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Abstract

The Large Hadron Collider (LHC) offers unprecedented opputies to explore unknown kine-

matic regions and discover new Physics. Its discovery dhfedy however, strongly depend
on our understanding of the Standard Model. Leptonic dechifse I/ boson produced in as-

sociation with jets are one of the dominant backgrounds y@iek beyond the Standard Model,
particularly Supersymmetry. These processes can alse asrtesting ground for the theory of
strong interactions. Their study is therefore of great ingoace at the LHC.

The aim of this thesis is to prepare the essential tools foeaty data measurement of
W — ev + jets processes, assuming an integrated luminosity of b0b. Based on Monte
Carlo simulations, several aspects of the analysis are shisdy from the treatment of back-
grounds, to the calculation of electron efficiencies an@&ptances. The focus is on data-driven
techniques, which are going to be crucial, particularlyne éarly-data phase, to minimise de-
pendence on Monte Carlos. A data-driven method for the eidraof electron efficiencies
usingZ — ee events is thoroughly studied. The expected statisticalsgstematic uncertain-
ties are evaluated and the systematic bias oriithes ev + jets cross-section is assessed. Fi-
nally, the major sources of systematic uncertainties aatdd and the experimental prospects

for measuring thé?V — ev + N, absolute cross-section and the rati’é%’%“*” and

g +Njets)
i(gi—;vvjf)) (with N;..s = 1, 2) are presented. It is suggested that the ratios areficeferred as

robust measurements for the early data scenario and itdestied what aspects of the analysis
are the most critical in each case.



To Alberto and Barbara



Acknowledgements

The last four years, spent between Oxford and CERN, have balgretciting and enriching,
both for my professional and personal life. It is a pleasarthank those who made this possi-
ble. I would like to thank the Science and Technology FaegiCouncil (STFC) for providing
financial support giving me the opportunity to undertaks ttegree.

| owe my deepest gratitude to my supervisor, Prof. Amanda €e8prkar, and to Dr.
Tony Weidberg, whose guidance, constant support and eageorent have been invaluable
not only for the completion of this thesis but also for my fatwareer. | would like to thank
all the people of the Oxford Particle Physics sub-departmealuding the IT support and the
secretariat, who have been extremely patient and helpedive snumerable problems. A
special thanks goes to my fellow students in the ATLAS grovpo supported me in getting
started when | first arrived: Ellie Dobson, Kristin Lohwas$&uillaume Kirsch, Oleg Brandt. |
also thank the numerous other students and post-docs treabffared unvaluable help, as well
as entertainment.

One of the nicest aspects of scientific research, and ATLA#iticular, is the opportunity
to collaborate with a large number of people, from differemtintries and institutions. During
my thesis, | had the pleasure of working with numerous peapl©xford and elsewhere. |
am grateful to Alessandro Tricoli, for his guidance and suppvhich have been very impor-
tant especially (but not only) at the initial stages of my DPh would like to thank Hugo
Beauchemin (and the rest of the 'Rjets’ team) for the fruitfollaboration and long discus-
sions that have helped me understanding some of the coripteri a physics analysis. It
has been a great pleasure to be part of the 'Tag-and-Probe¢hariinsitu-Performance’ teams.
My thanks go to Olivier Arnaez, Daniel Froidevaux, ElzbiRiahter-Was, Matthias Schott and
Mike Flowerdew. | would also like to show my gratitude to theneeners of the ATLAS sub-
groups for their guidance. Another important part of my DRas been the exciting time spent
in the ATLAS control room and for this | am grateful to Sandra@&o and the rest of the SCT
Commissioning team.

| would also like to thank all my friends, too numerous to ni@mtwho have supported me
during these years.

This thesis is dedicated to my family who have supported and@aged me throughout the
last four years and for many years before. To my parents whe alavays reposed confidence
in me and placed great importance in my studies and work jidgspeing so distant from their
own world. Itis thanks to them that | reached this point infin& place. To Till, who has been
of enormous support and has taught me to approach work, ferid tjeneral, with passion and
playfulness.



Preface

The analysis presented in this thesis was developed inthgdars immediately preceding the
start-up of the LHC and reached completion when the ATLA®cler was showing the first
physics results from collisions with a centre of mass enefgy TeV. At the time of writing,
however, the amount of data collected was not sufficient téopa the studies described in
this thesis. Due to time constraints and the limited siatisivailable, the analysis presented is
therefore based purely on Monte Carlo simulations.

