method to measure its efficienay ftata with minimum reliance
on Monte-Carlo. It presents the definition of the Tag and Erolethod used for this mea-
surement. The actual measurement and the method used twitle#the background are

presented in the following chapters.

At a hadron machine like the LHC, lepton identification is ayvenportant tool as the
presence of leptons provides a relatively clean environiraed is used in many signatures
of both existing and new physics. Lepton identification carsplit in two different aspects:
on the one side, the probability that a lepton is indeed itledtas a lepton, which is called
lepton efficiency, and on the other side, the probabilitydatifferent particle or jet to be

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

This work concentrates mainly on an algorithm to measurest&etron efficiency, i.e.,
the probability of an electron to be identified as an elecbpthe combination of hardware
and software. The electron efficiency is a very importanapeater that enters in the mea-
surement of many cross-sections and so it is important @mbnh accurate measurement of

it even with early data.

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

2.1 Electron reconstruction algorithms

This section describes the main features of the electramstriction algorithms at ATLAS

whose efficiency we try to assess.

2.1.1 Detector hardware involved
The electron reconstruction at ATLAS mainly involves twdestgor components:

¢ the inner detector tracking is used to determine the trajgaif the charged particles

(i.e. track), and is used to separate electron and photeesSsction 1.2.2.1);

e the calorimeters are used to measure the energy of thelpartiEor electrons, the
liquid argon electro-magnetic calorimeter is the most ingoat sice most electrons

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

The principle of electron reconstruction is that an eletpassing through the detector
should leave a track in the inner detector before depositsngnergy in the Liquid-Argon

electro-magnetic calorimeter. The software algorithmuigt bvith this principle in mind.
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Figure 2.2: Diagram of the egamma electron algorithm. Sdadde details in section 2.1.2

The reconstruction software is split between two algorghvhich are aimed at electrons

originating from different processes.

The so-called “soft-electron” algorithm is geared towand Energy electron reconstruc-
tion, namely electrons originating from low mass objedts I/ (! or evenY? or electrons

from decay of b- of c-jets.

2.1.2 High-py software algorithm

The main electron algorithm is named “egamma” and is aimédgatpr electrons originat-

ing from the hard process. It is the main algorithm for el@ogak physics studies.

The egamma algorithm is organized in two parts. The first qgaanstructs the clusters
in the calorimeter to create electron/photon candidatessécond part tries to associate a
track to differentiate electron from photon candidateshifdtseparate part defines standard

cuts to increase the probability to get the correct partazatification.

The mass of thd/(1S) is 3096.916 MeV [3]
2The mass of th&(4S) is 10579.4 MeV [3]
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Figure 2.3:n-@ view of the energy deposition in the electro-magnetic ¢aleter. The en-
ergy is summed by projective tower.

Layer An Ag AR

Layer 1| 0.0031| 0.0980| 4.3 Xo
Layer 2| 0.025 | 0.0245| 16 Xo
Layer3| 0.5 |0.0245] 2Xp

Table 2.1: Granularity of the electro-magnetic calorimete

2.1.2.1 Clustering algorithm

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

rives from the fact that the algorithm looks at narrow windawn x ¢ 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)
n range [—2.5,2.5]
n x @ divisions An x Ag) 200x 256 ((025x .025)
Pre-cluster finding
Size of window § x @ towers) 5x5
Elhres (GeV) 3
Duplicate separatiof\)qupi X A@upl) 2x2
Cluster filling
cluster sizeff x @) | 3x5,3x7o0r5x5,

Table 2.2: Parameters used in the clustering of the eganuoastuction algorithm

The tower building phase consists in dividing the @ plane in a large number of squares
(=~ 50000) and adding the energy of all the cells in each squaregghe representation of
the energy deposition in Figure 2.3. For electro-magnétisters, only cells in the electro-
magnetic calorimeter are considered. The electro-magoalbrimeter segmentation can be
seen on Figure 2.5 as well as its three layer structure. Tareugarity of the different parts

of the electro-magnetic calorimeter are summarized inelatdl.

The pre-cluster finding consists of making “windows”, i.eogps, of the previously built
towers (typically 5< 5 towers inn x ¢). A pre-cluster is formed from the accumulated energy
of such a window is above a threshd"S. The size of the window and the threshold are
optimised to obtain the best efficiency of the pre-clustara®and to limit the rate of fake
pre-clusters due to noise. Duplicated and/or overlappinsters are removed by imposing
a minimum separation between the cluster centres, othemly the most energetic cluster

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

Finally, the cluster filling consists of including in the ster all the cells in a rectangle
centred around the seed position. Different sizes can e arse the calibration is applied
depending of the object type (electrons or photons). Thatifigation criteria (see Section

2.1.2.3) are applied to each cluster size and the one the¢p#ise most criteria is kept.

Full details on the clustering algorithm as well as the valokthe parameters are de-
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Figure 2.4: The extrapolation of the track to the calorimeteist match with the cluster
centre.

scribed in the ATLAS Detector Paper [21]. The parameterd usegersion 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, @esla to determine whether itis a
photon or an electron candidate. This is dependent on whatineck can be matched to this

cluster.

This is done in two steps. First a crude matching is done.rlhep direction parameters
of the track at the interaction vertex are loosely matcheatiéaluster barycentre. Then, for
the tracks that fulfil that requirement, tipe— @ position is extrapolated to each layer of the

calorimeter and a close match is required.

If more than one track passes the extrapolation requireasintFigure 2.4, the software
only keeps the one such that the ratio of energy to momentup) (& closest to 1. The
energy is extracted from the energy of the cluster, wheteasibomentum is calculated from
the track curvature. Again, particular values for the catsloe found in the ATLAS Detector

Paper [21].
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Parameter Value
crude matching) < 0.05
crude matchingp <01
tight matchingn < 0.05
tight matchingp | [—0.1,0.05|

E/p matching <10

Table 2.3: Parameters used in tracking part of the egammasgaction algorithm

Clusters for which a reasonable track-match exists areideresl electron candidates,
while the others are kept as photon candidates. This coesliek reconstruction part of the

algorithm.

Table 2.3 summarizes the parameters used in the egammantegicking algorithm.

2.1.2.3 Identification

Immediately after a candidate has been discovered, id=ttdn tests are performed on
electron candidate to separate real electrons from falasdiog to different criteria. These
are not part of the reconstruction process as such and s@#ér@rmance is not the object of
this measurement. But given that they are used by the measutéo reject the background,

we describe them here as well.

The following calorimeter-based discriminating variabéee used:

Hadronic leakage is the ratio of the transverse energy deposited in the hadcalorimeter

to the total transverse energy of the electron;

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

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

Shower shapemost of the energy should be deposited close to the centrleof t
shower. The shape is defined by the ratio of the energy deplositthe core

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

Shower width electrons have narrower showers than hadronic jets;
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Figure 2.5: Sketch of a EM calorimeter barrel module wheeedifferent layers are clearly
visible with the ganging of electrodes gn The granularity in eta and phi of the
cells of each of the three layers and of the trigger towertss shown.

First Layer with its very fine granularity in rapidity as pictured on Fig2.5, it can be used
to detect substructures within a shower. Pion jefy/ () are found to have often two

maxima as they mostly decay to two photons. The test seaf@mh@second maximum

close to the hottest cell in this layer.

Isolation we can ensure the object is isolated by requiring a hollove@mwound the object
core to not exceed a certain energy relative to the amoumerg deposited in its

core.

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

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

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

are also defined :

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

e at least nine precision hits (PIXEL+SCT);



2.1 Electron reconstruction algorithms

Cut Name

Value

Hadronic Leakage

Ehadl /E€ < 0.02

Shower Shape EEM2/EEM2 > 0.77
Shower Width widthFM2 < 0.014

First Layer 1 Esn ./ Emin between mai 0-15
First Layer 2 widthEM < 4

First Layer 3 | (Eggfins— Eatrins)/ (Esattips) < 045
First Layer 4 widthglit s < 0.80

Isolation

ESON®0/Er < 0.5

Table 2.4: Calorimeter-based identification cuts for a 20 Bectron atn =0

e at least two hits in the pixel layers, one of the hits beindhmlb-layer;

e a small transverse impact paramgtiyt < 1 mm.

spacial matching tighter cuts on the extrapolatéd) andA¢@ matching between the track

and the cluster;

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

transition radiation an electron should have a high number of high threshold hithe

TRT from the higher transition radiation while traversihg tradiating material.

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

geometry. The values at central rapidity for a 20 GeV electn@ recorded in Table 2.5.

We can choose to apply any combination of these cuts to reitheceontamination of

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

There are however some predefined sets of selection defindtebygamma working
group that are designed to be good compromise between etfjcend purity [25]. Rejec-

tions and efficiencies are given in Table 2.6.
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Cut Name Value
PIXEL+SCT Nhits > 9
PIXEL NfiREL > 2
B-Layer NDL&Yel — g
Impact Parameter |do| < Imm
MatchingAn |An| < 0.005
MatchingAg |Ag| < 0.02
Energy Matching 08<E/p<25
TRT Hits NERT > 15
Transition Radiation Hits NTR/NLRT > 0.08

Table 2.5: Track-based identification cuts for a 20 G&gVElectron atn =0

ISEM ElectronLoose This set of cuts performs a simple electron identificatioseobonly
on limited information from the calorimeters. Cuts are &plon the hadronic leak-
age and on shower-shape variables, derived from only thelenidyer of the EM
calorimeter (lateral shower shape and lateral shower Widthis set of cuts provides

excellent identification efficiency, but low backgroundaejon.

ISEM ElectronMedium This set of cuts improves the background rejection by adding

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

ISEM ElectronTight This set of cuts makes use of all the particle-identificatmwis cur-
rently available for electrons. In addition to the cuts usethe medium set, cuts are
applied on the number of vertexing-layer hits (to rejectetas from conversions),
on the number of hits in the TRT, on the ratio of high-thredhuats to the number of

hits in the TRT (to reject the dominant background from ckdrgadrons).
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Er > 17 GeV Er > 8 GeV

Efficiency (%)| Jetrejection | Efficiency (%) Jet rejection
Cuts :

electrons from Single electrons

70 - ete” (Er =10 GeV)
Loose | 87.96+0.07 567+1 75.8+0.1 513+2
Medium | 77.294+0.06 2184+13 64.8+0.1 1288+ 10

Tight | 64.22+0.07 | (9.840.4)-10*| 485+0.1 | (584+0.3)-10

Table 2.6: Expected efficiencies for isolated electronsamesponding jet background re-
jections for the three standard levels of cuts used for mledtentification. The
results are shown for the simulated filtered di-jet and mumimrbias samples, cor-
responding respectively ©r-thresholds of 17 GeV (left) and 8 GeV (right). Re-
jection is calculated as the number of rejected jet for eaepepted 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, addéloefinements are gradually be-

ing introduced into the ATLAS software.

Conversion recovery This algorithm tries to recover converted primary photoysook-
ing at nearly parallel tracks. It can decide that an electsom fact originating from a
converted photon and as such move the object to the photaldede collection. Because
of the high number of tracks in the ATLAS tracker, fakes ar@acern 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 thekraxget a better fit and extract

a better measurement of the overall electron momentum.

Backtracking This algorithm tries to reconstruct a track by starting fraalorimeter hot
cell and going toward the detector centre. The primary fasue reconstruct tracks from
late conversions in the tracker. Again, because of the haglumancy in the tracker, fake

tracks may be reconstructed leading to reconstructionl@nuod
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2.1.3 Low py electron software algorithm

This algorithm is track based, as opposed to the egammaithlgor First the algorithm
searches for high quality tracks. Then theses tracks araptated to the calorimeter where
a cluster is built. The same identification variables as lier é¢gamma algorithm are then

available.

The high track quality is assessed by the following requéeets:

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

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

e small impact parameter of the track in the transverse gldgiec 1 mm;

e at least one high threshold hit in the TRT detector alongridekt corresponding to at

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

e at least 20 hits in the TRT detector along the track|rif< 2)

After a good track has been selected, a fixed size clustens&reeted around the extrap-
olation of the track in the second sampling of the calorimel® reduce fake jets, further

requirements are imposed on the cluster reconstructedtaétextrapolation:

e E/p> 0.7 where p is extracted from the track and E is the cluster gnerg

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

e 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

NO

Reject

YES

Add a soft electron candidate

Figure 2.6: Diagram of the soft-electron algorithm

Cut Name Value
PIXEL NFIXEL > 2
B-Layer N2 e — g

PIXEL+SCT Nhits > 7
Impact Parameter |do| <1 mm
TRT Hits NLET > 20
Transition Radiation Hits NTR/NLRT > 0.05

Minimum pt pr > 2 GeV

Energy Matcht E/p>0.7
First EM Layer E1/E > 0.03
Third EM Layer E3/E <05

Table 2.7: Requirement on track and cluster for a soft edeateconstruction
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2.2 Definition of the measurement

At an experiment like ATLAS, electron identification is thesult of many hardware compo-
nents and software algorithms. In the ATLAS software da@ing, electrons are selected at

different levels :

e on-line, there are three different definitions matchinghinee trigger levels at ATLAS.

¢ off-line, the reconstruction starts by finding clusteik@ombinations that are likely

electron candidates

e subsequently, additional tests are performed on the catedidh an identification step.

The way the trigger system tries to identify electrons iscdesd in the “Electron and
Photon” Chapter of the ATLAS Technical Report [25]. Thisgisedoes not try to determine

the performance of the trigger system.

This works focuses on an algorithm to try to measure the eftifficiency for a real elec-
tron to be reconstructed as an electron candidate by theaeft Its purpose is to measure

the efficiency of the first step of the off-line reconstruntfrocess described above.

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

Chapter of the ATLAS Technical Report [25].

The aim of this work is the measurement of the efficiency offitst step of the recon-
struction which we will refer to simply as “reconstructioas opposed to “identification”,

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

This is confusing because many papers, in particular gessen measurements, refer
to the electron efficiency as the efficiency of the combinedmstruction and identification
steps. But since many analyses uses different identificati sets, this leads to a set of

different “electron efficiencies”.
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The ATLAS performance group point of view has been that snglthe reconstruction
and the identification separately is more efficient. It aBadifferent analyses to use differ-
ent identification cuts and understand their differencesrddver, the two steps may have

slightly different systematics which can then be studiquhsately.

What this thesis will refer to as the “electron efficiencyhisnceforth really the electron
reconstructiorefficiency, while we will refer to the efficiency of the idefitation process as

the “identification efficiency”.

The same technique can be used to measure the identificffimarey relative to the
reconstruction efficiency as well as the trigger efficiencgach trigger level. Such studies

are presented in [25].

2.3 Measurement framework

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

how many of these pass the requirements.

In our case, that means trying to find “real” high-electrons coming from the hard
process, and measuring how many of these are reconstryctied $oftware. Defining “real”
electrons in data is difficult, as unlike Monte-Carlo protiore, we have no prior knowledge

of what to expect.

In order to obtain this knowledge from data, we apply a “tad 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 eveetwhich has several distin-

guishable signatures, one of them being the object of thestigation.
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P

Figure 2.7: Feynman diagram of a simglé— ete~ event.

In our case, we elected to select #t— ete~ process for several reasons:

it has a relatively large cross-sectipmigher than most of its backgrounds and will

provide us with large statistics;

Nno missing transverse energy,

two high pr leptons;

one isolated trigger signature (isolated lepton);

We select a clean sample by using all the signatures of th& exeept the one under

investigation, so that we can then study the remaining oparagely.

The selection consists of finding events which triggered rom lmgh energy lepton. We
can then add a requirement for very little missing transyversergy (to account for small
detector mismeasurements) and at least one good electeoe, ‘t§ood electron” means one
reconstructed electron which passes all the identificatids described earlier in Section

2.1.2.3.
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Read an event

At least one high-pT
electron trigger ?

Missing Et < 20 GeV ?

- Om®&<«m?:™X

Zee event candidate
Start search for T&P

Figure 2.8: Diagram of the event selection

2.3.2 Global event selection

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

ment on at least one higpr electron in the event.

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

keep only events that pass a determined trigger chain dirak tevels.

In release 13, for the CS@xercise that led to the publication of the ATLAS Technical
Report [25], we chose the chain corresponding to one isbkrtron with a minimunpr
of 15 GeV. That choice was made because that chain was theitintheslowest threshold

without being prescaled.

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

mum pt of 20 GeV.

What is more, since 2° — ete~ event has intrinsically no missing transverse energy,

Swe expects 1400ph.
4Computing System Commissioning
SFull Dress Rehearsal



2.3 Measurement framework 44

we fix a maximum threshold on the measured misdtigin the event. This introduces
a minimum bias in the selection while rejecting backgroumwits neutrinos. The choice
of the threshold will mostly depend on the resolution achiein the measurement of the

transverse energy.

For the CSC and FDR exercises, that maximum was fixed at 20 BeN.threshold was
chosen to keep a large signal fraction while rejecting méshe®W — ev + fake electron
background. It also limits contamination from some othercpsses like electronic decays

of tt or 2% — 17 events.

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

menu is finalised.

2.3.3 Object Selection

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

reconstructed objects individually to find good candidaies reject fakes.

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

probe electron.

2.3.3.1 Tag selection

As described in subsection 2.3.1, we use the signature fréfn-a ete~ event to improve

the purity of our sample.

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

by imposing the following requirements on one single retmesed electron:

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

2. itis within the tracking volume|f| < 2.4);



2.3 Measurement framework 45

(True Electron)

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

3. itis outside the calorimeter cracks to avoid poor energasnrements (37 < |n| <

1.52);
4. its pr is higher than the chosen trigger threshold;

5. it matches iMAR, at each trigger level of our chosen chain, with an objedt paased

the chain;

6. it passes the tightest identification requirements we sEM ElectronTight).