ATLAS is a very large collaboration. Due to the complexityttod experiment, any measure-
ment unavoidably involves contributions from a large numitifepeople. This thesis presents
my own contribution to the analysis of W + jets processes hatefore focuses on the particu-
lar aspects of the analysis | concentrated on during myesudontributions from other people
are referenced as they arise.

The analysis presented in this document is only one partoitirk | have done during my
D Phil. The rest could not be included due to space limitatiend is briefly described here.

As part of my technical work at ATLAS, | have been involved lre tommissioning of the
SemiConductor Tracker (SCT). Installed in the experimeradlifrom 2006 to 2008, the SCT
has undergone extensive integration and commissioning easmic rays. During this time,
| worked on the testing of the optical links used for the megulead out and monitored the
individual power supplies and environmental variable$c8i2008, the SCT has participated
in ATLAS combined runs for cosmic data taking and | have besmh @f the detector operation
team. | have presented results on the commissioning of the &@TPixel detectors at an
international conferencdl].

A significant part of my thesis has been an in-situ method §ed Tag-and-Probe) to mea-
sure electron efficiencies from data usidig— ee events. This analysis was developed within
the ATLAS electron/photon performance working group, vattight connection with the W/Z
boson inclusive and W/Z boson + jets working groups. The waikleen presented at several
ATLAS workshops, contributed to the "Electrons and Phot@msl "Standard Model” chapters
of the ATLAS CSC book?], and has been written into an internal na®g (another one is cur-
rently in preparation) where | am one of the main authorsvetaso co-developed the official
ATLAS package for the in-situ determination of detectorfpenance, where | am responsi-
ble for the electron performance sub-package. In addibahe electron performance studies
described in this document, | also investigated the feliygiloif extracting tracking efficiencies
from data usingZ — ee andWW — ev events. Furthermore, | performed preliminary studies of
a novel statistical tooH] for background subtraction in the context of efficiencyatetination.

The physics topic of my D Phil is the productionéf boson in association with hadronic
jets. The work, presented in this thesis, has been shownrastwaps and international confer-
ences $] and written up in ATLAS publications?] and internal notes3.
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Glossary

A : Acceptance
Agen : Acceptance at generator level

JER : Jet Energy Resolution
JES : Jet Energy Scale

Agen—rec . Correction factor to account for L : Integrated luminosity

detector smearing on the acceptance
Apge . Acceptance at detector level
B : Number of background events
BSM : Beyond the Standard Model
AR : Angular separation

LHC : Large Hadron Collider
LO : Leading-Order

LVL1 : Level 1 trigger

LVL2 : Level 2 trigger

MC : Monte Carlo

AR.; : AR between electron and closest jefjE : Matrix Element

AR;; : AR between two jets

A : Uncertainty

n : Pseudo-rapidity
e20_loose : Specific single electron trigger
e : Efficiency
€cle - Electron efficiency € €yeco - €id - €trig)
€aRrej . Efficiency of AR,; cut
ear;j . Efficiency of AR;; cut
€iq : Electron identification efficiency
€jet : Jet efficiency € €eco jet * €aRej - €arjj)
€reco . Electron reconstruction efficiency
€reco jet . JEL reconstruction efficiency
€wig - Electron trigger efficiency

EF : Event Filter

EM : Electromagnetic
EXss : Missing transverse energy

FSR : Final State Radiation

HLT : High Level Trigger

HT : Scalar sum of first and second jet
ID : Inner Detector

ISR : Initial State Radiation

Vil

M., : Invariant mass of an electron pair
NLO : Next-to-Leading-Order

Pdf : Probability Density Function

PDF : Parton Distribution Function

PID : Particle Identification (for electrons)
PS : Parton Shower

pQCD : Perturbative QCD

pr : Transverse momentum

pY W boson transverse momentum
TP : Tag-and-Probe

QCD : Quantum ChromoDynamics
QED : Quantum ElectroDynamics

Rols : Region of Interests

Rjets - Ratio%

Ry : Ratio(;((vzvj—m

o . Cross-section

S : Number of signal events

SCT : SemiConductor Tracker

SM : Standard Model

TRT : Transition Radiation Tracker



Chapter 1

Introduction

The desire to understand Nature in the most fundamental \wayalways been the driving
force behind scientific progress. Today, humanity has aelienpressive advancements in the
understanding of the world around us. The great variety g§juls phenomena are explained in
terms of four fundamental interactions between elemergarticles. All but the gravitational
force are combined into the Standard Model (SM) of partitigsics, currently the universally
accepted theory describing the building blocks of matthe $M has been successfully tested
over the past 30 years and only one of the predicted partitie$diggs boson, has so far eluded
discovery. Yet, rather than completing our picture of natwuch advancements have raised
even more questions and highlighted the shortcomings afhth@ry. The SM can simply not
answer some of the observed features of our universe, suble asigin of dark matter and the
predominance of matter over antimatter. This does not irtiidy the SM is wrong, but rather

incomplete: its limitations can be overcome by adding nextigdas and new interactions.