We consider all electrons passing every requirement meedi@bove as being a very
good electron candidate. We then decide to use them as ohe lefgs of &° decay and so

“Tag” the event.

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

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

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

the second leg of th&° decay.
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» Find an EM cluster <

Matches
trigger electron ?

Within
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tight cuts ?

v

Is the Tag Cluster ?

Keep as probe

Is base of
another reconstructed
electron ?

Accept as Tag Keep as reconstructed probe

Figure 2.10: Tag and Probe selection algorithm

2.3.3.2 Probe selection

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

to know precisely where the other true electron is and whetheas reconstructed.

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

we can find.

In the ATLAS case, we decided to use any electro-magnetgt@las an electron can-
didate. The reason is that the cluster finding algorithm hasieh lowerEr threshold than
the energy of the electrons coming fronz&decay. As such it is expected to have a very
good efficiency for highpr electrons. A study made from Monte-Carlo ATLAS simulation,
indicated that the efficiency is much better thar©98 over most of the range as illustrated

on figure 2.11.

We have investigated further criteria that can optiona#yapplied, such as a minimum

separation inp between the Tag and the Probe. Unfortunately, this critenras found to
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criterion Tag | Probe| reconstructed Probge
EM cluster v v v
Minimum Et va| val vl
|n| cut | vl |
Track matching | & O v
Tight identification| O O
Passed trigger | @ O O

Table 2.8: Informations available and criteria passes loi @ag or Probe object

have a low discriminating power against the most common dprackds (see Figure 2.12).
What is more, it may be problematic in case of highly boo@&dvents, as the angle can be

reduced by the boost.

Once we have selected a Tag and a probe, we can reconstri&? they supposedly
originated from. We will later use the invariant mass linegh to statistically separate the

signal from the background.

2.3.4 Probe matching criterion

Once we have identified a suitable probe candidate, we shavd a criterion to check
whether that candidate was indeed reconstructed as amoeldny the software. That is
achieved by checking whether there is a reconstructed engaefectron whose cluster is

our probe cluster.

Other versions of this test could rely @m-A¢ matching, but this relies on a matching
parameter that will be hard to estimate from data, and it doeaccount for duplicate cluster

finding problems. It could associate more than one clustdr @vie reconstructed electron.

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

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

This chapter presented the ATLAS hardware and the softwanegwork for electron recon-

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

The next chapter will describe the mathematical framewomkhich the measurementis

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



Chapter 3

Calculating the electron efficiency

This chapter provides a proof of the mathematical framewarkise to extract the efficiency
from data. It assumes we have at our disposal Tag and Prolwe gsmidescribed in the
previous chapter. The method to remove the background tmdbe true number of Tag

and Probe pairs is described in the next chapter.

Once we have identified Tag and Probe pairs, we need to fincbtlheot way to extract

the efficiency from the numbers we collected.

This chapter describes the derivation and calculation tsedtract the efficiency. We

calculate the efficiency in two cases:

o the overall efficiency, i.e. integrated over all other vhalis;

¢ differential efficiencies, i.e. as a function of a given adie.

3.1 Extracting the overall efficiency

This section will describe the proper way to extract the ifficy from the tag and probe
selection. To make things clearer, we will first describewlas to get the efficiency in an
inclusive case, before we expand the method to the diffidezdse 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 fslatedz® — et e~ events, we

can extract from our selection:

e the total number of tag and preselected probe pais:

¢ the number of tag and probe pairs in the subset where the obeonstructed as an

electron :No.

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

parameters:

e T : the efficiency for a reconstructed electron to pass thedigfag cuts (trigger and

Identification cut requirement).

e N : the total number oZ° events where both our electrons were in acceptameer(,

missingETrequirements);

In all the following computations, the following assumptsoare made:

Charge symmetry we assume that the efficiency to reconstruct an electroreisdime as
the efficiency to reconstruct a positron. This will be chetkeith data, by measuring
separately the efficiency for pairs with electron tags amghéars with positron tags. If
the efficiencies agree, as they do in the Monte-Carlo sinmathen the two samples

will be merged to improve the statistics;

Tags are subset of probeswvhich means that we can factorize the efficiency to recoostru
a tag as the efficiency to reconstruct a probe times a “taggfiigency”, which is the
efficiency to pass the trigger and the tight identificatiotscuSee Table 2.8 for the

differences between tag and probe conditions.
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Zee event

e*reconst. € (1-9

No tagging
possible

Tagging

e reconst.

Tagging (1- &)e(1-T)

Figure 3.1: Probability for an event to pass different sed@s. 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@arfrom their signature in our

detector : see Figure 3.1:

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

pass the Tag selection (dark blue);
2. The events where only a Tag is found, but the probe is nonhstoucted (green);

3. The events where only one of the electrons pass the Tagiseland where the probe

is matched to an offline electron (orange);

4. The events where both of the electrons can pass the Tagiseland, in both cases,

the probe is matched (red).

The last category of event is double counted as we use eathoeleés 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 pairssseen

N2 = Norange+ 2 - Nred- (3.2)

From the Figure 3.1, we extract that from a total number Bbf- et e~ events seen at

ATLAS, we get:

Ngreen - 2'N‘T€(1_€),
Norange = 2'N'(T8'5(1_T));

2Neg = 2-N-(Te)%

Hence, we end up withiN; = 2NTe andN, = 2NTe?, so that simple algebra gives us

the calculation for the inclusive electron efficiency

N, 2NTe?
N; 2NTe
N2
_ 2 3.3
=& N, (3.3)

The errors on the two numbexg andN, are correlated seeing s is a subsample df;.
Errors can be computed frolp andN3 = N1 — N, (sample of non reconstructed electrons).
However, toy Monte-Carlo tests shows that the errors on dlie is overly conservative
when calculated fronN, andN3. A better approximation is obtained from a binomial error

compuation usingN; andNs.
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Unfortunately, this number is not very useful in practicadded, it is very dependant
on the distribution of the electrons originating from #decay. If the electron efficiency
is very dependent on the electrpr, as we suppose it is, based on previous experiments, a
sample with a different distribution would modify this valuEven the simple bias introduced

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

As a consequence, it is clear that an inclusive efficiency Isyoted use to the collab-
oration, and we must try to measure the efficiency diffeediytias a function of, e.qg., the

pseudo-rapidity or the momentum.

3.2 Deriving a differential efficiency

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

method nor the statistics we will collect in the first yearalge us to do so. As such, we
will describe a method to extract a binned efficiency, with khowledge that as the bin size
reduces, we will be less and less dependent on the distibafiour sample. The previous

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

We call this parameter-dependent efficiency a “differérgfciency” by analogy with
the “differential cross-section” terminology. Yet, whilethe cross-section case, it is purely
a differential form, the “differential efficiency” must b@wevoluted by the weighted number

of events in each bin to get the complete efficiency:

1 roe¢

Einclusive= N %5('7)0“7,

where the measur&(n) is the number of events where the probe has this valug of
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Figure 3.2: Studying the efficiency in a regiongrof the detector

3.2.0.1 Definition of the parameters

Once we have isolateff events, we select one bin of the distribution to study. Wethan

extract from our selection:

e the total number of Tag&Probe pairs where the probe is indimsNy;

e the number of Tag&Probe pairs where the probe is in this bthvaimere the probe is

reconstructed as an electroN.

This case needs to be broken in two separate cases.

e The case where both the Tag and the probe fall into the sam@lsase);

e The case where the Tag and the probe fall into different osdqase), as in Figure

3.2.

The first case is similar to the one treated in the previousmsecl he second case is only

slightly different. We must first introduce new parametergo parameters describing the
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“inside” region and three describing the “outside” regiomteasure, the electron efficiency

of the bin under investigation ;

e TN : the efficiency for a reconstructed electron to pass thedigfag cuts in the

current bin;

¢ NN the number of events where both electrons are in the same bin:

e £%U: the inclusive electron efficiency for this sample outsifléhe bin under investi-

gation ;

e TOU': the efficiency for a reconstructed electron to pass thedigfag cuts outside of

the reconstruction region.

o N° the number of events where one electron is in the right binoareds outside;

3.2.1 Computing the efficiency

We can then reconstruct the two numbBksand N, as defined in section 3.1 from these

parameters.

N; is constructed from two contributions.

1. The one where the Tag is outsidé"";

2. the one where the both are in the same bifi:

N‘ln Is computed in the same way as for the inclusive case, asxtagly the same situation.

We can just take equation 3.1 and replace the variablesdioggy.
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N]C-)Ut — NOUt i EOUtTOUt
Nin — NN (23(1— £)Tin 1 2¢2TiN(1 TN —|—2£2Ti”2>
= 2NMeT™
Np = N+ N

Noutsout-l-out + 2Nin£-|-in
Similarly, N> is constructed from two contributions as well.

1. The one where the Tag is outsidé§";

2. the one where the both are in the same bifi:

Again, Ni2n yields a similar form to equation 3.2.

NSUt — out, goutyout o

NP = N™-(262T(1-T) 4 262T"7)
— 2Nin£2-|-in

N = NJ'-+N§“

(NoutgoutTout+2Nin£Tin) €

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

extracted by the simple formula:

N2 (NoutgoutTout+2Nin€Tin) €
N_l - NouteoutTout+2NingTin
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= £=—=
Np

(3.4)

This solution is exactly the same as the one from the inctusase (see equation 3.3).
This is because the inclusive case is just a special casaewinein 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 depenueosfficiencies outside of
the current bire®t. As such it is independent, to the first order, from the distiion of the

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

3.3 Summary

This chapter presented the mathematical framework usexttace the electron efficiency.
We first presented the simpler but less interesting case iicursive efficiency in th&® —
ete channel, then the much more useful binned efficiency contipatal he only limitation

to the binning is given by the statistics and our capacityutatract the background.

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

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



Chapter 4

Background subtraction to Z° — efe"

This chapter describes the steps taken to separate baokigrisom signal in order to extract
the number of real Tag and Probe pairs in our sample. We dishadlifferent backgrounds
and their contribution, as well as a method to assess themsgsits associated with this

method.

Even after the steps we described in chapter 2, we are gtilvith some remaining
background contamination. Some background indeed havextdmet same signature as the
Z0 — ete process. This chapters describes the processes we havifiedethat will ac-
count for sizeable background to our measurements, the stephave taken to subtract
them, and finally, how we have prepared for the backgrourichegbn using Monte-Carlo

samples.

4.1 Listof 2° — ete~ backgrounds

We have identified a few backgrounds that can fak® a- e"e~ signal . Some areeal
in the sense that they really have the same true signaturarasigmal, i.e., two higlpr
electrons with low missing transverse energy. Some aradakne or more electron, in most

cases a jet is wrongly identified as an electron by our soéiwar

60
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@pp—2°—rt1tr- (b) pp—tt

Figure 4.1: Feynman diagrams of the main backgrounds witiréal electrons.

We will list below what we identified as the main backgrourmlséir measurement. The
list is not exhaustive, but it is believed that the crosgisas of the omitted processes are
too low to significantly affect the precision of the measueatin the first few years. The
contributions from the included backgrounds already pregery varied numbers of events.
The expected contributions from the main backgrounds aepl in figure 4.3. They are
extracted by running the selection described in Chapter 8amnples containing only the

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

A small background also comes frofi? — e*e~ event, where one of the true recon-
structed electrons is associated with a cluster from a teetren object. This background
is called combinatorial and has a small efect on the recoctsiZz® mass line shape in the

70 — ete sample.

4.1.1 Realbackgrounds

These backgrounds are the backgrounds with a large enoags-section, which produce
two highpr electrons. They are backgrounds in the sense that theyrtdis®zZ® mass

resonance peak and would need to be accounted for in a cigmsmeasurement. For the
efficiency measurement, given that they do produce two teatrens, they can be accepted

as signal.
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p

(@) pp— W+ jets (b) One of many dijets diagrams

Figure 4.2: Example Feynman diagrams of the main backgmofroch fakes.

4111 pp—2°—1tr-

TheZ® — "1~ — et veVUre Vev; can under some circumstances have a low missing trans-
verse energy. This leaves just two isolated hpgghelectrons. The invariant mass line shape
contribution from this background is a peak which is muchewithan thez® — e*e~ reso-

nance and at a lower energy so that the contamination t8%he e*e~ peak is small.

4112 pp—tt

Thett — (" veh) (e*v_eb) may also appear to have a low missing transverse energy.tace
detector is well understood, we may be able to use the brigdgireject these events. This
will not be desirable at the beginning of the detector openand would also be detrimental
to Z%+jets studies. The di-electron mass spectrum peaks righeruheZ® peak, but it is
wider and the small cross section reduces its contributi@iftaction of our total number of

events. We expect a good representation of that backgrouma iMonte-Carlo simulations.

4.1.2 Reducible backgrounds from fake electrons

These backgrounds are backgrounds which do not have thesiggtature. They are missing

one, or two, of the electrons, but because another objediarevent fakes an electron,
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they are picked up by our selection. Despite the rejectiomgpave expect from our event
selection, these processes have high enough cross-sdttadthey still represent a sizeable
contribution. The normalisation of these contributiondificult to determine from Monte-
Carlo simulations. We will need to determine the rejectiower of our requirements from
data before we can determine their contribution accurale to their large cross-sections,
it is difficult to simulate enough events to represent a sileeminosity. We will describe

a way to compensate for the shortage of simulated eventsiinget.4.

4121 pp— W+ jets

W — ev signal is normally rejected by our missilg requirements, but if the neutrino is
emitted in a direction parallel to the beam pipe, the apgaressing transverse energy will
be low. The Tag and trigger requirements can then be fulfiyedhe lepton from th&v,

and it is possible for an additional jet to fake an electrommni-rMonte-Carlo simulation we
expect the contribution to have similar features agtiume, 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 lpgkelectrons. But as their cross-sections will be so
much higher than any other single process, it is expectaditbaontribution of fake leptons
will still be our largest background, in particular the dmdake electron associated with
a cluster contribution. This will obviously depend on thgotion power of the selection

criteria we apply.
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Figure 4.3: Background contributions from our main backaas for a luminosity of
250pb~1. The spectra are extracted from datasets containing oalyn#ntioned

process.
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Figure 4.4: Invariant mass of Tag and Probe pairs as detethiima Monte-Carlo exercise.

4.2 Background removal algorithms

Now that we have identified which backgrounds will contrébotid our measurement, we
must describe the steps we plan to use to remove their caotitnits from our measurement.

This section will describe two possible techniques.

4.2.1 Data preparation

After we have collected di-electron pair candidates, weenade of theZz® mass line shape

to separate the background from the signal.

Suppose we want to study the numbeZ8fevents with certain characteristics, e.g. one
of the electrons in a certam range, or events with at least two jets. We extract the sudfset
pairs were that condition was fulfilled, and we plot the im&at 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 thresHéddtan the trigger and the

software, we place a lower cut to remove the lower tail thabiseasily modelled. Similarly,
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we place a high cut to remove the high mass region were thstsigais expected to be poor.
We then end up with a relatively large range which contairtk 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 determinediekground contribution to our
sample. Both make the assumption that the backgroundhiistin is falling exponentially
in our range. The function modelling the background will @msly need to be checked with

data as it becomes available.

4.2.2.1 Z°%mass line shape fit
The first technique consists in using a fit describing the pealkthe background to determine
the contribution from each one.

We use the Minuit fitter in ROOT for all the technical aspecti fitting process.

The background contribution is modelled by an exponem®ti&™. We have checked
that this does describe the shape of our Monte-Carlo baakgroorrectly. We will use the
first data to try and determine how good this distributionehas the line shape on a large

distribution range and modify the model accordingly.

The signal is modelled based on three contributions:

e the truthz® mass distribution from the theory;

e a correction for radiative loses on the electrons and dateesolution.

The truez® mass distribution is simply modelled by the theoreticahtiglstic Breit-

Wigner distribution as seen on Figure 4.5a.
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We see from Figure 4.5b that the side bands are better deddnbadding an exponential

BW(m7 rnzO, r20> -

function describing the photon echange term. However, wetedl not to account for this
term as it is smeared by the resolution function and thempresents a smaller effect than the

background contribution, even than from combinatorial-agsociation in th&° sample.

Another possible contribution to the theoretical line shism correction due to the parton
distribution functions. Because loweollisions are more frequent than energetic ones, the
shape is distorted by a factor which is an inversely propodi power function of the boson
mass é<m£0[3). But again the effect is smeared by the detector resolatioithere would be a
strong correlation between the parameters of the resalfuimction angs if this contribution

were added to the fit parameters.

The correction for radiation losses and energy resolusamadelled by a Crystal Ball
distribution [26]. This function was developed by the Caydall collaboration to model
energy losses. It consists of a Gaussian core with a powetdawail while keeping a
continuous first derivative. The low tail models final statadiations and bremsstrahlung

losses.
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The parameters ando describe the behaviour of the energy resolutiodescribes the

offset on the energy scale, white describes the resolutiora and n model the radiation

loses.
(X*@2> X=X
B exp(— , for =22 > -—a
CB(x,a,n,x,0) = ‘?azj _n 7
X—X _
A~<B—T> , for X < —a
where

The final form is obtained by convoluting the Breit-Wignestibution in mass with the
Crystal Ball distribution, to account for the detector etfe Figures 4.7a and 4.7b show that
the simple Breit-Wigner distribution is not good enoughdescribing the peak asymmetry

arising from energy losses in the detector.

The convolution describes the peak much better (Figure) At underestimates the
side bands from the combinatorial background and photohamge term. The addition of

an exponential background corrects this discrepancy asfsm@a Figure 4.7d.

The value ofx in the Crystal Ball definition is fixed at zero, as the conviantimplies

that the values af andmyo are correlated. By fixing, we ensure that the fitted valuerofo
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Figure 4.7: Possible reconstruct&limass line shapes.

is shifted by the energy scale offset. We let the mmagsrun free to account for this wrong

energy scale calibration. The widflyo is fixed to the LEP measured value as we use the

Crystal Ballo to account for energy resolution.

S(m My, B,a,n,X,0) = [BW(y,myo,l20)*CB(y,a,n,0,0)](m)

= /BW(y, Myo,M 0) -CB(M—y,a,n,0,0)dy

We can then extract the number of signal events in a narrodawraround the peak by

two different means:

e integrate the signal function;

¢ integrate the background function and subtract it from ¢hal inumber of events.

In both cases, we restrict ourselves to a narrower window tha one over which the fit is
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performed to avoid any edge effects and to stay in a regiomeMe signal to background
ratio is slightly better. This consists of performing a fitatarge 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 distribugitow enough, and we have
sizeable side bands far from the peak where the signal botith is negligible on both
sides, we can extrapolate the background under the peakegsa background distribution

shape. An example of such a configuration is shown on Figdre 4.

This method will be difficult to use at the start of ATLAS optoa, as there is no measure
of the quality of the extrapolation to warn us if our assummpsiare wrong, unlike the? for
the fit. If the background is well described, however, it lessddvantage to require much less
statistics to give accurate results compared to the fit. tiately, as the trigger threshold
increases, the turn-on curve gets closer to ZRgeak 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 sma@eters 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 quotedbarmare the number of pairs in
a range of 80—100 GeV around tA® mass.

While the functional form is not something easily modifiethcg it relies on our un-
derstanding of the measurement, the other parametersayeasbitrary and only roughly

optimized for speed and statistical reasons.

To measure the effect of such parameters, we perform the ssasurement 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 tircepe when we reduce the

peak range. In practice, the answers are different, in s@sescby quite a large margin.
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The Figure 4.8 show one such spectrum fitted in four diffecemifigurations. The quoted

numbers are the number of pairs in a range of-8®0 GeV around th&° mass.

We decided to quote as the result for number of pairs, themeigaverage of all these
measurements as some fits fail due to poor statistics, ardsystematic error, the standard
deviation between these. We keep as a statistical errorrtbe feom the nominal set of
parameters, as it is the one with the largest statisticeefibie the one whose fit is the best

constrained.

In conclusion, we have completely described a method tcaeixthe number of di-
electron pairs produced througlZ&— e*eprocess from a background contaminated sam-
ple. This includes a measure of the systematic error linked 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 thectegeontribution of the

background in Monte-Carlo simulations of the ATLAS detecto

Most of these were extracted by fully simulating the outcarhthe given process as it
passes through the detector. We simulated more thapt23avorth of Z° — ete~ events.
We then took events from our main backgrounds scaled to time $aminosity. In cases
where we did not produce enough events to match the requitedrated luminosity, we

attributed weights to the events we collected to correctifedluminosity ratio.

However, this is a highly time consuming process. For a @®etike dijet production, it
was computationally impossible to simulate enough eventstch the simulated luminosity
for thez® — eTe~ sample. Even with more than six million simulated events tthtal dijets

sample only represent around@pb~. Even at the lower luminosity expected at start-up,
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Figure 4.9: Probability for a jet to fake a electron passithglantification cuts (ISEM Elec-
tronTight).

this represents but a few minutes of running.

The main problem is that, if we attribute a weight to the esguassing our whole se-
lection, the weight is very largex{50000) and we end up with a spectrum with very sharp

peaks which is un-physical and is quite clearly an artefaouo simulation shortcomings.

We therefore needed to devise a technique to get a smoaothatistn of the background

shape and normalisation. We elected to use a method baseldl@rate estimation.

4.4.1 Electron fake rate estimation

The main reason we get sharp peaks in our estimation of thagbmmd from the dijets

process, is that our selection has a large rejection fag&inat dijets. The background con-
tribution mainly comes from the fact that the dijets crosst®n is so large. One way to get
a smooth background estimate is that instead of having ahivefdl for events passing our
selection and a weight of O for the others, we can attribugatevent 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 propertigs, n') and(E2,n?). We can then
compute the probability for each of the jets to fake an etectwith our different require-
ments. The weight of an event is computed by the probabifiyne of the jets to fake the
first electron multiplied by the probability for the secomd jo fake the other. As an exam-
ple, Figure 4.9 shows the probability for a jet to fake antetectpassing all the identification
cuts. This is plotted as a function Bf andn, 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 filoenuse of a different
sample. Table 2.6 was computed from a broad simulation efifethe ATLAS detector,
whereas figure 4.9 was computed from a sample to which a desigyilter was applied.
The aim of the filter is to select generator level jets whichsent an increased probability
to fake leptons, hence the higher fake rate in this sample.rate is only moderately higher
because the filter only needs one jet to pass the selectioreadhthe 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 tlatrelenagnetic energy scale will

be different from the jet one. To do just that, we plot a two @ivsional histogram of the jet
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Er against the fake electrder for all jets that were falsely reconstructed as an electeon a
in Figure 4.10a. Then, when we get any jet with a transvereeggrofE{et, we select a slice

of that histogram alon&jet, which gives us the distribution of the electron energy iots
a jet as in Figure 4.10b. We then pick a random number fromdiséiibution. 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 fromge leackground sample is

described in figure 4.11.

For each event in the sample, we loop over the jets in the el#eneach jet, we create a
fake electron using the energy correction described in@sedt4.2. We then check whether
that electron would pass the kinematic acceptance cuthofitst electron in our normal

analysis. If it does, we keep that electron and calculat@tbkability for that jet to pass the
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Figure 4.12: Dijets background contribution.

other requirements on the electron (trigger levels, idieation 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 tbdimother potential elec-
tron. For each, we create again a fake electron. Just likinéofirst one, we check this fake
electron would pass the selection for the second electroarianalysis (clustepr, n, etc.).

Again we calculate the probability for that jet to fake ouc@ed electron selection.

Now armed with both electrons, we save the pair as a di-elec@ndidate with a weight
equal to the probability that both jets were faking the rightl of electron. This method pro-
vides us with a very large number of pairs, but each with a il@mweight, hence providing

us with a smooth spectrum with a low normalisation.

To get the normalisation right, we add the requirement thiatssnooth spectrum must
have the same integral as the ragged one we get from the nanalgkis on the same dataset
so that we end up with a smooth spectrum representing thgratezl luminosity of our
original sample. This indicated that the fake rate methadiy® normalisation wrong by
3%. We can then just multiply the weight of the whole samplentich the luminosity of

our signal sample without risking isolated sharp peaks asamesee in Figure 4.12.

The peak at thg® mass in Figure 4.12a, is due to the presence of a fed( in 4
million) real Z° production during the scattering process. This effect isnahelmingly

dominated by the fake jets which is why is does not appear irestimate. What is more,
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such events contain a rea? 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 measuringettieoe reconstruction at
ATLAS as described in Section 2.2 during two separate comguaeixercises in 2007-2008.
It presents the measured efficiency comparing it with the tet@arlo truth when available.

The efficiency is presented differentially when the statispermit it.

During the run-up to the LHC startup, the ATLAS community Heeen preparing for
data taking by organizing computing exercises. The idea isse Monte-Carlo simulated
data to train and assess the different algorithms needegctmstruct events and prepare
the necessary tools for physics analyses. A first seriesetises was organized, before
2006, under the name Data Challenge whose aim was to aseesstability of the ATLAS

computing architecture to the volume of data expected fiwerekperiment.

Then, between 2006 and 2008, the Computing Software Clgalé@8SC) was meant
to test all aspects of the ATLAS software from triggers to ptete physics analyses. The
results were then compiled by the collaboration and werdighdxd as=xpected Performance

of the ATLAS Experiment, Detector, Trigger and Phy&3.

Finally, in 2008, another exercise was set-up to test the pigeline and reconstruction

infrastructure. The so-called Full Dress Rehearsal (FDRykted 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 exercisewas geared toward preparing for physics analyses. As sath,vbs
prepared to simulate most expected processes that we shewltle to study at ATLAS,
from well-known SM processes liR&%™ — e™ v, to different beyond the SM processes like
SUSY. These samples are produced separately to be ablaltoprcisely the contribution
of each on a given analysis. They obviously need to be cordl@neording 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 lvaokgls are considered. Our
signal is obviouslyZ® — ete~ for the reasons we explained in section 2.3.1, while the four

backgrounds are :
e pp—Z2° - 1t17;
* pp—ti;
e pp— W+ jets
e pp— jets

The list of datasets used and the software versions for ffereht simulation steps is

given in Appendix A.

Lwhile the original samples used in the CSC exercise andghaddiin [25] were generated with a centre of
mass energy of 14 TeV and were simulated and reconstructagvévious versions of the ATLAS software,
the results presented in this section have been updatectdaia samples generated with a centre of mass
energy of 10 TeV and simulated and reconstructed with maemgRelease 14) software.
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Process number of events cross-section (pb) filter efficiency
pp— ZY — efe” 909909 1143.96 0.86
pp—Z20 - 1t1™ 97907 1128.37 1.0

pp— tt 1027675 373.59 0.55

pp—W — ev 964526 11764.6 0.88
pp— jet + jet 1003804 1.461.10° 0.0706

Table 5.1: Cross-sections and sizes of the samples usatef@SC like analysis.

We processed the event samples listed in Table 5.1 and Ugrappropriate weights for

each event to get an equivalent sample of integrated lurityr@4 pb—1.

All the results presented in this chapter have been obtausitly Athena version

14.2.25.0 and ROOT version 5.18.

The trigger menu (list of triggers) used in these samplelsasone expected to be used
by ATLAS once the LHC reaches a luminosity of¥¥@m2s~L. In this menu, the lowest
non-prescaled trigger chain is calibrated for an isolate&&V electron. It consists of one
13 GeVregion of interest (LIEM13I) and two high-level trigger objects (L&15Lmedium
and EFel5imedium). This dictates that our acceptances will be fortedes above 1&eV

and with|n| < 2.5.

All results in this chapter are compared to “Truth” infornoat We selected events for
which both truth electrons passed the same acceptance it aeconstructed ones to
account for biases due to the selection as explained in €haptThen we studied which
fraction was effectively reconstructed as offline elecsraimus yielding the “true electron
efficiency”. The criteria for electron resconstructionhgt a reconstructed electron can be
found withinAR < 0.2 of the true electron in the — —¢ plane. This is plotted in black with

yellow statistical errors throughout this chapter.
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Figure 5.1: Electron efficiencies for a signal only sampleoEs include systematics.

5.1.2 Signal only tests

This first section compares the result we get from our aligoritf we only consider the
signal sample. It can be considered an ideal case where legtiea (2.3) is perfect and we
only analysed?® — ete"events. There are nevertheless a few fake™ pairs remaining

due mainly to wrong combinations between a real tight ebacémd a cluster coming from

another object, e.g. a jet.

Hence we still perform the background removal explaineeatisn 4.2.2.1. The combi-
natorial background is small compared to the one origigdtiom other processes but should
not be discarded. For the overall sample, we estimated thdeuof background events to
12121+ 849 out of 483831 696 events whose electron-cluster pair has an invarians mas
in the range 82-10GeV (2.5%) and 1050& 774 out of the 43983% 663 events whose

cluster is matched to an electron32%).

This background contribution in the simulation is small; the addition of pile-up once
the LHC reaches the design luminosity will increase thisticbation because of our very

loose requirements on the probe electron.

Table 5.2 and Figure 5.1a show the measured efficiency cadpgarthe Monte-Carlo

truth as a function of). Table 5.2 also shows the difference between the two as the ra
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Measured Monte Carlo| difference
L mean stat. syst. mean stat. (0)
—-250—2.00| 79.51 0.22 0.44 79.50 0.17 0.01
—-2.00—152|85.04 0.18 0.44 84.66 0.14, 0.63
—-152—1.37|91.14 0.26 0.8 89.85 0.20 1.18
—-1.37—1.00| 93.11 0.13 0.4992.71 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
—0.34-000 | 95.00 0.11 0.4794.82 0.08 0.31
0.00-034 |94.89 0.11 0.4794.79 0.08 0.18
0.34-Q70 |94.26 0.11 0.46 94.80 0.08/ -0.96
0.70-100 | 95.32 0.12 0.5 94.76 0.09 0.84
1.00-137 |93.05 0.13 0.4992.86 0.10 0.31
1.37-152 |90.99 0.26 0.86 89.93 0.19 0.98
1.52-200 |84.78 0.18 0.44 84.26 0.14) 0.84
2.00-250 |80.57 0.21 0.4580.85 0.17| -0.43

Table 5.2: Electron efficiency as a functionrpfor a signal only sample

- s 7sm - - . . .
tio g?rtgirw; The quoted systematic uncertainty is associated with dec&dround subtrac-

tion and the different choices we made for the binning ofritistion.

The fact that the measured uncertainty is consistentlyimvitime sigma from the MC
truth indicates that the errors on the measured and MC vaeesorrelated (mostly the

statistical component) but proves our capacity to condeteasurement with accuracy.

What is more, the asymmetry observediins an artefact of the geometry used in the
CSC exercise. Additional dead material was introducederstimulation for half the detector
to study its impact on the performance. In practise, aftemggascertained that the detector
is symmetric using this method, we will fold the detector tiady ||, hence doubling our

statistics.

The results agree over the whole range, proving our capsaxityeasure the efficiency
in a clean sample with minimum bias. The binning was chosendtch the geometry of
the detector while maintaining high enough statistics ichelain. The crack region in the
calorimeter (137 < n < 1.52) is treated separately because the resolution is expertse

much worse and so it disturbs the line shape ofaheesonance.
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Measured Monte Carlo| difference
Er (GeV) mean stat. syst.mean stat. (0)
15.00-2400 | 88.22 0.17 0.48 87.80 0.12| 0.68
24.00-3000 |89.20 0.14 0.40Q 89.27 0.10, -0.14
30.00-3470 |89.86 0.12 0.3790.14 0.09 -0.58
34.70-3840 | 90.75 0.11 0.36 90.49 0.09] 0.56
3840-4160 | 91.31 0.11 0.36 90.85 0.09] 1.00
41.60-4490 |91.61 0.10 0.3391.38 0.09] 0.52
44.90-5000 | 93.59 0.09 0.3 91.75 0.08] 3.99
50.00-10000| 91.50 0.11 8.0Q0 91.58 0.08] -0.01

Table 5.3: Electron efficiency as a function®f (GeV) for a signal only sample
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Figure 5.2: Electron efficiencies for a sample without dijéfrrors include systematics.

Considering the distribution as a function Bf (see Figure 5.1b and Table 5.3), the

agreement is again very good, with an overestimation a¢leadpes ot (41 GeV< Er <

50GeV).

5.1.3 Signal and non-QCD backgrounds

As we explained in section 4.4, QCD represents a major ciggi€or the simulation of AT-
LAS data due to its large cross-section at the LHC. Sincedeugoes a particular treatment,
we will consider it separately. As Table 5.1 shows, we aradysnough events from our
other backgrounds so that we can just reweigh our eventouiittreating artefacts from

outstanding events through reweighting (artificial spikedistributions).
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Measured Monte Carlo| difference
L mean stat. syst. mean stat. (0)
—-2.50—2.00|80.31 0.21 0.46 79.50 0.17 1.20
—-2.00—152|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 0.5Q0 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
—0.34-000 |94.56 0.11 0.5Q0 94.82 0.08 -0.43
0.00-034 |94.71 0.11 0.4794.79 0.08/ -0.14
0.34-Q70 | 95.03 0.11 0.47 94.80 0.08 0.42
0.70-100 | 95.72 0.11 0.66 94.76 0.09 1.26
1.00-137 |93.58 0.13 0.4992.86 0.10 1.18
1.37-152 |91.31 0.26 0.8989.93 0.19 1.23
1.52-200 | 85.07 0.18 0.44 84.26 0.14 1.32
2.00-250 |81.70 0.21 0.46 80.85 0.17 1.27

Table 5.4: Electron efficiency as a functionrmpfor a sample without dijets.

In the case where we collected a sample containing our sahoiad) with our three other
backgrounds, the contribution of background increase@8# 2+ 957 out of 494473 754
simple electron-cluster pairs.@lL%) and to 19404 845 out of 44902# 716 matched pairs
(4.32%). This doubles our background contribution but hastéchimpact on our capacity

to measure the efficiency.

As we can see from Figure 5.2a, the addition of these backgohas little impact on
our mean estimate. We observe a systematic overestimatibie iend-cap. Comparing the
results from Table 5.4 with Table 5.2, we can notice a smatkase in the systematic errors

coming from a higher uncertainty on the background estionati

Figure 5.2b and Table 5.5 again show an excellent agreemeapteat very largdeT.
This can be explained by looking at the fit. At large the background events do not follow

the exponential background description as we can see oneFig8.