In addition to searching for the elusive Higgs boson, thegkadadron Collider (LHC)
hopes to provide evidence for new physics. The ultimate e@dghe LHC is not to further
test the SM, but rather to use it as a tool in searches for wmkmhenomena. Despite the
valuable knowledge accumulated in previous collider expents, further validation of the

SM at the LHC conditions is going to be a fundamental pre-istgufor any new discovery.
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In particular, understanding the theory of strong intacas which dominates any process at
the LHC is going to be one of the challenging tasks. The studdi@#/oboson production in
association with hadronic jets presented in this thesisused out in this perspective: it is
a tool to validate the strong-interaction dynamics at theCLéhergies and also an important
background to both Standard Model and Beyond the StandareeMigysics. This analysis
could therefore directly/indirectly feed into new phys&msarches. Indirectly, by validating
the available Monte Carlo generators and theoretical pieds; indispensable tools for any
discovery. Directly, by accurately measuring the backgtbto several potential discovery
channels. For these reasomi, boson plus jets is going to be one of high-priority Standard

Model processes to be measured at the LHC.

1.1 Thesis Outline

This thesis presents the work developed in preparatiorhfofitst measurements &f boson
plus jet production at the LHC, with thé” decaying into the electron channel. The analysis is
performed on fully simulated Monte Carlo samples, generaiida centre of mass energy of

v/s =10 TeV. Throughout this thesis, an integrated luminositya® pb! is assumed.

Since the work is carried out solely on Monte Carlo simulatidhe focus is on the devel-
opment of techniques necessary for extracting a crosgseemt a ratio of cross-sections, with
particular emphasis on data-driven methods which couldpiptieal with the first~ 100 pb!
of data. Rather than presenting a Monte Carlo based resulthtbsis is concluded with a dis-
cussion of the experimental prospects for studyiig jets processes, with focus on the 1 and
2 jet multiplicity bins. In addition to the absolute crosz8on, also ratio measurements are
treated. Ratios are particularly interesting since theg leaa cancellation of several system-
atic uncertainties. This work should therefore be congideas a starting point for designing a

robust measurement &f — ev + jets.

The first chapters give a brief introduction to the ATLAS ebipeent at the LHC (Chapte?)
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and to the physics of W + jets (Chapté:. Chapterd explains howlV — ev + jets events
are selected and Chapteérdescribes the main backgrounds and their estimation. Aineent
chapter (Chaptes) is dedicated to the development of a data-driven methothextraction
of electron efficiencies. The methodology for applying éfincy and acceptance corrections
to extract the cross-section is described in ChapteFinally, Chapter8 discusses how the
techniques developed in previous chapters are tied togkethe final measurement. In addition
to the absolute cross-section measurement/of— ev + 1, 2 jets, the ratio.,%ljje;S and

itaie are also addressed and the experimental prospects for é#utse measurements

are presented.



Chapter 2

The ATLAS Experiment at the LHC

The Large Hadron Collider is starting a new era in particlesuds; with its unprecedented
energy and luminosity, it offers a great potential for nescdwveries. This chapter gives a short
introduction to the physics which is going to be studied atitHHC and briefly describes the
ATLAS detector. Sectiong.1-2.2 are dedicated to the Standard Model and physics Beyond
the Standard Model and Secti@r8 describes the physics programme of the LHC. Finally, the
components of the ATLAS detector which are most relevanttlics thesis are described in

Section2.4.