This leads to a poor background estimation in that region as@ consequence, biases
the result. This bias is anticipated to distort the spectasnour selection of a Tag with a

minimum Er of 15 GeV and a probe of minimum 5GeV the phase-space for low-mass
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Er (GeV) Measured Monte Carlo| difference
mean stat. syst.mean stat. (0)
15.00-2400 | 88.59 0.17 0.47 87.80 0.12 1.27
24.00-3000 |89.27 0.14 0.4Q 89.27 0.10, 0.00
30.00-3470 |90.25 0.12 0.3790.14 0.09, 0.23
34.70-3840 |90.58 0.11 0.36 90.49 0.09, 0.19
3840-4160 | 91.12 0.11 0.3 90.85 0.09] 0.58
41.60-4490 | 91.94 0.10 0.3591.38 0.09 1.27
4490-5000 | 91.35 0.11 0.4391.75 0.08 -0.77
50.00-10000 | 91.81 0.11 0.5491.58 0.08 0.35

Table 5.5: Electron efficiency as a functionf (GeV) for a sample without dijets.
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Figure 5.3: Invariant mass spectrum of tag and probe pair clwhihave
4490GeV < EP®P® < 50GeV Sample includes signal and non QCD back-
grounds. The straight line represents the background ibatibn evaluated
from the fit.
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Sample All pairs Match pairs

Signal only 471710+ 487 | 429337+ 399

Signal and non-QCD backgrounggl71632+ 589 | 429623+ 449
All backgrounds 469527+ 833 | 422794+ 1342

Table 5.6: Estimated number of signal events for differantgle mixing

pairs is much reduced. Only boosted pairs where the tag @nrtibe are bunched together

will fill the left side of the spectrum.

High-energy fakes are less likely, as they mostly punchupindo the hadronic calorime-
ter, but they still distort the spectrum. We didn’t take angi@n at this point to do a special fit

for these bins as the effects of QCD fake still needs to bechddd are expected to dominate.

5.1.4 Complete sample with estimated QCD background

As we explained in section 4.4, the contribution from QCD tiedse estimated in our simula-
tion data. It is by far the largest contribution to our baakgrd, in particular for low energy

probes, since most fakes will come from low energy jets.

After we added in the QCD, the contribution of backgroundeased to 226818 2484
out of 696345+ 2123 simple electron-cluster pairs (88%) and to 207016 2512 out of
629870+ 2123 matched pairs (326%). This huge increase in background is the main worry

at the LHC as the QCD contribution at these energies suffens Yery large uncertainties.

In this exercise, as we can see from Table 5.6, despite theéharcthe signal to noise
ratio dropped from 40:1 to 2:1 with the introduction of ditfat background, we managed to

keep a consistent estimate of tleal number of pairs overall (5% variation).

The main effect of the QCD background addition is a largedase in the systematic
error for all distributions. Large background effects hayppt large pseudo-rapidity and low
Er, where most of the fakes are concentrated. Apart fronmtla@d Et distribution, Table

5.9 shows the effect of correlations between the two vaemblThediff column indicates
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Figure 5.4: Electron efficiencies for a realistic sampldudig an estimated QCD back-
ground. Errors include systematics.

the difference between the measured efficiency and the imutktrms of the error on the

measured efficiency.

Just like for the non QCD case, the degradation of performahow and higler comes

from distortions to the line shape as illustrated on Figuke 5

At low Er (Figure 5.5a), the signal to noise ratio becomes an issuehisncase in
particular, where our QCD background estimation methodiga large uncertainty for
each bin, the fit quality cannot be assessed effectivelysidening that the absolute level of
the background in data is still relatively unknown due todheertainty on the cross-section,

one may have to raise the threshold at which to select itsrelex

At high Er (Figure 5.5b), the background distribution looks like a flatlestal. Once
again, itis poorly described by our falling exponential ardifferent function will be used in
this case if data proves to follow this behaviour. A test perfed on the spectrum shown on
Figure 5.6 shows that changing the background from an expi@héo a quadratic function
(f(m) = a-m? +b-m+c) improves thex? for the fits (85.92/48 down from 94.03/48).
The uncertainty is still large, in particular at low and higlkariant mass. Once first data is
available, systematic studies will be carried on to find threction giving the best description

of the line shape for each regime.



5.1 Electron reconstruction efficiency measurement duringhe CSC exercise 88

Measured Monte Carlo| difference
L mean stat. syst.mean stat. (0)
—-250—2.00|81.24 0.21 0.89 79.50 0.17 1.60
—-2.00—152|85.36 0.18 0.75 84.66 0.14 0.77
—-152—1.37|194.01 0.21 1.84 89.85 0.20 2.04
—1.37—1.00| 93.84 0.12 0.4992.71 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 0.08f 0.54
—0.34-Q00 94.75 0.11 0.48 94.82 0.08] -0.11
0.00-034 94.87 0.11 0.48 94.79 0.08] -0.14
0.34-070 |94.67 0.11 0.6Q 94.80 0.08 -0.19
0.70-100 |94.86 0.12 0.5394.76 0.09] 0.15
1.00-137 |94.11 0.12 0.5092.86 0.10f] 2.02
1.37-152 |91.45 0.28 0.92 89.93 0.19 1.32
152-200 |87.20 0.17 1.07 84.26 0.14| 2.41
2.00-250 |[83.62 0.21 0.9480.85 0.17] 2.44

Table 5.7: Electron efficiency as a functionrpfor a realistic sample including an estimated
QCD background.

Measured Monte Carlo| difference
Er (GeV) mean stat. syst. mean stat. (0) X?/NDF
15.00-2400 | 90.10 0.16 1.4187.80 0.12 1.50 54.98/48
24.00-3000 | 88.73 0.14 0.4Q 89.27 0.10; -1.03 57.38/48
30.00-3470 | 90.05 0.12 0.37 90.14 0.09] -0.19 55.59/48
34.70-3840 | 90.41 0.12 0.3 90.49 0.09] -0.18 50.82/48
3840-4160 | 90.66 0.11 0.353 90.85 0.09] -0.41 97.87/48
41.60-4490 | 89.91 0.11 0.3491.38 0.09] -3.29 90.64/48
4490-5000 | 91.49 0.11 0.3491.75 0.08 -0.58 307.66/48
50.00-10000 | 93.15 0.10 0.42 91.58 0.08 3.04 94.03/48

Table 5.8: Electron efficiency as a function®f (GeV) for a realistic sample including an
estimated QCD background.

In| \Er (GeV) 15.00-3240 3240-4243 42.43-7500
MIAET mean stat. systl diff.(0) | mean stat. systl diff.(0) | mean stat. syst diff.(g)

0.00-Q70 | 9540 0.11 052 215 | 9424 009 037 121 | 9542 0.08 0.44 0.06

0.70-137 | 9231 0.15 064 033 |9269 011 039 198 | 93.04 0.11 0.41 357

137-152 |89.88 037 179 061 |91.35 029 095 118 |9154 032 1.08 0.15

152-200 |81.71 026 148 0.78 |84.06 0.21 050 0.11 | 86.63 0.20 0.59 0.81

200-250 |83.02 024 150 186 |8058 0.26 054 054 | 7960 0.28 057 1.28

Table 5.9: Electron efficiency as a function®f (GeV) and|n| for a realistic sample in-
cluding an estimated QCD background.
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Figure 5.5: Invariant mass spectrum of tag and probe paasip& includes all background
samples. The straight line represents the backgroundilotitm evaluated from
the fit.

events

108
- xndf : 58.95/48

PRI RS T A N T ST S SR .
80 90 100 110 120
mass (GeV)

L
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the fit.
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5.1.5 Different background normalisations

As we explained in Chapter 4, our knowledge of the QCD baakauds very limited. The
expected cross-section of the dijet process suffers anrtamaty of £50%. As such it is
important for us to check that our methods yields consisesuilts in the different situations.
We performed the same analysis as in subsection 5.1.4, husibyg weights of &, 1 and

1.5 for QCD background events.

As expected, we can see from Figures 5.7 and 5.8 that thel $@naise ratio has an
inverse effect on the uncertainty of our measurement. Famériosity of 1 fb-t, the implied
uncertainty raises from 1% to about 3%. The overall capacityeasurement the efficiency

is not fundamentally affected.

5.1.6 Other results on this type of analysis

As described earlier, the same exercise has been carrigdroiine ATLAS collaboration

for [25]. Results can bee seen in the Chajftlerctrons and Photongages 88-91 and in the
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ChapterStandard Modelpages 761-763. Both results focused on a lower luminos@g (

and 50 pb! resp.).

5.2 Electron reconstruction efficiency measurement for a

FDR-style exercise

The FDR (Full Dress Rehearsal) was the last computing eseeriganized to test the AT-
LAS software before the planned start-up of the LHC in Sepem2008. 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 mixedralate the expected output of
the detector. The simulated hits were inserted in the ATLA& ¢bipeline to test the trigger

and reconstruction frameworks.
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Run number dataset luminosity (nb) | events
52280 fdr08_run2.0052280.physidsgamma.merge.AOD.a37_-m26 348.00 90588
52283 fdr08.run2.0052280.physidsgamma.merge.AOD.af37-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 dagsh d@ay’s series of
runs is supposed to correspond approximately to an LHC “filkie two runs used for this
analysis correspond to misaligned data reconstructed tivétlgeometry ATLAS-CSC-02-
00-00, both at 1% cm2s~1 average luminosity. This geometry is the one extracted by th
ATLAS alignment group during the CSC exercise and repraesamealistic estimate of our

knowledge of theeal detector geometry after a few months of data taking.
Finally, the software release used to reconstruct thesgewas AtlasTier0-14.2.20.6.

The runs considered for this study are listed in Table 5.1@ difference in the number
of events between the two samples comes from the fact thatunmer 52280 also included
a filtered dijets sample to increase the fake electron piibtyaldltogether, the QCD contri-
bution is largely underestimated, as the simulated stziavailable at ATLAS in insufficient

to match the luminosity used for other samples.

The trigger menu used was different from the one used in th@ &gorithm. As a result,
we used a different trigger chain to sel&ft— et e~ candidate events. Among the available
non-prescale trigger chains, the isolated 20 GeV electhaincis the closest to the lower
threshold of 15 GeV we want to study. This chain consists oé2el 1 18 GeV region of

interest (LLEM18) and two high-level trigger objects (L&20i and EEe20i).

5.2.2 Efficiency determination in very early data

The limited luminosity of the sample (627nb~1) combined with the lack of QCD contribu-
tion limit our ability to estimate the background contriloutin this sample. The background

is much lower than what we anticipated in the CSC exercisth, thie contribution of back-
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Figure 5.10: Electron efficiencies in FDR sample. Error$ude systematics.

ground being limited to 12& 52 out of 1574 37 simple electron-cluster pairs.{8%) and

to 78452 out of 1392+ 40 matched pairs (6%). This background estimation is compatible
with the background estimate we got from the CSC estimateambn-QCD sample (Sec-
tion 5.1.3). The increase can be explained by the inclusi@ome other dilepton samples

and the small QCD sample in run 52280.

The Figure 5.10 shows the measured efficiency in the FDR sar@ven that the FDR
sample doesn’t include any Monte Carlo truth informatidre imeasured efficiency is over-
laid with the MC information extracted from the CSC dataseicbmparison. The statistical

uncertainty on the MC truth corresponds to the same lumipasithe FDR sample.
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Measured Monte Carlo| difference
nl mean stat. syst mean (0)
0.00-Q70| 95.96 0.84 4.31 94.87 0.25
0.70-137| 89.70 1.17 5.60 93.81 0.71
1.37-152 | 86.70 3.92 11.06 89.89 0.27
1.52-240| 82.72 2.13 5.65 82.85 0.02

Table 5.11: Electron Efficiency as a function|gf in FDR sample

Measured Monte Carlo| difference
Er (GeV)
mean stat. syst mean (0)
15.00-2900 | 88.01 2.44 8.86 88.45 0.05
29.00-3700 | 90.17 1.88 5.71 90.21 0.01
37.00-4500 | 96.38 0.87 4.81 91.05 1.08
45.00-10000 | 90.68 1.24 67.79 91.66 0.01

Table 5.12: Electron Efficiency as a function®f (GeV) in FDR sample

Despite the challenging luminosity, these results desinatesthe fact that we can get
insight as to the behaviour of the reconstruction to thelle¥&% after just a couple of
running hours at this luminosity in absence of QCD backgdoulve 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 collabaratid have appeared in talks at

conferences and proceedings.

The methods and algorithms have been incorporated in algtobaborative effort to
measure the detector performance from data. Called In&itoihance, this effort regroups
efficiencies and resolutions measurement for the diffaygr@s of object ATLAS will try to
reconstruct. In particular, the event selection and th&dpanind subtraction method have
been converted to an Athena algorithm and tool respectasadlyare now part of the official
ATLAS release. The background subtraction tool in particu$ available to use by any

analyses in PhysicsAnalysis/AnalysisCommon/Insituitertance/EGammaPerformance.
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The InSituPerformance framework is aimed at providing alomated system to mea-
sure ATLAS performances with data to be then used by othdysemlike cross-section

calculations.

The current effort points to the fact that we sould be able éasure the efficiency to
within 5% in a few hours and to within 1% to 3%in a few of monthepdnding 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 simulat&idation group to verify the
usability of the fast simulation ATLFASTII to simula®® — ete~ events and most back-
grounds. It describes the fast simulation software useth®reconstruction and compares

the fast and full simulation results.

Due to the complexity of the ATLAS detector, in particulas ligh granularity, simu-
lating the accurate propagation of particles is a time-gomnsg process. At ATLAS, we
evaluate the average time to simulate the propagation tifafparticles of an event from the
centre of the detector to the muon system to about fifteentesnd his makes this solution
impractical for large scale productions or tests involuiifferent sets of parameters. Other
solutions have been proposed that sacrifice accuracy fedspehe usability of such solu-
tions to study physics processes must be checked, i.eat@atidagainst 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 als $imulation, is based on
a high precision description of the detector geometry aedihterial budget in the detec-
tor. All known particle-matter interaction effects are mnetidd using the Geant4 software
program [27, 28]. This high precision has a price in speet nigkes its usage difficult
for comparison between the data and the Monte-Carlo simul&ir processes with a large

cross-section.

Different options have been proposed to improve the speddecsimulation. They are

all based on the same principle.

6.1.1 Principle of fast simulation of particle reconstructon

The most costly part of the full simulation is the computataf the evolution of each in-

dividual particle coming out of a hard interaction. The pgedracking of each patrticle, of
its interactions, and of the interactions of each partictedpced during any decay require
significant computing time. The simulation of particlesgag through the calorimeters in

particular is very costly because of the high material dgnisithe detector.

Fast simulation strategies are based on the principle ohgeedetector responses. For
each patrticle type, many single particles are fully simedatWe then collect the distribu-
tion of the main reconstructed physical parameters thaomsider are important for physics
studies (transverse energy and momentum, shower shapblesti. . .). When we then want
to reconstruct another particle of that type in fast simaigtwe take the corresponding dis-
tributions for particles with the same basic truth paramse(pseudo-rapidity, momentum),
and draw random values from these distributions. This islaino the principle we pre-

sented to simulate a large number of fake electrons withr@ctad energy scale from a dijet
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Figure 6.1: Difference between the full and fast reconsitbac

sample in section 4.4.2. This process is called smearingcancgroduce 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 randombairgenerator to make sure

the result follows the right distribution. Again, partislare binned for optimal statistics.

This approach, despite being much faster, presents a lohvétions. Due to the limited
statistics available to create the initial distributionse has to make concessions as to the
precision of the distributions. More importantly, it is yadifficult to take into consideration
the correlations between the different observables, saclioa example, the interactions

between different energy depositions in busy event topetog

6.1.2 ATLFASTII fast simulation

To improve the overall accuracy of the fast reconstructidfil_FASTII, the current fast
simulation strategy in ATLAS, combines features of the st full simulations. It uses

a full simulation of the inner detector (PIXEL, SCT and TRd)get a good representation
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of the particle tracking and a fast simulation of the calatens (FastCaloSim). This limits
the time-saving aspect of the fast simulation to a factorlmitimproves accuracy compared
with older versions which used a crude fast(er) trackingllgm. This work investigates

the state of ATLFASTII in Athena 14.2.25.8.

Newer algorithms are being tested as well to use a more mddstriracking system
(ATLFASTII-F) that would save more time. Another extensierto produce detector hits
instead of reconstructed objects: this project is calledBYSTII-D (for digitization). This
allows to run trigger code out-of-the-box as well. This itemded 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 smearimnggss does produce objects
that reproduce all the main features of the full simulatidrhis is generally done using

single particle samples to be able to check that each palneadétector geometry is repro-
duced effectively. This work was carried out by the ATLFASValidation 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 outpufwf and fast simulations on
complete analyses. Some physics processes are chosers,(Wigd) to be reconstructed
by both full and fast simulation. We then compare the efficyeof the different selection
cuts to verify they comply between the two approaches. Thaad/ses are also run on the

different backgrounds to check the usability of ATLFASTAF 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 frozéneach release, as the under-
standing of the detector improves, the output of the sinaafor a given release differs
from our best understanding at any given time. In order tocake simulating every event,
every time a constant changes, a post-simulation corresitbeme has been devised. It
takes the finished output from the fast simulation and diyghibdifies some of the observ-
ables (identification flags, momentum, ...) to match our baserstanding of the detector
performances. These corrections can be applied to be savesmdatasets for later use, or

can be performed on the fly to match different running condgi

The reason we need to apply such corrections is that a fixesioveof ATLFAST is
released with built-in values of the smearing distribusiand identification efficiencies. As
new full simulation versions are released or as more dataogéiected, the ATLFAST output
drifts from our up-to-date knowledge of the detector. Theextions allow us to reduce the

difference without rerunning the whole fast simulatiomfiework.
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6.2 BenchmarkZ® — ete™ analysis validation

The aim of the validation exercise is to design a simple seledor Z° — ete~ events
and run it on the signal dataset and its main background ttyweinether the fast simulation
complies with the full simulation. This would justify theeisf 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 sec@@ The selection has to be
simplified slightly as not all features of full simulationeaavailable in the fast simulation in

version 14.