2.1 The Standard Model

The Standard Model (SM) is the most widely accepted theorghvimcorporates all the cur-
rently known elementary particles (fermions) and all iat#ions other than gravity. The fun-
damental interactions are described in the formalism offQura Field Theory (QFT) and are
mediated by spin-1 particles, called gauge bosons: theoph@grrier of the electromagnetic
interaction, described by the theory of Quantum Electradyics, QED), the massivé'* and

Z bosons (for the weak interaction) and eight gluons (caradrthe strong interaction, de-

scribed by the theory of Quantum ChromoDynamics, QCD). Masfearticles are introduced

4



2.2 Physics Beyond the Standard Model 5

Particle Type Symbol Spin
et, ut, F 1/2
Leptons Ves Vy, Vr 1/2
Ve, Uy, Ur 1/2
u,d,c, s, t,b 1/2
Quarks u,d, ¢ 5,tb 1/2
v, Z°, W=, g 1
Bosons 70 0

Table 2.1: Patrticle spectrum of the Standard Model.

by their coupling to a scalar field, the Higgs boson. The plrgpectrum of the SM is shown

in Table2.1

The SM has so far been amazingly successful in explainingla wariety of experimental
results. Its predictive power was first highlighted by thecdivery of weak neutral curren® it
the European Organisation for Nuclear Research (CERN) in 18d3absequently confirmed
by numerous other discoveries (such as the observatior ®¥tand.Z bosons7, 8, 9, 10] and
the top quark 11, 12]) and precision measurements at Large Electron-Positrdiid€o(LEP)
and at the Tevatron proton-antiproton collider. Searchethe Higgs boson, the only missing

particle, are being performed at the Tevatron and LHC.

2.2 Physics Beyond the Standard Model

Despite its successes, the SM cannot be complete. The SMeigeative theory, only valid up

to a certain energy scale. At the very least, at the Planke $t@l® GeV), when gravity becomes
important, it is necessary to extend the SM with a quanturorthef gravity. Several arguments
suggest that physics Beyond the Standard Model (BSM) coutch@dyr appear well below the
Plank scale. One of these is the hierarchy problem conagmaidiative loop corrections to

the bare Higgs mass Other theoretical arguments concern the unification ofjgauplings.

lin order to keep the mass of the Higgs around a few hundreds &e¢uggested by global electroweak
fits [13], and avoid a remarkable fine-tuning, new physics shoul@éapat the TeV scale.
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Furthermore, the SM does not explain the matter-antimatgmmetry observed in the universe

and does not provide a satisfactory dark matter candidate.

There are several scenarios for new physics beyond the Sklaively low scales, in-
voking for example new symmetries, extra spatial dimersmmnnew interactions. One of the
theoretically favoured candidates is Supersymmetry (SU8X a comprehensive description
see, for example, 1{]). It postulates a theory invariant under a symmetric tr@amsation that
turns bosonic final states into fermionic final states and-wviersa. The main motivation for its
proposal is that it solved the hierarchy problem by a stgkiancellation between the various
contributions. In addition, SUSY provides a suitable cdate for dark matter (the lightest su-
persymmetric particle, LSP) and even provides the pogsiloit unifying the gauge couplings

at a scale of about)!® GeV.

2.3 Physics at the LHC

The Large Hadron Collider (LHC) at CERN is the largest and mostgofw particle acceler-
ator. It has been designed to deliver proton-proton colliievery 25 ns at a centre of mass
energy of 14 TeV and a design luminosity tf**cm =2 s~*. Since the end of March 2010,
LHC has been operating at a reduced centre of mass energyed 7ahd has been gradually
increasing the delivered luminosity with the aim of achigythe goal ofi0*2cm =2 s~! by the
end of 2010. Along the 27 km long LHC ring, are situated fourmeperiments: ATLAS and

CMS (general purpose detectors), ALICE and LHCDb (specialisteotors).

The main motivation for building the LHC is the search for Higgs boson and for evidence
of physics beyond the SM. Nevertheless, the LHC physicsrarome covers a wide range of
topics. We provide here a brief summary, focusing specificah the physics goals of the

general purpose detector ATLAS:

2The LHC will also collide heavy ions, in particular lead, & FeV per nucleon pair.
3Although first collisions at/s = 900 GeV occurred on November2220009.
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e SM Physics the high luminosity and increased cross-sections withalprecision mea-
surements of the electroweak sector, flavour physics atsldéQCD. The LHC will be
a factory ofl¥ andZ bosons, which in addition to being useful for detector perniance
studies, will provide constraints on QCD and the proton $tmacin particular. The prop-
erties of the top quark (its couplings, mass and spin) arutaduction cross-section will
also be studied. Such measurements will not only help tdhestonsistency of the SM,
but also provide important information for BSM physics séascand, in some cases (eg.

top quark properties), might even provide a hint of new ptg/si

e Higgs boson searchesvarious Higgs decay channels will be searched for at the LHC,
to ensure coverage over a wide Higgs mass range (about 80dGEV&V) and ensure
redundancy. The ATLAS experiment has a large discoverynpaldor the Higgs boson
both in the SM and in the Minimal Supersymmetric Standard 81giMSSM) 4. For a

review of the ATLAS Higgs search strategies the reader cfam te [2].

e BSM Physics searches for new physics cover a wide range of potentiebdésy chan-
nels for SUSY and more exotic scenarios (s8g [One of the main focuses will be on
SUSY models which manifest themselves through cascadagpetrsymmetric particle
decays resulting in large missing transverse energy, hagisterse momentum jets and a

certain number of isolated leptons.

2.4 A Toroidal LHC ApparatuS

The design of the ATLAS (A Toroidal LHC ApparatuS) detectaslbeen driven by the stringent
requirements imposed by the complex environment of a hadotlider combined with the
excellent performance necessary to accomplish the widsiggprogramme (see Sectiar8).

The very high luminosity of the LHC on one side provides thghhstatistics indispensable to

4The MSSM is the simplest supersymmetric extension of the\8ikh, minimal possible particle content.
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gain sensitivity on processes with low cross-sectionsphbuhe other hand leads to very busy
final states, where the event of interest is accompanied gverage 23 inelastic events per
bunch-crossing. In addition, physics at hadron collidedaminated by final states with QCD-

jets which are a formidable background to numerous int@xggtrocesses. In such conditions,
identifying rare interesting processes requires highgoardnce from all sub-components, as

well as an accurate and efficient trigger system.

Side C Side A

25m

LAr hadronic end-cap and
forward calorimeters

y Toroid magnets LAr eleciromagnetic calorimeters
% Muon chambers Solenoid magnet | Transition radiation fracker
5 Semiconductor fracker

Figure 2.1: Cut-away view of the ATLAS detector and its sumponents 15]. Shown is also
the ATLAS coordinate system: theaxis is defined along the beam axis, while the y axes
define the transverse plane.

In this section the ATLAS sub-detectors and the triggeresysare briefly described. Be-
fore entering into a detailed description, it is useful tdimkethe coordinate system and some

nomenclature used throughout this thesis.

2.4.1 The ATLAS Coordinate System

The ATLAS coordinate system is shown in the left bottom cowfeFig. 2.1 The z direction

is along the beam axis, the positiveaxis points towards the centre of the LHC ring and the
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positivey-axis points upwards. In spherical coordinates{Rj) , the polar anglé is the angle

from the beam axis and azimuthal angles measured around the beam axis:

R =+/x2+y%+ 22

0 :tan1<—"X2Z+y2)
[0) :tan_1<§>.

The kinematics of a particle of energyand momentuny are usually described in the, ¢,

1) system, wherer is the transverse momentum amé the pseudo-rapidity:

wherep = |p] is the magnitude of the momentum vector ands the momentum in the-

direction. The angular separation between two particlgs, is:

AR = /AR + Ag2. (2.3)

2.4.2 Detector Overview

A view of the ATLAS detector with its sub-components is shawirig. 2.1 At the innermost
radius, the Inner Detector, placed inside the solenoidviges tracking of charged particles.
Outside this sits the calorimeter and finally the outer maotticupied by the muon spectrometer
with large superconducting air-core toroid magnets. THedetectors most relevant for the

analysis presented are the Inner Detector and the cal@imet



2.4 A Toroidal LHC ApparatuS 10

Inner Detector

The Inner Detector (ID) is the system closest to the intéwacpoint. Immersed in T
solenoidal field, it is designed to provide excellent moraenand vertex resolution for parti-
cles with|n| < 2.5 andpy > 0.5 GeV [15]. Itis built with high granularity, fast, radiation-hard
electronics and sensor elements to be able to cope with tiieHigh interaction rates and par-
ticle fluxes. The ID comprises three independent but comeiegary sub-detectors, shown in
Fig. 2.2 (left): the Pixel Detector, the SemiConductor Tracker (SGT0J the Transition Radia-

tion Tracker (TRT).

Pixel Detector: In the innermost part of the tracking volume, the highesnhglarity is
achieved by the Pixel detector. With approximately 80.4iamlread-out channels, the Pixel
detector provides excellent vertex and impact parametasarements, which are critical for
heavy-flavour and-lepton tagging. A pixel module consists of a 266\ thick silicon sensor
[16], segmented in pixels of typical siz#® x 400um?. As an ionising particle crosses a pixel
element, it creates a number of electron-hole pairs prap@ito the energy loss. An externally
applied electric field separates the pairs before they reamn The induced current is amplified
and compared to a programmable threshold. If above thréstina hit is recorded with spatial

information (given by the pixel position) and a time stamp.