6.2.1.1 Event selection

In particular, as no trigger information is available, tiedestion skips that step entirely. We
retain the missing transverse selection. The maximum ffusancreased to 25 GeV. It
will still be an important discrimination factor againsetbackgrounds, but since the object
selection has a higher discrimination factor than the orel isr the electron efficiency, we
can afford to increase our acceptance slightly, withotingtany more background in our

selection.

6.2.1.2 Objects selection

The object selection consists of requiring two reconsedielectrons with tight identification
selection cuts (see ElectronTight in Section 2.1.2.3).a8se of the inner detector geometry,
we still restrict electrons to an absolute pseudo-rapioépw 25. Tight identification was
chosen because it is the largest sample of electron withettme sdentification cut. Medium

would include electrons which are medium but not tight. Tikig fraction of the signal
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(~ 10%) for which we expect the fast simulation to be less rédidlecause the sample from

which to extract the constant is much smaller.

Despite the lack of trigger threshold, we still retained th@imum transverse energy

threshold at 15 GeV, as it is what we expect to use when dat®écome available.

As we are interested in pairs around #femass 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 ATlt&&nstruction software. The
full simulation dataset is plotted in black throughout ttiepter. The standard fast simula-
tion results appear in red while the fast simulation withtgsulation 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 samgibutions in full and fast

simulations.

6.2.2.1 Efficiencies

We started by checking that the electron efficiency is theestimoughout all samples. Any

deviation would bias the final number of events passing alegcten.

For that we compared the thrge — et e~ datasets: we measured in each the probability

for a generator-level electron to be reconstructed as atrefewith tight cuts.
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Figure 6.3: Comparison of tight electron efficiencies. Blsttion colours are defined in
Section 6.2.1.3.

As we can see from Figure 6.3, the efficiency is higher in teeganulated sample than
in the fully reconstructed one. The deviation is clearlyblsat lowEr where the difference
reaches 4%. In pseudo-rapidity, we see the main differentteeicrack region (B7 < [n| <
1.52). There also is a large difference at ~ 0.8 where the full simulation efficiency drops

while the fast simulation efficiency remains level with respto the neighbouring bins.

The application of efficiency correction on this sample stolearly the important effect
they can have. The behaviour of the full simulation is mudtdaoeeproduced over the whole
range of pseudo-rapidity and energy. The corrections @® éfficient in the calorimeter
transition regions|| ~ 0.8 or|n| ~ 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 saatleseimples. In order to
achieve this, we looked at the relative difference in transg energy between the generator-

level electrons and their reconstructed counter parts.

Figure 6.4 shows that the energy scale is very consistenteleet the fast and the full

simulations. The match shows an overestimation as a funofi&y of the order of (6%.
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Figure 6.4: Comparison of Tight electron energy scalestribigion colours are defined in
Section 6.2.1.3.

Figure 6.4a show that while the energy is well estimated & liarrel region, the crack
region (137 < |n| < 1.52) and the end-capg)| > 1.52) present sizeable deviations. These
effects come from the fact that the energy scale in thesemsgiresent highly non-gaussian

distributions which make the fast simulation less reliable

Overall the fast simulation smooths out the effect of theecketr geometry due to the
averaging effect of the smearing. The used version of thegosilation corrections does

not attempt to correct the energy scale, hence the lackfefdifce between the two samples.

The overall effect of the complicated structure in pseumladity leads to a small bias
over the whole energy range as we can clearly see from Figdte @his means that on
average, the electrons from the fast simulation are siidesls energetic than the ones from

full simulation by about (%.

6.2.2.3 Electron parameter distributions

After having observed the small differences in efficiencgt anergy scale, we can carry out
the selections described earlier to keep only tight elestamming fronz® decays. Because
each datasets contain a different number of events, weaytré normalized distributions,

to hide the differences in luminosity. Any difference in @iféciency of the event selection
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Figure 6.5: Comparison of electron distributions. Disitibn 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 betweeulkla@d fast simulation is
generally good (excluding crack region). The fast simalabnly exhibits a small underes-

timation in the central barrel region.

Unfortunately, the fast simulation is less well tuned to dime precise detector ef-
fects like the parameters of the electro-magnetic showiguré€ 6.5¢ shows that the trans-
verse energy in a hollow cone around an electron is undenattd by the fast simulation.
This is a difficult variable to simulate because it is heawiffected by final state radiation,
bremsstrahlung and clustering effects. Most shower-sredpted variables are not correctly
modelled. Figure 6.5d shows another distribution whichegasignificantly from the full

simulation. The distribution is the distribution of thedten of the energy deposited in the
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Figure 6.6: Distributions of parameters of the reconsadotlectron pairs. Distribution

colours are defined in Section 6.2.1.3.
electro-magnetic calorimeter in a window of five strips cedtaround the maximum energy
strip in the first longitudinal layer to the total energy ottehower. The reason that the
shapes differ so wildly is that the parametrisation wasaetéd using an outdated version of

the full simulation and that the distribution had not beedatpd since.

These two distributions show that the fast simulation, mtésted version, is ill-suited

for analyses that require this level of detalil.

6.2.3 Electron pair distributions

It is important that a simulation maintains the correlati@mtween electrons coming from a

70 decay. Figure 6.6a shows that the transverse momentum wéd¢bastructe@® boson is
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dataset Mean (GeV) | Width (GeV)
mean=error | meant error
full sim 90.618t.005 | 2.56 A .005
fast sim 90.696+.002 | 2.510+ .002
fast sim with corrections 90.700+.005 | 2.516+ .006

Table 6.1: Parameters of the gaussian fit ofZRénvariant mass peak in Figure 6.6b

Mean (GeV)| Width (GeV)
dataset
meart-error | meant error
full sim -0.066+.003 | 1.593+ .003
fast sim 0.0464+.001 | 1.600+ .001
fast sim with corrections 0.048+.003 | 1.600+ .004

Table 6.2: Parameters of the gaussian fit of the distribupiotine difference between the
invariant mass of the electron pair and the invariant masiseofrue electron pair
in Figure 6.6¢

conserved between the samples. As we can see, the fast somuéproduces the spectrum

of the full simulation.

Similarly, the invariant mass distributions plotted onutig 6.6b show a very good agree-
ment. To check the agreement of the peaks, as well as the ofi¢ie& tails, a gaussian fit
is shown. A gaussian is fitted iteratively in a rarjger, 2 - o] around the distribution mean
until it stabilizes. The parameters of the fits are displayetiable 6.1. The fast simulation

agrees again well with the full simulation.

Figure 6.6c shows the difference between the invariant rohfise reconstructed pair
and the one of the true electron pair, i.e. the true electaftes final state radiations might
have happened. Again the distributions match and the gauéisiparameters displayed
in Table 6.2 are in agreement. The small difference in themoaa be explained by the
small difference in energy scale we already noticed, butadMbe effect is negligible when

compared with the width of the peak.

Figure 6.6d shows the difference between the invariant wfabse reconstructed pair and
the mass of the trug® boson in the event. Despite the fact that the fit parametens #iat

the peak is largely unaffected by the fast simulation, wantyesee a lack of fast simulation
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Mean (GeV)| Width (GeV)
dataset
meart-error | meant error
full sim -0.303+.004 | 1.52°A4 .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 distribupiotine difference between the
invariant mass of the electron pair and the invariant maskefruez® boson in

Figure 6.6d
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Figure 6.7: Comparison  of tight electron distribution for vemts where
me — miuth > 3 GeV. Distribution colours are defined in Section 6.2.1.3.

ete”

events in the high tail of the distribution.

Figure 6.7 shows the distribution of the electron paransdtarprecisely the electrons in
events in the high tailnigy — myUth > 3 GeV). We can clearly identify the detector regions
which lead to the lack of events. They correspond to trassidietector regions where the
calorimeter segments are connected (see Figure 1.13).ulllenhulation predicts that the
energy of the pair is much more likely to be overestimatedni¢ of the electrons fall in

the regiongn| ~ O,

n| ~ 0.8 or |[n| ~ 1.5. This results from a large non-linearity of the
reconstructed energy in these regions. While the fast sitionl does present some non-
linear behaviour in these regions, it does not correctlyaepce the effects happening in

these regions.

The difference between the distributions in Figure 6.6disllo see in Figure 6.6b. The

1% or below effect is spread out over many more bins which nzakléference in shape
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invisible to the fit or the naked eye.

TheEr distribution in Figure 6.7b also shows that the fast simotabverestimates the
contribution of lowEt electrons compared to the full simulation. Coupled with sheall
difference in energy scale between the simulations (Figuéb), this leads to the lack of

events where the reconstructed electron pair mass is hilgheithe true mass.

The post-simulation corrections have negligible influencethe distribution shapes.
However the difference in efficiencies does have a notieeabpact 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 theg¢groduces as precisely as
possible the selection applied on the full analysis. One t@asheck this is to compare the

cut flow: we observe which fraction of the signal survivesheaicour cuts.

The different cuts are as follows:

Missing Et The event passes the selection for a maximum missing tresesemergy of

25 GeV;

Acceptance The number of pairs of electrons in these events where betitireh pass the
pseudo-rapidity and minimum momentum cuts. There may be t@an one pair per

event in the case of fakes;

Identification The number of such pairs where both electrons pass thefidation criteria

(ElectronTight);
Charge The number of such pairs where both electrons have oppdsitge;

Mass The number of such pairs with an invariant mass in the winfgGeV, 120 GeV.
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cut G4 AFII Corrected AFII
events cut eff. events cut eff. events cut eff.
Full sample | 983806t447 983806+143 983806527

MissingEr | 965093t443| 98% | 954329t141| 97% | 954324:519| 97%
Acceptance | 425240:294 | 44% | 42515494 45% | 424904346 | 45%
Identification| 223638:213 | 53% | 23145769 54% | 222231250 52%
Charge 222551213 | 100% | 230305:69 | 100% | 221084250 99%
Mass 218478211 | 98% | 22603H-68 98% | 216963t247 | 98%

Table 6.4: Cut flow table for thE® — ete~signal. Number of events is scaled to I fand
statistical errors are MC statistics scaled to the samernasity.
We then compare the effect of each cut on the signal and traelegbounds. The list
of datasets used is listed in Appendix B. We do not comparetieut of the dijet sample
because its large cross section will require a speciahresat for each analysis which will be

too analysis specific. This section will present the cut flallés for the following samples:
e 20 s ete;

AN o

o (t;

o W+ jets

The efficiency of the different cuts for the sigiZfl — ete~ sample, as seen in Table 6.4,

gives us many indications of the strength and weaknesseSIdFASTII.

The number of events left after the Missikg cut is understimated by the fast simula-
tion by approximately 1%. Both samples present the samahiisbn in pseudo-rapidity
and transverse momentum as we've already seen on Figurbeh&e the efficiency of the
Acceptance cut is the same through all samples. But we hawenated that the probability
to pass the tight identification cuts is slightly higher foe ffast simulation which leads to a

~ 2% increase in the selection efficiency for the Identificatat.

The identical values of efficiencies of the Charge cut inidisa@hat both simulations have

the same small charge misidentification rate.



6.2 BenchmarkZ® — e*e~ analysis validation 111

cut G4 AFII Corrected AFII
events cut eff. events cut eff. events cut eff.
Full sample | 1128370:1458 112837@2523 112837@:3402

MissingEr 903350t1305| 80% 905839t2261| 80% 9058043048 | 80%
Acceptance 31370G6t243 3% 33699436 4% 33646+587 4%

Identification 1002+43 3% 1207483 4% 1159+109 3%
Charge 982+43 98% 1151481 95% 1118+107 96%
Mass 266+22 27% 310+42 27% 339+59 30%

Table 6.5: Cut flow table for th8° — 11~ background. Number of events is scaled to 1
fb—! and statistical errors are MC statistics scaled to the sam@bsity.

Finally, the fact that the energy scales were mostly idahtetween the samples leads
to the fact that the reconstruct&l 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 thd filnulation sample, this leads

to a 346% overestimation in the number of events for the fast sabrh.

Once the post-simulation corrections have been applieddidtrepancy of the identifi-
cation cut is reduced. This directly leads to a differencéh@normalized number of events

of barely 09%, as none of the other cuts are overly affected.

The different backgrounds present different behavioris— 1+ 1, as we can see from
Table 6.5, presents good consistency in the efficiency oMlssing Er and Acceptance

cuts.

We also find that the increased efficiency in the correctedsfasulation leads to a small
increase of the efficiency of the Identification cut againisTi particularly important be-
cause the difference in efficiency is highest in the EBpwregion where most of the electrons
from taus are. The Charge and Mass cut efficiencies aret&talis compatible between full

and fast simulations.

Overall, the normalized fast simulation sample presents%énore events than the full
simulation but this number has to be considered relativbeédBi3% 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 20547592 205475118

MissingEr 25404152 12% 26689433 | 13% 2667543 13%
Acceptance| 3352A59 | 132% | 4004141 | 150% | 40068t52 | 150%

Identification 208+5 1% 228+3 1% 2234 1%
Charge 19445 93% 21143 92% 205+4 92%
Mass 84+3 43% 93+2 44% 89+2 43%

Table 6.6: Cut flow table for thi background. Number of events is scaled to 1'fland
statistical errors are MC statistics scaled to the samenasty.

For this sample, the post-simulation corrections incredéise difference. The better effi-
ciency cuts out fractionally more background even thougtetficiency is still overestimated
in the lowET region. However, the efficiency corrections, varying witleryy, increases the

invariant mass of the remaining pairs, leading to more aftpassing the Mass cut.

Thett background presents the same properties aZthe 11~ one as we can see

from Table 6.6. The Missing cut is consistent throughout all samples.

The Acceptance cut presents an efficiency of more than 100%uke the extra jets
increase the number of fake electrons, and therefore, tideuof pairs we can reconstruct.
If we have three electrons (including one fake), we can iddegeonstruct three possible
pairs. The identification cuts are nevertheless identisgha rejection factor of the tight

identification cuts rejects nearly all fake electrons.

Again the Charge and Mass cuts do not present any dispatiyeba the full and the

fast simulation.

Overall, the fast simulation over estimated this backgdohy 107% but also the full

simulation presents a statistical uncertainty of 4%.

The effect for this sample of post-simulation correctioasopposed to the one for
Z% — tt1~. The efficiency for high energy electrons implies an invatriaass reconstruc-
tion closer to the one from the full simulation. It means mpags are failing the Mass cut

because their invariant mass is too high. The remaininglsiifldrence 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 1035284859772 1035284859772

Missing Er 2516223:10940| 24% 2609263-30007 | 25% 2609263-30007 | 25%
Acceptance 564591639 2% 72815+5013 3% 72815+5013 3%
Identification 1434-82 0% 3451345 0% 0+£345 0%
Charge 95+67 67% 0+345 0% 0+345 0%
Mass 48448 50% 0+345 0% 0+£345 0%

Table 6.7: Cut flow table for th&/ + jetsbackground. Number of events is scaled tbbt?!
and statistical errors are MC statistics scaled to the samabsity.
sample is mostly due to the increased number of fakes whaisléo a higher number of

pairs passing the Acceptance cut, which biases the rest siedection.

TheW + jetsbackground sample (Table 6.7) shows that both simulatiosdigt virtu-
ally no background from this sample. Virtually every eveaitd our Identification cut as
there is only one true electron in each event. The remaining\®rs are completely dealt

with by the opposite charge requirement.
There are no obvious differences introduced by the postHsition corrections.

Overall, even in such a simplified analysis with selectiotsduned to be comparable

with fast simulation, the agreement is limited but suffi¢iem feasability studies.

6.3 Summary

The fast improvement of the fast simulation has made it vesgfull for feasibility study

that do not require precise information of energy depasitiothe detector. The current
reconstruction allows a selection of event to within 5% apst @ third of the one of the full
simulation. Improvements being developped will futherueglthe cost by a factor of 3to 5

which will make very large scale simulation much more maaage



Chapter 7

Sensitivity to the strong coupling

constantagat the Large Hadron Collider

This chapter studies the possible influence of the stronglitmuconstant on different dis-
tributions. It aims at analysing the impact of differentued of the parametexrs(Mxo)
on distributions measured from the productionZdf bosons with associated jets in the

Z% — ete™ channel for an integrated luminosity of 1 th

Quantum Chromodynamics (QCD) will play a major role in LHGbyses. It is a major
source of uncertainty on the rate of most hadronic eventsl (lmalti-jets interactions) and
on the underlying event structure. We hope that the use of d&t@ will enable us to further
constrain its parameters, thus improving our theoretiadistions and our understanding of
hadronization. Many QCD effects need to be understood toaugoour models, from parton

distributions functions in the proton structure to partbowering in hard interactions.

Most of these effects are governed by a limited number ofrpaters. One of these
parameters appears in all QCD equations: the strong c@upbnstantas. This chapter
tries to study if the production &° — e*e~ events associated with jets at the LHC has the

sensitivity necessary to be competitive with the existirgasurements.

114
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7.1 The strong coupling constant

7.1.1 Theoretical framework

The effective QCD coupling's has a strong dependence on the renormalization scale. This
dependence is the reason that ensure that quarks are bosnthlitscales whilst being
asymptotically free at high energy. The Particle Data Gri@jmlescribes this dependence

as being controlled by th@-function:

Jas Bo o B _3 B 4
Wop = a9 =570 = 4 p0s" — gapls
2
= 11->
Bo 3"
19
B = 51—§nf,
5033 325
B2 85 g Nt 5= Nf;

wherens is the number of quarks with mass less than the energy gcalslthough this

expression governs the running of the coupling, it does atdrdhine its normalisation. That
must be determined from experiment. This constant of iat&myn is the one fundamental
constant of QCD. For convenience and to allow for the consparof the value with other

experiments, it has become standard to chddgeas a fixed-reference scale. The value at

other values of the scaje can be obtained from |(§glz/|\/|§0) = fgs((,\ﬁf)o) Bd(gs).
s\Viz S

Measurements afs(M,o0) have been performed in deep-inelastic scattering expatsne
through global fits [29] as well as in high-energy hadronismhs [12] and at perturbative
QCD level inete™ collision at LEP [30]. The values afs(M-o0) going into world average
computations are shown in Figure 7.1. The current worldayeis estimated @ts(M,o) =

0.1176+0.002.
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Figure 7.1: Summary of the value ofs(Myo) from various processes. The values shown
indicate the process and the measured values@xtrapolated t@s(Mo). The
error shown is the total error including theoretical unamties. The average
which comes from these measurements is also shown. [3]

7.1.2 Motivations

As we already stated, the effective QCD couplongplays a major role at the LHC. While
it is correlated with other parameters in parton distrimtfunctions and parton shower

implementations, it is easy to understand its contributboinard-interaction rates.

The simplest Feynman diagram 8¢ production at the LHC is given by Figure 7.2. It
contains no strong interaction vertex. However, at treel|&? production associated with
one hard jet displays orggg or gqq initiated hard initial state radiation as seen on Figure

7.3.

Each strong interaction vertex carries agproportional factor in rate, such that we

. 041 :
expect the ratidRy = Zzojoljjeetts to be a function of the value afs(M,0). The QCD vertex

factor is given from Feynman rules byigy“'l’i?, wherea and u are the indices carried
by the gluon propagator,and j the ones from the quarks, aigds the coupling such that
as = g?/4m[31]. In the squared matrix element, we always obtain evaveps ofg, hence

the as dependence of the cross-sections of the considered pescess
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P

Figure 7.2: Feynman diagram of the simplg8t— ete~ event.

(@aq—2°+g (b)ag— Z°+q

Figure 7.3: Feynman diagrams of two tree-lex®H1 jet events.

Y
Figure 7.4: Feynman diagram of a tree-le¥8H2 jets event.
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Each subsequent quark or gluon radiation vertex carriesdhee factor, so that higher
order tree level diagrams can also be used to extract thegstaupling constant such as the

one drawn on Figure 7.4.

Z041jet
Z09+0jets’

For this reason, measuring not only the ra&p= but the ratio between any
two distributions for different numbers of associated jatsy contribute to the study of the

influence ofas.

The use oZ® — ete~ events is justified by the high-cross section and the clegmasi
tures we already described in Section 2.3.1. Backgrounttasion is also easier than in

most other channels, thanks to the procedure we descrili&dapter 4.

7.1.3 Data preparation

As we already explained, the constar{M_o), or simplyds, is fundamental in all physics
processes involving QCD. Hence, to simulate events withrticpéar value ofas, that value

must be consistently used by every part of the simulatioincha

By defaultin release 14, the ATLAS simulation frameworksiaealue otrs(Mzo) = 0.118.
The default parton distribution used is CTEQ6L1 (from LHARDB.6.0 [32]) which is a
Leading Order (LO) fit using a LO expression for the runningo@f Pythia, and any
other generator is configured to use the same value for heexhotions and parton shower

algorithms.

Because we wanted to simulate events with different valfiessowe 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 parfed for fixed values ofrs. As

we already stated, CTEQG6L1 uses the value 0.118 [33]. Howtwe CTEQ collaboration
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also releases PDFs using different valuea @fThe PDF set CTEQG6AB is a set of 20 PDFs
using 10 different values afis that span the rangeDL0 < as(Myo) < 0.128 with 0.002
increments [34]. These PDFs are Next-to-Leading Order (NlbQr s but use two slightly

different methods for the running of the constant.

Set A, CTEQGA the original NLO definition is given by

as(p) = c1[1-caIn(L)/L]/L,

whereL = In(u?/A?), ¢y = 411/ o, andc2 = 16m*/B;. The parametef depends on
n¢, and hence takes on different valugs whenp crosses each quark threshold. This

is the definition used in all others CTEQ global analyses.

Set B, CTEQG6B this definition solves exactly the partial differential atjon

oas  Po o P13
uﬁu_ oS T s

The other theoretical assumptions and functional pararaétyns are identical to other
CTEQG6 series, so that PDFs CTEQ6A118 and CTEQ6B118 areyniel@tical to PDF
CTEQ6M (LO fit, NLO as), the best fit PDF from the CTEQ collaboration.

The range ofrs(M,0) covered by the CTEQG6AB series is much wider than the cugrentl
accepted & error range on the world average. It explores this extendede because the
lowest and highest values (0.110 and 0.128) representiogtrglues that have been obtained

by individual experiments.

We decided to use the CTEQG6A series because it allows for siaresomparison with

other CTEQ PDF sets, in particular the PDF error set of the @dM 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 différevent generators, from
leading-order generators (PYTHIA [35], ALPGEN [36]) to Né®-Leading Order ones
(MC@NLO [37]). The different generators have differentitimtions that make the simu-

lation of our events difficult:

e PYTHIA uses the Leading Log approximation, which is knownutwlerestimate the

hard-jet emission process. This is a major issu&fatiets events generation;

e ALPGEN, MC@NLO and others have a limited set of PDFs hardedpd/hich mean
we cannot use the CTEQG6A series. What is more, they do nataffemechanism to

set the value ofrs consistently.

For these reasons, we elected to use the generator SHERRA3BL SHERPA uses a
tree-level matrix element generator for the calculatioharfd-scattering processes. It allows
us to choose any PDF set in the LHAPDF package and the valmgazn be set consistently

for both hard-scattering and parton shower processing.

The configuration files used to simulate events for Z+up-fet8withas = 0.110 at 14
TeV can be found in Appendix C. The events were produced ir8 20@ in winter 2009,
when it was expected that the 10 TeV phase of collisions wiadtlbut a few months to
tune the machine. Hence it was believed that we would onliecoba few hundred inverse
picobarns at 10 TeV before moving on to the design energyrefbwe the centre-of-mass
energy was set to 14 TeV. It has been announced since thaH@ewould start at 7 TeV
centre-of-mass energy before increasing to 10 TeV for aenebad period of time, collecting

more than the target 1 3.

Unfortunately, this means that all the background sample20D9 have been centrally
generated at 10 TeV. Since we do not attempt a precise measaref the level of back-

ground in our sample, but only aim to estimate the uncestairtich the background sub-
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proton - (anti)proton cross sections
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Figure 7.5: Cross-section of various SM processes as a@umwftthe centre-of-mass energy
[39]
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as(Myo) | 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 predisamples aZ® — ete™ + jets

traction method introduces on our measurement, this isailess one further source of un-

certainty on the level of background. Figure 7.5 shows hasvdioss-sections of various

processes are affected by this change in available cefitre&ass energy.

We decided to only simulate events with up to 3 jets for thiofaing reasons :

¢ the computation time needed to prepare the matrix elementlfdiagrams for Z+4

jets events was too high;

e the cross section for Z+3 jets is, according to SHERPAdgrE= 0.118, 3244 pb out
of the inclusive cross section for Z+up-to-3 jets of 72®pb (4%). The Z+4 jets cross

section would be of the order of 10 pb or less, which would égpwor statistics for

the background subtraction;

e Wwe do not expect our background representation to be vewyatecfor 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, ahd private nature of the event
production, we selected to simulate the events using ATUORA&s described in Chapter 6.

The configuration was the same as the one used for the offadidefion samples in Athena

14.2.25.8.
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7.1.3.4 Simulated data

We simulated events with three different valuesrgf0.110, 0118, 0128). Table 7.1 shows
the number of events and cross sections of the three sirdudatasets. The cross sections
are the ones given by SHERPA and include the filter efficienciéhe filter applied on the
generation is described in the configuration file Selecavr(see Appendix C). The filters

are .

N/ <3,

£ /% > 8Gey,

My > 50 GeV,

EI® > 20 GeV, for each jet.

As we already mentioned, the valuesmf span a range which is wider than the error
on the world average. The reason behind this choice was dy st full range of values
obtained by different experiments. We aim at comparing #sellt of the simulations with
uncertainties from PDFs and Jet Energy Scale (JES). Rvacmseasurements afs will

require higher integrated luminosities as well as MonteeXaning to ATLAS data.

7.2 Event Selection

The selection oZ° — ete~ events is carried out following similar selection cuts togl

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 informmatsavailable in ATLFASTII re-
construction in release 14. The global event selectioreietore only based on a maximum

missing transverse energy eSS < 25GeV.

7.2.2 Electron selection

To maximize the background rejection, we only retain asdvaliectrons, the electrons pass-
ing the ElectronTight set of identification cuts in the pseagbidity rangen | < 2.5 and with

a minimum transverse energy of 15 GeV, which would corredgomur trigger requirement
at low luminosities (18 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. Hencestilection of jets is an important

step and some care has to be taken.

The first consideration is geometric. Because of the coespathe hadronic calorimeter
in ATLAS (see Section 1.2.2.2), we restrict ourselves awaynfthe forward calorimeters
which are expected to be harder to calibrate effectivelynddewe only study jets in the

pseudorapidity rangg| < 3.

7.2.3.1 Jetalgorithms

ATLAS, like most recent high-energy physics experimentphlays different schemes for jet
reconstruction. The most common ones have been in use fg gedevatron [40] are called

Cone and Kt algorithms.
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’
\

(a) Collinear safety issue (b) Infrared safety issue

Figure 7.6: lllustration of collinear (left) and infraredfsty (right) issues. See text for details

e Cone algorithms form jets by associating together padiolbose energy deposition
lie within a circle of a specific radius R in thg x @ plane. ATLAS uses two differ-
ent values for the parameter R afiGand 07. The algorithm seeds from high-energy
calorimeter energy depositions and iterates until statdegy weighted cones are ob-

tained.

e Kt algorithms [41] are recursively aggregative algorithmdAt each step, they
calculate the distance between two pre-clusteesd j using the formulad; =
min(p% ;, p%j)AD—Ff" whereD is a parameter of the jet algorithm. If this distance is
smaller than bOﬂF)-Zr,i and p%’j the two clusters are merged. The algorithm produces a
list of jets separated by at leaSR > D. ATLAS uses again two different values Dr

of 0.4 and 06.

In addition, ATLAS also implemented a new algorithm: Sesdlnfrared Safe Cone jet
algorithm (SISCone), which is a variation of cone algorifsupposed to provide more infra-
red and collinear safety [42]. Collinear safety implies #hgorithm should not be sensitive
to threshold effects if, instead of one high-energy paetithe jet is composed of multiple
collinear softer ones, as seen on Figure 7.6a. Similarfisaried safety implies the identified
jets should not depend on the presence of soft radiationeas@e Figure 7.6b. Typically,
seeded algorithms are also collinear safe if the seed ettenrgghold 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 piae/ two calibration schemes for
jet algorithms. The first is based on calorimeter towers a&$ @ global calibration method
derived from the one used at the H1 experiment at DESY [43¢ dther one is based on a
Local Calibration (LC) of calorimeter cells. Both methode presented in Section 10.5.3 of

[21].

7.2.3.3 Choice of jet collection

After all reconstruction and calibration choices have bapplied, we end up with seven

choices of jets collections in ATLFASTII reconstructed etge

Cone 0.4 H1 Jets reconstructed with a Cone algorithm of sizednhd calibrated using the

global H1 method,

Cone 0.4 LC Jets reconstructed with a Cone algorithm of sizedhd calibrated using the

local calibration method;

Cone 0.7 H1 Jets reconstructed with a Cone algorithm of siZzédnhd calibrated using the

global H1 method,;

Cone 0.7 LC Jets reconstructed with a Cone algorithm of siZzédhd calibrated using the

local calibration method;

Kt 0.4 LC Jets reconstructed with a Kt algorithm of parametdrdhd calibrated using the

local calibration method;

Kt 0.6 LC Jets reconstructed with a Kt algorithm of parametérdhd calibrated using the

local calibration method;

SISCone 0.5 LC Jets reconstructed with a SISCone algorithm of siZzedhd calibrated

using the local calibration method;



7.2 Event Selection 127

? o ?. Cone 0.4 H1 3
9D 415 {J coneo4lLc -
S Ai Cone0.7H1 z
E 1 15‘ /Al Ccone0.7LC B
. W «ktosLc E
o ] ktosLC Z
1.05 V: 'sisCone05LC E
1= F
C H! »7!# =
0.95[% Eai B
- fh =
0.9 . i :f%_; .
0.85[— .
s 3
0873640 50 60 100 200 300 400 1000
EM™ (GeV)
(a) Jet algorithms efficiencies
=
S 11 {
o Ak
8 C E
105 S
i} C E
9] ’ 4
S 1 : g -
Z C A Y 0T ATA E
3 gden -
¢ grat ;
0.95 : : d
[ A—A— @ Cone0.4H1 =
- I coneoa4Lc E
I A Cone0.7H1 ¥
091 A Coneo.7LC E
C B Ktos4LC Z
r ] kto6LC E
0.85~ V. sisCone05LC E
30 40 50 60 100 200 300 400 1000
EM™ (GeV)
(b) Jet algorithms linearities
x T
x ® Conc04HL
o {J coneoaLc
0.2 A Cone 0.7 HI
& /Al coneon7LC
- ~@— W «toaLc
—A— ‘ PO keosLe
0.1 ;% ! : fﬁ%v: SISCone 0.5LC
.. %_’* L
B fillale S IO
2 35S
B R
002735720 50 60 100 200 300 400 1000
El'"(GeV)

(c) Jet algorithms resolutions
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As we aim at performing a jet counting experiment, the mogtartant parameters from
a point of view of a jet algorithm performance are the effickeland the linearity. The
following discussion is based on the plots from Figure 7itamed by applying the Jet-
Performance package directly to our private sample wijfMo) = 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 ghobability of a jet re-
constructed from truth particles to be reconstructed inro@nstructed data, i.e. does the
offline software find one Cone4 jet for each truth Cone4 jete gt algorithms are com-
pared with their truth equivalent as they should exhibitsame properties. The matching
is done by comparing the distance between the two jets whethalgorithm parametd?

: AR < P/2. No energy matching is performed so that the same matclainde used to
study efficiencies, linearities and resolutions. Figuréa’shows that Cone7 jets have the
lowest efficiencies with SISCone jets. On the other end okttade, Kt 0.4 LC clearly has

the highest efficiency with- 97% in the range 4GeV < Er < 200GeV

The linearity (Figure 7.7b) is defined as the ratio of the nstaucted jet energy over
the truth jet energy. It measures the average shift in eniatgyduced by the calorimeter
and the reconstruction software. No algorithm is exactigdir. The global H1 calibration
does a better job at high energy than the local calibratibeerse in these simulated data.
However, we expect most of our jets to have low energy so tl Icalibration shows
better performances in this high interest region as well.dscbne H1. Furthermore, the
energy sensitivity is very important close to the jet cudttbfeshold, so that again, linearity

at low energies is more important.

Finally, the resolution (Figure 7.7c) is the standard diweof the reconstructed energy
for a set of jets of a given energy. Figure 7.7c displays tegnis after corrections of the re-
constructed jet energy by the linearity extracted from Fegi7b. Here again, the global H1
calibration outperforms the local calibration method gihenergies. Most other algorithms

perform similarly over the whole range.
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Global Ef'™® < 25GeV
n® < 25
Electrons B > 15 Gev
Electron ID Cuts == Tight
Nelectrons == 2
Jet collection == Kt0.4LC
Jets n’ < 3
E >  40GeV
Overlap ARe et > 04

Table 7.2: Summary of selection used toystudy

Since most of the algorithms perform very closely as far aagynreconstruction is
performed, we decided to use the Kt 0.4 LC jets as they presetgar edge in term of
efficiency for this sample. For similar reasons, we decidestudy jets only above 40 GeV

as the efficiency drops rapidly at lower energies.

Furthermore, the probability of reconstructing jets froilequp interactions (interactions
between two protons other than the ones producing@fHeson) decreases rapidly with the
jet transverse energy. A high threshold of 40 GeV impliestireually all our jets will have

been produced by the hard interaction.

Our jet selection then consists of all jets in the Kt 0.4 LAedion with|n| < 3, Er >
40 GeV and which do not overlap with any of our selected ebastr The selection cuts for

our selection are summarized in Table 7.2

7.3 Event counting

For easier comparison between reconstructed data andexughinformation, it is conven-
tional to unfold the reconstructed data to hadron-level, tihe state of the event generation

after parton showering and fragmentation took place, wherean also reconstruct truth
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jets. The typical formula used is :

data
truth N”iets:” BG
Njets=N

- )
A- Eglectrort - Etrigger

where :

Nﬁjiff:n is the number of reconstructed events in data, wittuth jets, which pass all our

selection cuts;

A is the acceptance, i.e. the probability that a truth n-jeénepresent the right topological

configuration to be reconstructed and selected.