SCT: At higher radii, the measurement of particle momentum aratiajpresolution are
enhanced by the silicon strips of the SCT. An SCT module cansistwo pairs of identical
single-sided micro-strip sensors of typical pitch 86. The two sensors are glued back-to-
back at a stereo angle of 40 mrad, allowing to determine thpdsition along the strip. The

detection principle is identical to the Pixel detector.

TRT: Finally, at the outer radius the TRT provides patrticle tiagkwhile also improving
electron identification capabilities. The TRT consists @y layers of drift tubes of 4 mm in
diameter and up to 1.44 m in length interleaved with traositiadiation material. It exploits

partly the principle of straw gas detectors for tracking éndby a charged patrticle ionises the
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gas and generates an electric signal) and partly the plinoiptransition radiation (TRY.
Since the probability for a particle to emit TR depends sotel the Lorentzy-factor, it can
be used to separate electrons (high TR probability) from$pitow TR probability). The TRT
uses therefore two thresholds for the signal read-out: alweashold for tracking and a high

threshold for electron identification by TR.

K_/\_/_\ R = 1082 mm
R0 111

TRT

L\
Pixel detectors

7 sl i SCT
7 Barrel transition radiation tracker

= Pixels
R =88.5mm

End-cap transition radiation tracker R=1225mm
Pixels
R =50.5mm

End-cap semiconductor fracker
R=0mm

Figure 2.2: (Left) The Inner Detector envelope with its theaib-detectors: Pixels, SemiCon-
ductor Tracker and Transition Radiation Tracker. (Right) Ates of the ID barrel, with the
main detector components and their dimensions. A tracksergshe detector is also shown.

The silicon precision trackers (Pixel Detector and SCT) ar@nged in concentric cylinders
around the beam axis in the central barrel region (threel Rixé four SCT layers), and in
disks perpendicular to it in the end-caps (three Pixel ane SCT disks per side). The TRT
straw tubes are arranged in 73 planes parallel to the bearrathe barrel and in 160 planes
radially around it (end-caps). A section of the ATLAS ID l&nis shown in Fig2.2 (right): a
track crossing the ID volume typically leaves three highcpmien hits in the Pixel Detector and
four space-points in the SCT. The number of TRT hits is muchédnidtypically 36 per track),

compensating the TRT poorer resolution.

STransition radiation arises when relativistic chargedipkas cross a boundary between two media with dif-
ferent dielectric constants.
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The Calorimeters

Sitting outside the solenoidal magnet, the calorimeterssige the energy measurement of elec-
trons, photons and hadrons over a rangg)pk 4.9. As an incident particle interacts with the
detector material (through electromagnetic or strong gsses), it produces a shower of par-
ticles with gradually lower energy until full absorption.h& energy deposited in the active
medium, detected in form of light or charge, serves as arggmaeasurement of the incident
particle. Since these are sampling calorimeters, a coceditiration is crucial for the physics
performance. Issues related to the calibration of elesteom jets are treated in ChapterThe
ATLAS calorimetry system comprises three sub-systems Fsge?.3): the electromagnetic

(EM), the hadronic and the forward calorimeter (FCal).

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr eleciromagnetic = ~: -
end-cap (EMEC) ——— MM
—¢ Z

3 Q

LAr electromagnetic
barrel

Figure 2.3: Cut-away view of the ATLAS calorimeter systeth|

EM Calorimeter. The EM calorimeter provides excellent energy and positesolution
for electrons and photons in the pseudo-rapidity ramge< 3.2. It is a liquid-argon (LAr)
sampling calorimeter with lead absorber plates. The aesmrdieometry is perfectly symmet-
rical in ¢ without azimuthal cracks. In pseudo-rapidity, the EM cahater is divided into a
barrel part [;| < 1.475) and two end-caps (1.3%5|n| < 3.2). They region matched to the ID

(Inl < 2.5) is segmented longitudinally into three sections witthtgranularity. In the region
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In| < 1.8, a pre-sampler provides corrections for energy losses stregm material. The
importance of this longitudinal segmentation for preaisieasurements will be discussed fur-
ther in Chapted, in the context of electron reconstruction and identifmatiThe outer region

(In| > 2.5) has coarser granularity and is segmented into twoosectin depth.