Eelectron IS the probability of a truth electron to be reconstructedra&lectronTight offline

electron. The probability is squared because of the preseitevo electrons;

&rigger 1S the probability of an event with two tight electrons to ése trigger;

Because the efficiency for electron reconstruction is nifoum as a function of either
n or Et, we weight each event independently to increase our poecidt is very difficult
to measure efficiency for a given sample whereas we expeatfticeency to reconstruct
individual object to be process-independent, so that weusanthe information extracted

using the method presented in Chapters 2 to 5.

As we presented in Chapter 5, we can measure the reconstrigfficiency as a 2-D
distribution. As the same can be done for the efficiency of fime electron to pass the
ElectronTight cuts, we can use a 2-D map similar to the onsgmted on Figure 7.8 to

extractegqiectronfor each electron individually.
Trigger information is not available in ATLFASTII, which equivalent tcgrigger = 1,

In this preliminary study, we select our truth objects usihg same selection as our
offline ones. As such, the acceptance correctiga=sl. This ensures that distributions such

as p%o are not distorted by our electron requirements in terms efigs-rapidity and energy.
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Figure 7.8: 2-D efficiency for tight electron reconstruatio

It makes the comparison between parton-level measuremdmeaonstructed objects easier
but it will be different for comparison with CMS results anoinebined studies. Truth level
calculations are here compared with reconstructed cadlontusing the same acceptance

for electrons.

The numbeNﬁ'gf:‘:n is harder to estimate. Because of the inefficiencies in theegon-
struction algorithm, events are shifted between bingjgt. Events with one truth jet are
reconstructed as events with no jets with a probability&et, wheregje is the probability
of a truth jet to be reconstructed as an offline jet. So thmeifabeINiR the number of events
wherei jets were reconstructe® for Reconstructed) arNidatathe number of reconstructed
events (with two reconstructed electrons and low missiagaverse energy) which contain

i truth jets, therNiOlata can be obtained by solving the system based on the uppeguitamn

matrix:
NE 1 1-get (1 ¢ger)? (1- gjer)® - Ngata
N|1? O gjet (i) EJet(l — gjet) (i) EJet(l — gjet)z e N](:iata
NRE[=]0 o0 (Ejer)? (3) eta—eer) ... || Ng@
NG 0o 0 0 (€jer)? | ] Ngata
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Using the work by the Jet/Etmiss group in ATLAS, we should b&ao extract the
efficiency similar to the one presented on Figure 7.7a. Bez#his correction is applied on
the integrated set and not event by event, it is importantttieaefficiency be as uniform as
possible. The efficiency presents an important turn-onebelow our 40 GeV threshold,
which reinforces the necessity for a high jet energy thrieshbhis matrix assumes that the
jet efficiency is independent of the jet multiplicity in theemt. This can be assumed to be the
case as jets are local objects, unless the jets start tcapveBlecause we study only events
with few jets compared with the availabfe— ¢ space in the calorimeters, we assumed that

this assumption holds.

Each jet energy will also be corrected for non-linearityngsiesults of the type shown
on Figure 7.7b as underestimating the jet energy would meeonstructed 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 backgroumdsefrem az® — e*e~ event
sample. As we described in Chapter 4, this procedure yietys@matic uncertainty linked
with the choice of initial parameters. We use standard gnropagation 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 aasurement of the electron
efficiency from data. Because we use this efficiency when vieldithe 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 ontteasured number of jets

We estimate this error by varying the estimated electrogieffcy. From the result of
Chapter 5, we expect to be able to measure the electron etficie within 2% or below.
Therefore, we measure the distributions with an uncestaihi-2%, which is slightly worse
than the precision the ATLAS collaboration hopes to achigite 1 fo~. 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. Tinkgrainty arises from the limited
accuracy of our measurement of the jet efficiencies from.da¢spite the large statistics, it
will be difficult to select a clean jet sample. Since we usedffieiency when we unfold the

number of events to hadron level, this also leads to an exjgatial uncertainty.

We estimate this error by varying the estimated jet effigreritis difficult to estimate
which precision the efficiency determination will reach.ff®ient methods have been pro-
posed including methods using jet balancing methods aigaiasecoil of electron-magnetic
objects like photons or® bosons. The expected performance of these methods are how-
ever very uncertain. Therefore, we decided to assume antamtg comparable to the one

arising from the electron efficiency af2%. The resulting uncertainties can be observed in
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Figure 7.10: Uncertainty due to the jet efficiency on the raessd number of jets
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Figure 7.11: Jet energy scale uncertainty on the measurabdemnof jets

Figure 7.10.

7.4.4 Jet energy scale uncertainty

The second source of uncertainty is linked to the fact thabmhg accept jets above a certain
threshold. Because of that, we might underestimate the auwibets in the event if we
underestimate the energy or overestimate it in the other. Gdw jet energy scale error result
from remaining uncertainties after our the estimation @& linearity of the jet algorithm

calibration.

We estimate this error by varying the estimation of the jedrgies. For this study, we
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measure the distributions with uncertaintiesttf%, +3% and+5%, the latter being the
precision the ATLAS collaboration hopes to achieve with 1%bA JES of+5% has been
quickly achieved at previous experiments, including thaséhe TeVatron, so that it is a

reasonable expectation that the ATLAS calibration expedyg achieve a similar precision.

All the sources of uncertainty listed are linked with ourited knowledge of the occur-
ring processes. However, our understanding of the unagriyieory is also limited. Apart
from uncertainties due to missing higher order correctitims main source of uncertainty is

linked with our knowledge of the Parton Distribution Fuocis.

7.4.5 PDF uncertainty

We already mentioned the impact that the choice of PDF caa bavhe event generation
process. PDF are extracted from global fits to data from mapgrénents. The fits, apart
from a fixed value ofxs, contain, for the CTEQ series, 22 free parameters, alsectalgen-
vectors. To study the effect ofolerrors on the estimation of these parameters, the CTEQ
collaboration releases what they call 44 error PDFs [44]civare PDFs where one of these

eigenvectors is modified up or down so that jfeof the fit varies by 10 [44].

To study the influence of the eigenvector-based errors, weaugchnique called PDF
reweighting [45]. For an event with parton 1 carrying a motaanfractionx;, parton 2 car-
rying a momentum fractior, and undergoing a hard-process of s@@fe we can calculate
the probabilities of such an event happening with two PDFad\B, respectivelya andpg.
For a whole dataset simulated with PDF A, we can obtain 8istions similar to those ob-
tained from a dataset simulated with PDF B by reweightindneaent by the corresponding

fraction pg/ pa.

The PDF uncertainty is then calculated by adding in quadegatbe errors computed as

the difference between the values obtained from the nornfibBé& (/,omina) and the values
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Figure 7.12: Error estimation from PDF uncertainty on thesuged number of jets

obtained from each of the eigenvector variatiois ¢ andV, 14):

+ . .
error™ = max0,V_16 — Vhominak V+16 — Vhominal) s

error = max0,Vhominai— V-1, Vhominal— V4 10)-
This gives us “positive” and “negative” errors linked witiet PDF uncertainty as seen on
Figure 7.12a.

Because the 44 error PDFs are provided by the CTEQ collaboras variation of the
CTEQG6M best fit PDF, we calculate the errors relative to tlesiti@l value and then apply
them to the value measured with the CTEQ6A118 PDF.

7.5 dagsensitivity

This section describes the measurement of some distriisuéinod studies the corresponding

sensitivity toass.



7.5 ag sensitivity

Table 7.3: Measurement of the rafRy = z

137

Ro R R2

Measured from reconstructed datal(00)
value 14.56 | 2596 | 21.86
statistical error 0.07 | 0.25 | 0.44
background systematigs 0.09 | 0.35 | 0.64
electron efficiencyt-2% | 7959 | 993 | 048
jet efficiency+2% | 349 | *948 | +0&0
JES+1% 052 | T020 | Toaa
e
JES£5% 96 | 136 | 1117

Measured from parton-levek(@00)

value 1453 | 2597 | 21.14
statistical error 0.06 | 0.23 | 0.40
PDF uncertainty 198 | 989 | 008

—ete +(N+1) jets

Z0—ete +N jets -

The errors associated with

different uncertainties are quoted. All values have beahesicby 100 for read-

ability.
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as=0.118 as=0.110 as=0.128
Ry | mean stat| mean stat| diff | mean stat| diff
x100 x100 (0) x100 (0)
Ro | 14.53 0.06] 14.23 0.06| 3.35| 16.87 0.07| 25.10
Ry | 25.97 0.23] 24.96 0.23] 3.11| 27.49 0.22 4.74
R> | 21.14 0.40 19.02 0.39 3.80| 20.74 0.36| 0.75

Table 7.4: Truth value dRy for samples with different values ofs. The means and errors
have been scaled by a factor of 100 for readability. Diff cadées the separation
between a sample and the 118 reference sample in termsisfisgdierror.

) Z0—ete +(N+1) jets
7.5.1 RatioRy = zO_>e+e—(+N j)etjs

As we discussed in Section 7.1, the primary quantity to olgsaisensitivity taxs is the ratio

Ry = Z0—ete +(N+1) jets
—  ZV—efe +N jets

7% —ete +1 jet
Z9—ete +0 jets’

compares the measured ratio of the raRgsR; andR, with their generator-level values and

, in particularRy =

with its high statistics. Table 7.3

the uncertainty from the different sources listed in Sec#al. For readability, the values in
Table 7.3 have been multiplied by a factor of 100, i.e. thesuead value oRy is 0.1456

with a statistical error of @007.

We notice that statistical errors, background subtractigstematic errors and electron
efficiency are the smallest sources of uncertainty, whihkeeutainties on jet parameters are

the largest source of uncertainty on the measured valuesgftio.

PDF uncertainties on the theoretical value are howeventheipal source of uncertainty
and are comparable with the largest uncertainty on the staated measured value. This is
worrisome, as anyrs sensitivity necessitates to be able to distinguish valteaon-level

from dataset simulated with differeot values.

However, while Table 7.3 shows our ability to measure the few ratiosRy using
reasonably calibrated ATLAS data, Table 7.4 shows thatttitesscal power to separate the

samples with different values ofs is insufficient.

The separation iRy between the samplass = 0.110 andas = 0.118 for Ry is only

0.003, while the theoretical error on the value fomg = 0.118 from PDF uncertainties
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:«+0.0143
alone is*g 5165
Most of the PDF uncertainty comes from the fact that most efalectroweak interac-
tions at the LHC are produced at a regime where the PDFs amypmmstrained (lowx

gluon collisions). It is possible that the PDF uncertainiyt tne rapidly reduced using, in

particularW production [46] at the LHC.

If the PDF uncertainties are constrained enough that tierdift samples become distin-
guishable |Rﬁszo’118— Rﬁszo'llo\ > 30), then the limiting constraint becomes the jet energy
scale. Bringing the jet energy scale to within 1% would eeald to separate the true value
(0.118 in this study) from the extreme valued 00 and 0128. Further sensitivity would
require more precise knowledge of the jet algorithm pertoroes. While it is unclear how
far we can improve the jet efficiency in the LHC environmetd#,measurement is difficult

using only data and mostly relies on Monte-Carlo tuning.

Because the emission of initial radiation hard-jets wilhgeally result in a transverse
boost of the exchanged quark, it is possible that lookingaaistverse parameter distributions

will yield a better sensitivity.

7.5.2 RatioRy as a function of p%o

Table 7.5 shows the measuremenRgfin four bins ofp%o. This distribution is probably the
most efficient to studyry as most events with no jets will have very Icp\%0 while events

with more than one jet will see t1#° recoil against the hadronic components of the event.

We study this distribution in the rand@— 60] GeV. Figure 7.13 shows that the statistics
in the bin[45—60] GeV are still sufficient folNjets == O to study the the ratio. These high

prevents are produced in association with many |myvjets which fail our threshold.

As we can see easily from Table 7.5 and Figure 7.14, the PDé&rtamcty onRy is not a

flat function ofp%o. The uncertainty is much lower for low valuesmftO because most of the
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p% (GeV) 0-15| 15—30| 30 — 45| 4560
Measured from reconstructed datal(00)
value 0.52 4.73 2884 | 11200
statistical error 0.01 0.07 0.33 1.45

background systematigs 0.02 0.10 0.47 2.06

electron efficiencyt:2% +0.01 -+0.00 +0.43 +0.00

—0.00 —0.04 —0.00 —0.86
jeretioencyz2 | 868 | 3% | 3% | 18
i | 0m | 0% | % | ol
R 1 E AR
eseon | g | on | s | g

Measured from parton-level Monte-Carle 100)

value 0.52 4.24 25.65 | 106.23
statistical error 0.01 0.07 0.29 1.30
PDF uncertainty | “gos | 6% | “03 | ‘19

Table 7.5: Measurement of the raffg as a function ob%o. The errors associated with dif-
ferent uncertainties are quoted. All values have beendtgl@ 00 for readability.

Events/1 fb™

o

=
o

0= L L L L T T
0 10 20 30 40 50 60

pZ (GeV)

Figure 7.13: Number of events in the sample whiljgs == 0 as a function ofp%O for
samples with different values ofs. Black is nominalas = 0.118, blue isas =
0.110 and red isrg = 0.128.
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Ratio

10

Figure 7.14: Truth value dRy as a function ofp%0 for samples with different values ofs.
Black is nominalag = 0.118, blue isas= 0.110 and red isis = 0.128. The
shaded areas represent the PDF uncertainty oadke0.118 value.

p%o (GeV) | mean stat| mean stat| diff | mean stat| diff
x100 x100 (o) x100 (o)

0.00-1500| 0.52 0.01, 0.41 0.01] 5.63| 0.67 0.02] 6.91
15.00-3000| 4.24 0.07) 4.16 0.07/ 0.83| 4.82 0.07| 6.25
30.004500| 25.65 0.29] 24.65 0.29 2.41| 26.42 0.28 1.91
45.00-6000 | 106.23 1.30 114.72 1.44 4.37| 99.43 1.14] 3.92

Table 7.6: Truth values d&y as a function ob%o for samples with different values ofs

events forz® — ete™ 4 0 jets are produced by quark-antiquark interactions forctvithe
uncertainty is lower. A high value qf%o betrays a hard jet emission, which is more sensitive

to gluon contributions as seen in the Feynman diagrams ané¢-ig3 and 7.4.

Overall, the uncertainty in this first bin is much smallerrthibe error on the integrated
Rp seen in Table 7.3 and a JES uncertaintyt@®6 only induces an uncertainty which is

double what we expect from our background subtraction.

The same effect is observed when comparing the truth vahtesh@d using the different
values ofas in Figure 7.14 and Table 7.6. At low?’ the separation betwed®f-120 and
R8s of the order of & in terms of theoretical uncertainty (including PDF uncietttg).

In comparison, the uncertainty on the measured value froonstructed data is of the order
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ELeadinglet Gev) | 40-60| 60-80| 80—-100| 100-120
Measured from reconstructed datal(00)
value 9.22 | 27.06 | 4047 55.00
statistical error 0.18 | 0.50 0.96 1.62
background systematics 0.26 | 0.74 1.38 2.29
electron efficiencyt-2% | 955 | 299 | 990 | 08
jet efficiency+2% | 815 | *97% | ‘o8 | i3
desstse [ 8% | 8% | 0 | in
R R TR
N E A IR
Measured from parton-level Monte-Carle 100)

value 9.00 | 27.19 | 4328 57.43
statistical error 0.17 | 0.49 0.97 164
PDFuncertainty | *533 | “0% | ‘135 | 1173

Table 7.7: Measurement of the rafy as a function oE-*2"9/® The errors associated

with different uncertainties are quoted. All values haverbscaled by 100 for
readability.

of 0.0005, which would be the limit for a 95% exclusion for the extie values ofrs.

Other bins of the same distribution could also yield somes#jon if the PDF uncer-
tainty were to be reduced significantly. For the most paet gffiorts needed to include these

bins in a measurement would be the same as the one needed foclisiveRy ratios.

7.5.3 RatioRy as a function ofE#e‘"IOIingjet

greadngletis another distribution where we expext

The distribution ofRy as a function o
to induce a change in shape. Unfortunately, this meansrdisgptheZ® — ete~ + 0 jets
subsample, which is the largest part of #fe— ete~sample which means the statistics are

limited. This implies that the statistical error on the measnent is larger and becomes
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for samples with different values

of as. Black is nominalag = 0.118, blue isors = 0.110 and red isrg = 0.128.

The shaded areas represent the PDF uncertainty amstae0.118 value.

- as=0.118 as=0.110 as=0.128
Ereadingiel Gev) [mean stat| mean stat] diff | mean stat] diff
%100 %100 | (o) %100 | (0)
40.00-6000 9.00 0.17) 8.80 0.17/ 0.79| 10.08 0.17| 4.42
60.00-8000 27.19 0.49 26.42 0.50] 1.11| 28.52 0.48 1.94
80.00-10000 | 43.28 0.97| 40.57 0.94] 2.01| 45.93 0.95 1.96
10000-12000 | 57.43 1.64{53.53 1.57|1.72|62.78 1.66/ 2.30

Table 7.8: Truth value oRy as a function o

s

E_Il:eadlngjet

comparable with the PDF uncertainty over the whole rangeeas s Table 7.7.

for samples with different values of

A different value ofas modifies the probability of the emission of hard jets. Heree t

sensitivity in the leading jeEr distribution is mostly observed at higher valuegbf2@n91et

as we can see on Figure 7.15 and Table 7.8.

Again, the cumulated measurement uncertainty using thelB&sestimate is comparable
with the theoretical uncertainty including the PDF undetiaand with the separation of the

measured ratio for different values of.
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7.6 Summary

—ete +(N+1) jets

Z0—ete +N jets with an

0
We have shown that we can measure the value of the Ratie z

accuracy about equal to the current theoretical unceytdihtfortunately, the current theory
does not provide enough separating power to be able to usmtbrmation to constrain the

value ofas.