Hadronic Calorimeter and FCal: The main goal of the hadronic calorimeter is to provide
good jet and missing transverse energy measurement. Cfocihis are large coverage in
and a thickness sufficient to contain the hadronic showetianitcpunch-through into the muon
system. Granularity is less important than for the EM cabetier and is therefore coarser.
Hadronic calorimetry in the range| <1.7 is provided by the Tile calorimeter, a sampling
device made out of steel as the absorber material and satintj tiles as the active medium.
In the end-caps (1.5 |n| < 3.2), matching the range covered by the EM calorimeter, LAr
technology is used. The forward region, up#o= 4.9, is covered by the Forward calorimeter,

also built in LAr technology, which provides both EM and hawic energy measurement.

2.4.3 The ATLAS Trigger System

The challenging LHC environment with 10° p-p interactions per second, combined with the
large number of electronic channels-(10%) of the ATLAS detector, results in a huge amount
of output data. Storing all these data would not only be wibd@, but even undesirable, since
most of them are uninteresting events. The scope of theetriggto reduce the output rate
from the initial 40 MHz to about 200 Hz, while retaining ingésting rare physics signatures for
off-line analysis.

The ATLAS trigger system][7, 18] is organised into three levels: level-1 (LVL1), level-
2 (LVL2) and event-filter (EF). LVL2 and EF together form thigllevel trigger (HLT). A
schematic view of the trigger system is shown in RAgLt The trigger works like a chain, with

some basic selection criteria applied at each step. Eagdetrlevel refines the decision made at

SHistorically, the motivation for building the pre-sampleas to enhance the performance of the calorimeter in
view of Higgs searches in th# — ~~ decay mode, which requires excellent energy and angulalutes.
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a previous level. If an event fails all trigger criteria ayatage, it is rejected and not processed
any further. This early rejection approach saves procgdsime, which is made available for

more sophisticated selections on the remaining events.

Interaction rate
~1 GHz

Bunch crossing
rate 40 MHz

LEVEL 1
TRIGGER

< 75 kHz

CALO MUON TRACKING
Ej Ej Pipeline
memories

Derandomizers

Regions of Interest | (R;Sgost)lt drivers
LEVEL 2 a ?;ggg;ﬂ buffers
TRIGGER

0(2) kHz

| Event builder

Fullwevent buffers
EVENT FILTER
~ 200 Hz processor sub—farms

Data recording

Figure 2.4: ATLAS trigger and data acquisition system.

ThelLVL1 trigger is hardware-based and searches for events withzhigibjects (leptons,
jets, photons) and large missing and total transverse gn@rgy coarse granularity information
from the calorimeter and the muon spectrometer is usedsaletvel. The LVL1 trigger reduces

the rate from 40 MHz to about 75 kHz in a decision time of 2s5

TheHLT trigger is software-based and runs on computing farm4.VAR , the full granu-
larity of the detector is used, including information fronetiD. However, only regions around
objects identified at LVL1 are considered. The rate is redtice@bout 3 kHz, with a processing
time of 40 ms. Finally, th&F adopts selection criteria similar to those used in off-kmalysis
(data from the full detector is available). It further redache rate to the desired 200 Hz, with
an average processing time of the order of four seconds. tEveat pass the EF are sent to

permanent storage for off-line analysis.
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2.4.4 The ATLAS Detector in Action

The ATLAS detector is currently operating, recording p-flismns at a centre of mass energy

of 7 TeV.W, Z bosons and, more recently, top quark candidates have bsenved 19].

Figure 2.5 shows an event display of a candidaié — ev event. The large figure on
the left is a cross-section of the ATLAS detector in the tvanse @ — ¢) plane. The dark
middle region represents the ID, while the green area is Me&orimeter and the red is the
hadronic calorimeter (the muon system is not shown). Thiewdine, leaving hits in the ID
and an energy depositin the EM calorimeter, is the elecffboe.direction of missing transverse
energy is shown by the red dotted line. The top right plot shamother view of the same event
in the R — z plane. The Pixel and SCT cylindrical layers and disks arerlgiaasible. In
the bottom right, a lego plot in the-¢ plane shows the energy deposition in the calorimeter.
The values of the reconstructed objects and ofitheoson candidate transverse mass are also

shown.

This is only one of the mani#’ boson candidates that have been observed and of the many

more that are expected in the coming months. The exciting ek(has just started.