Improvements to the global PDF fits from LHC data will rapidgduce the theoretical
uncertainties as the gluon structure of the proton becoratierbconstrained at low. It
will then be a question of how well we manage to calibrate thiector with early data. In
particular, understanding the jet algorithms performane# 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-energgiphresearch, the ATLAS
collaboration is preparing to meet the challenges of thig fientier. The search for new
physics predicted by various theories will require prekisawvledge of the detector hardware
condition, software environment and a good understandirtbeoexisting theories in this

new regime. This thesis is part of this collaborative effort

To start with, a method has been developed to measure thteosl@econstruction effi-
ciency inZ°® — et e events, using both initial data as it becomes available atalabllected
at higher integrated luminosities for higher precision/angranularity. The initial mea-
surement will be used to identify possible under-perfogrdetector regions and, if found,
understand whether the problems are hardware or softwiatede More precise measure-
ments will be available later for the benefit of all other phggroups to use in their analyses,

such as the many cross-section measurements ATLAS wilbparf

The algorithm has been shown to perform in different backgdoconditions as the
hadronic background at high energy is still unknown. Thekgemund subtraction method
presented is adaptable to different running conditionshef tHC and does not rely on

Monte-Carlo predictions.
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The precision of the measurement depends on the backgransitions and on the
statistics available. It is however expected that the macefficiency will be measured
with an accuracy oft2% with a data sample of 1 f8 for electrons with an intermediate

transverse energy, 20 GeVYEr < 100 GeV.

Because of the precision of the ATLAS simulation softwarmuation of events is a
highly time consuming process. New physics studies andittoy” production will re-
quire a faster way to simulate new physics conditions thanstandard Geant4-based re-
construction model. A faster lighter reconstruction framek was investigated and com-
pared with the original framework, showing sufficient a@myr for first feasability studies
of possible physics analyses. Simulations of differentpsses were studied and limitied
consistency was achieved for a benchmark analysis relymgjlynon electron identification
and kinematics. Further improvement are, however needeée ilast simulation and recon-
struction framework is to be used for analyses with more dermgetector-based selection

cuts.

Finally, the influence ofos on different distributions in Z + jets events was studied.
Despite limited sensitivity to relatively large variat®nf the parameter, accurate measure-
ments have been performed. Improvements to the partonbdistm function with LHC
data should increase our sensitivity which will then maioéylimited by our knowledge of

the jet energy scale and jet reconstruction afficiency.



Appendix A

Datasets used in the CSC exercise

The datasets names are :

pp— Z°% — e"e~ mc08.106050.PythiaZeH epton.recon.AOD.e348462r604/ ;
pp— Z°% — tt1~ mc08.106052.PythiaZtautau.recon.AOD.e34B2r604/;
pp — tt mc08.105200.TMcAtNlo_Jimmy.recon.AOD.e358462r635/,

pp— W — ev mc08.106020.PythiaWenliepton.recon.AOD.e352462r604/;

pp— jet + jet mc08.105802.JF1p@ythiajet filter.recon.AOD.e345462r604/

The final part of each dataset name indicates which releaseswged for the different

stages of the centralized ATLAS production. They can bepméted 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.10.2;
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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 alwayse doom the same generation
datasets. We compared datasets for the signal and the fokgroands we described in

section 4.

B.1 pp— Z°— efe datasets

simulation step dataset name
Generation mc08.106050.PythiaZzeH _epton.evgen.EVNT.e347/
Full simulation mc08.106050.PythiaZed_epton.merge.AOD.e345462r635t53/

Fast simluation mc08.106050.PythiaZzed _epton.merge.AOD.e34884t53/
Corrected fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.5060
PythiaZeell epton.merge.AOD.e34384153 tid060104
user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.5060
PythiaZeell epton.merge.AOD.e343841t53 tid060105
user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.5060
PythiaZeell epton.merge.AOD.e343841t53 tid060106

Table B.1: Datasets involved in ATLFASTII validation fpp — 2% — ete~

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 #eonstruction run using

14.2.25.8. Finally the output files were merged using verii$.2.25.6

The fast simulation was performed using version 14.2.25@ the files were subse-

guently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wepplied in Release 14.2.25
using the packages MonteCarloReactTools-00-02-04-12veorteCarloReactUtils-00-00-
12.

B.2 pp— Z°— 1t1 datasets

simulation step dataset name
Generation mc08.106052.PythiaZtautau.evgen.EVNT.e347/
Full simulation mc08.106052.PythiaZtautau.merge.AOD.e3482r635t53/
Fast simluation mc08.106052.PythiaZtautau.merge.AOD.c384t53/
Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.%260
PythiaZtautau.merge.AOD.e34B4 153 tid056545

Table B.2: Datasets involved in ATLFASTII validation fpp — 2% — 11~

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 #&®onstruction run using

14.2.25.8. Finally the output files were merged using vers.2.25.6

The fast simulation dataset was performed out using vedia 25.8 and the files were

subsequently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wepplied in Release 14.2.25
using the packages MonteCarloReactTools-00-02-04-12veorteCarloReactUtils-00-00-
12.
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B.3 pp— tt datasets

simulation step dataset name

Generation mc08.105200. TMcAtNIo _Jimmy.evgen.EVNT.e357/
Full simulation mc08.105200.TMcAtNIo _Jimmy.merge.AOD.e353462r635t53/
Fast simluation mc08.105200.TMcAtNIo _Jimmy.merge.AOD.e35d84 t53/

Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.0052
T1_McAtNIlo_Jimmy.merge.AOD.e35#84t53.tid059047

user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.0052
T1_McAtNIlo_Jimmy.merge.AOD.e35#84153.tid059048

user09.MarkHonhlfeld.ganga.MonteCarloReact.mc08.0052
T1 McAtNIlo_Jimmy.merge.AOD.e35@84t53 tid059049

Table B.3: Datasets involved in ATLFASTII validation fpp — tt

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 #eonstruction run using

14.2.25.8. Finally the output files were merged using vers.2.25.6

The fast simulation was performed using version 14.2.28@ the files were subse-

guently merged using version 14.2.25.6.

The fast simulation with post-simulation corrections wapplied in Release 14.2.25
using the packages MonteCarloReactTools-00-02-04-12viordeCarloReactUtils-00-00-
12.

B.4 pp— W — ev datasets

simulation step dataset name
Generation mc08.106020.PythiaWenll epton.evgen.EVNT.e352/
Full simulation mc08.106020.PythiaWerllepton.recon.AOD.e352462r635/
Fast simluation mc08.106020.PythiaWerllLepton.recon.AOD.e35284/
Corrected Fast simulation user09.MarkHohlfeld.ganga.MonteCarloReact.mc08.2060
PythiaWenullLepton.merge.AOD.e35284t53 tid071425

Table B.4: Datasets involved in ATLFASTII validation fpp — W — ev

The dataset involved are listed in Table B.4.
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All datasets were generated using Athena version 14.2.20dlreconstructed from

dataset

The full simulation dataset used was run using version 18.2.and the reconstruction

run using 14.2.25.8.
The fast simulation dataset used was carried out usingoreis}.2.25.8.

The fast simulation with post-simulation corrections wepplied in Release 14.2.25
using the packages MonteCarloReactTools-00-02-04-12viordeCarloReactUtils-00-00-
12.
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SHERPA configuration files

C.1 Analysis.dat

BEGIN_ANALYSIS {
LEVEL Showers

PATH_PIECE _Analysis
Statistics FinalState

} END_ANALYSIS

C.2 Model.dat

I-— Model parameters

MODEL
I

I SM parameters
|
EW_SCHEME

the ew sector.
ALPHAS (M2Z)

M_Z
ALPHAS(default)
ORDERALPHAS
1/ALPHAQED (0)

the Thomson limit
1/ALPHAQED (default)

= SM I Model

=0 I which parameters define

= 0.110 I strong coupling at scale
= 0.0800 I strong coupling

=1 I NLO

= 137.036 ! inverse of alpha QED in

= 132.51 I inverse of alpha QED
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SIN2THETAW = 0.2222 I Weinberg angle at scale
M_Z

VEV = 246. I Higgs vev

LAMBDA = 0.47591 ! SM Higgs self coupling

CKMORDER =0 I order of expansion of CKM
matrix in Cabibbo angle

CABIBBO = 0.22 I Cabibbo angle (Wolfenstein
parametrization)

A = 0.85 I' A (Wolfenstein
parametrization)

RHO = 0.50 I rtho (Wolfenstein
parametrization)

ETA = 0.50 I eta (Wolfenstein

parametrization)
!

I SUSY parameters
|

SLHA_INPUT = LesHouchesSPS1A . dat
|

I ADD parameters
I

N_ED = 2 I Number of extra

dimensions in ADD model
G.NEWTON = 6.707e-39 ! Newton gravity constant
M_S = 2.5e3 I string scale for ADD
model, meaning depends on KBONVENTION
M_CUT = 2.5e3 I cutoff scale for the c.m
energy
KK_CONVENTION =1 I O=const mass

I 1=simplified sum(HLZ)
2=exact sum(HLZ)

I 3=Hewett +1 4=Hewett
-1

I 5=GRW (LambdaT (GRW)=M_S
for virtual Graviton
exchange

! or MD=M_S for
real Gravtion production
)

I only KK_.CONVENTION’s 1,2
or 5 are applicable for

real Graviton production
!

!
I Particles Tau Decays
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|

éTABLE[lS]:O

|

i Particles top
I

Mass[G]:172.5

|

i Particles W

I
MASS[24]=80.403
WIDTH[24]=2.141
|

i Particles Z

I
MASS[23]=91.1876
WIDTH[23]=2.4952

C.3 Processes.dat

%
%— Processes to calculate
%
VS S/8Y 8/ S/ S/ S/ 8/ 8/ S/ S/ S/ S/ 8/ S/ S/ S/ S/ 8/ 88/ S/ S/ 8/ 8/ 88/ S/ S/ S/ 8/ 88/ S/ S/ 8/ 8/ 8/ S/ S/ BB o
%
% jet jet —> electron positron + ajets
%
Process : 93 93> 11 —11 93{3}
Print_.Graphs
Order electroweak : 2
End process
%
VY88V S S S/ S/ S/ Sy Sy Sy S8/ 8888/ 8/ 8/ 8/ 8/ 88/ 88/ S/ S/ S/ S/ S/ S/ S/ S/ 8/ 8/ /BB o
%
% jet jet —> mu+ mu- + n—jets
%
% Process : 93 93> 13 —13 933}
% Print_.Graphs
% Order electroweak : 2
% End process
% %
Y% Y/ S/ S/ S/ S/ Sy Sy Sy S8/ S8/ 8/ 88/ 8/ 8/ 8/ 8/ 8/ 8/ 88/ 8/ 8/ 8/ S/ S/ S/ S/ S/ 8/ /BB S o
% %
% % jet jet —> electron positron + Ajets
% %
% Process : 93 93> 15 —15 933}
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% Print_.Graphs

% Order electroweak : 2

% End process

% %

Yo V8/8/8/8/S/S/S/S/8Y8/S/S S/ S/ S/ 8/ S S/ S8/ S/ S/ S/ S8/ 8/ S S8/ 8/ S/ S/ S8/ 88/ S/ S/ /BB o

C.4 Run.dat

(beam{

I-— Beam parameters
|

BEAM_1 2212 I possible beam
particles: P+, P, e+, e-

BEAM_ENERGY_1 = 7000. I in GeV

BEAM_POL.1 = 0. ! Polarization
degree-1 ... 1

BEAM_SPECTRUM1 = Monochromatic I Monochromatic ,

LaserBackscattering , Simpl&Compton

K_.PERPMEAN_1 = 0.2

K_PERPSIGMA_1 = 0.8

!

BEAM_2 2212 I possible beam
particles: P+, P, e+, e-

BEAM_ENERGY_2 = 7000. I in GeV

BEAM_POL.2 = 0. I Polarization
degree-1 ... 1

BEAM_SPECTRUM2 = Monochromatic I Monochromatic ,

LaserBackscattering , Simpl&Compton
K_.PERPMEAN_2 = 0.2

K_PERPSIGMA_2 = 0.8

I

BEAM_SMIN = 1.e-10 I Minimal fraction
of nominal s after beam spectra

BEAM_SMAX = 1.0 I Maximal fraction

of nominal s after beam spectra
|

E_LASER_1

= 1.17e9 I Laser energy in
GeV
P_.LASER_1 = 0. I Laser polarization
+-1
E_LASER.2 = 1.17e9 I Laser energy in
GeV
P_.LASER 2 = 0. I Laser polarization

+-1
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LASER MODE =0 0 = all, 1,2,3 =
individual components
LASER ANGLES = Off I On/ Off
LASER NONLINEARITY = On I On/ Off
}(beam)

(isr){

I-— ISR parameters
|

BUNCH_1 = 2212 I possible beam particles: P+,
P—, e+, e-

ISR_1 = On I On/ Off

I

BUNCH_2 = 2212 I possible beam particles: P+,
P—, e+, e

ISR_2 = On I On/ Off

I

ISR_.SMIN = 1.e-10 I Minimal fraction of nominal s
for parton after ISR

ISR SMAX = 1.0 I Maximal fraction of nominal s

for parton after ISR
|

ISR_E_.ORDER =1 | Perturbative order of

electron structure function

ISR_.E_.SCHEME =2 | Beta-scheme : 0,1,2 , default
=2

!

PDFE.SET = cteq6AB. LHgrid I the CTEQ6 PDFs cteg6m

,Ccteq6d , cteg6l ,cteq6ll
I can be accessed when
PDF.GRID_PATH = CTEQG6Grid

I to use LHAPDF list one of the
PDF sets ,

I , e.g. Alekhinn100.LHpdf, that
comes with your

| LHAPDF installation , the full
list can be found in

I "lhapdf—config —pdfsets—path
', In addition set
| PDF.GRID_.PATH = PDFsets

I or use the interface to
MRST99 through

! PDF.GRID_PATH = MRST99Grid
!
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PDF.SET.VERSION = 0
I

PDF GRID_PATH = PDFsets ! CTEQ6Grid, PDFsets , MRST99Grid
}(isr)
(me){
|

Il-— ME generators
|

ME_SIGNAL_GENERATOR = Amegic I Internal or Amegic

EVENT_GENERATION.MODE = Unweighted

!

COUPLING.SCHEME = Runningalpha$S ! Fixed (default
value) or

' Running (s for ME
generators , pt for
2—>2)

Fixed I Fixed (polemass) or

' Running (higgs mass)

YUKAWA MASSES

YUKAWA MASSESFACTOR = 1. I Additional prefactor
for yukawas
|
SCALE_.SCHEME = CKKW I see ’'http ://www.
sherpa-mc.de/scales . html’
KFACTOR_SCHEME =1 I 1=as(pt2)/as(ecms)”
nstrong , default=1
SUDAKOV_WEIGHT =1 I apply sudakov weight
on single events
SCALE FACTOR = 1. I factor the scale is
multiplied with
}(me)
(integration}
|
I-— Phase space setup
|
ERROR = 1.e2 I Error by calculating matrixelements

FINISH_.OPTIMIZATION = On ! Integrate until optimization is
completed
|
INTEGRATOR = 6 I Phasespace : Rambo=0, Sarge=1,
! Rambo + Sarge=2,
! Rambo + Multichannel =3,
! Multichannel:
! =4 (Original channel
generator)
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=5 (Original+extra channels
competing peaks

like in —>Higgs—ZZ—>q qb

q gb)

I Choice 4-6 only affects channel

VEGAS = On
}(integration)

generator)
generation

=6 (New channel

I general

MI_HANDLER
!

Amisic !

parameters

Amisic / None

I hard underlying event parameters

CREATEGRID 93 93 — 93 93 !

generate
PSERROR
integration
REGULATE_XS
section
XS_REGULATION
parameter
SCALE MIN
RESCALEEXPONENT
REFERENCESCALE
energy scale
PROFILEFUNCTION
Double.Gaussian
PROFILEPARAMETERS
coresize ,

}(mi)
(shower

processes to

1.0e2 I error for

regulate cross
regulation

I minimum scale
0.16 I rescaling exponent
1800.0 I reference

Gaussian I Gaussian /

1.0 0.5 0.5 !

size (must be 1),

I matter fraction

Parton showers

SHOWERGENERATOR
!

FSRSHOWER

ISR SHOWER

Apacic !

1=0n,0= Off
1=0n,0= Off
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!
IS.PT2MIN

= 4.
FS PT2MIN = 1.
}(shower)

(fragmentation})
|
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I IS Shower cutoff
I FS Shower cutoff

I-—— Fragmentation parameters

FRAGMENTATION = Ahadic

fragmentation) or Ahadic

DECAYMODEL = Hadrons

I Off, Lund (Pythia string

! Lund or Hadrons

I-— Photons parameters

YFS_MODE =2

YFS.USEME =1
correction if possible
YFS.IR.CUTOFF = 1E-3

MAX _PROPERLIFETIME = 10
}(fragmentation)

C.5 Selector.dat

settings for Photonsmodule:

0 — off/no corrections
1 — soft only
2 — soft + order(alpha

) hard correction (default)
use exact MEs for hard

IR cut—off

Parton level selectors

JetFinder
Mass 11 —-11 50 10000
PT 11 8. 1000000.
PT —11 8. 1000000.
Rapidity 11 —-3.0 3.0
Rapidity —11 —-3.0 3.0

sqr(20/EMS) 1.
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