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
pT(e+) =34 GeV

nle+)= -042

‘ E,™ = 26 GeV
i

Figure 2.5: A candidatél’ — er event recorded by the ATLAS detector at a centre of mass
energy of 7 TeV 19].



Chapter 3

Production of W + Jets at the LHC

This chapter introduces the main topic of this thesis, byiding some background information
on the production of¥ bosons in association with jets. The first part of the chg|@ection3.1-

3.2) gives a general description of QCD physics at hadronic aes. It explains how the
various processes involved in a hard scattering event adeied in theoretical predictions
and introduces the concept of jet algorithms. The secondop#éne chapter is dedicated more
specifically tolV + jets processes. SectiBtB3gives a brief review of the theoretical predictions
available, while Sectio.4 explains the motivation for studying these processes.i@e8t5
gives an overview of the studies which are going to be perforat ATLAS and introduces the
analysis discussed in this thesis. Finally, Sec8dahdescribes the Monte Carlo samples used

in the next chapters.

3.1 QCD Physics at hadronic colliders

The initial state of any scattering process at the LHC cossika pair of protons. Its descrip-
tion requires knowledge of the proton structure, regasdtdswhether the hard process is of
electroweak origin (liké? production), or a strong process (such as jet productiooan@m

ChromoDynamics (QCD) is the theory of the strong interactiboadoured particles. It de-

16
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“Hard” Scattering

Outgoing Parton

AntiProton

nderlying Event

...... Initial-State
Radiation

= Final-State
+ Radiation
Outgoing Parton

Figure 3.1: Pictorial representation of a hard scatterimntin hadronic collisionZ(Q].

scribes the dynamics of partons (quarks and gluons) inslproton and is therefore the start-
ing point of any study of LHC physics. Our level of understaigcof QCD processes, however,
depends on the energy scale involved. Because of the noriaAb®ture of thé SU); gauge
symmetry group of QCD, the coupling of the strong interacfies) becomes larger at decreas-
ing energy. This implies that at high energies (short distah quark and gluons interact very
weakly and can be considered as free particles (this is thesgd of asymptotic freedom). This
is the perturbative regime, where calculations are aceuf@h the other hand, at low energies

(long distances)s is large and perturbative calculations are not applicable.

A collision event at the LHC evolves from the long distancetpns in the beam, to the
hard (short distance) scattering processes between twming partons and finally to the long
distance outgoing states. Each of these steps involvestéeyent scales (usually defined in
terms of the momentum transfer squar@d) and therefore different dynamics. Factorisation,
the ability to isolate the independent phases of the collisis an essential concept for the
theoretical description of these phenomena. The showrtist (large)?) interaction, which
can be described by perturbative QCD (pQCD), is decoupled fnensomplexity of the proton
structure and the final state hadron formation, which arepesturbative processes. A hard

scattering event at a hadron collider (see Bid) can be summarised as follows:

e The partons involved in hard scattering processes areégiokit” from the incoming beam.

The probability of finding a parton of a given typewith momentumz in a proton probed
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with scaleQ?, is given by the parton distribution functions (PDF£);z, Q?). PDFs cannot
be calculated in pQCD, but have to be obtained from globaldiexperimental data. The

evolution of the PDFs with the scalg? is described by the DGLAP equatiorl] 22].
e Before the scattering, partons can emit initial state raahaiSR).

e The large momentum transfer scattering between the twamimgp partons occurs. This

process (referred to as partonic cross-section) can beateal at fixed order in pQCD.

e Gluons and quark pairs are added to the final state (final tdiation FSR). Emitted glu-
ons are predominantly soft and collinear with the parentops: FSR (as well as ISR) is
still governed by pQCD and is described in Monte Carlo progranth as PYTHIA and
HERWIG by a parton showering process. A parton shower evéheepartons produced in
the hard process at a high energy scale, to partons at a lowegyescale, up to the point

when non-perturbative effects arise.

e The final step of the evolution reorganises coloured finaestdjects into colour-singlet
hadrons, which are observed in the detector as jets. Theepso called hadronization, is
non-perturbative and is based on phenomenological magiesitto data. Since hadroniza-
tion is assumed to be independent of the hard process, iteapflied to different pro-

cesses.

e Additional energy deposits from the underlying event (UBY gile-up must also be ac-
counted for. UE originates from the remnants of the orighwdrons, which interact with
each other since they are no longer colour-singlet statele-up comes from multiple
hadron collisions in the same data-taking period and isa®avith the instantaneous lu-
minosity. Both of these give rise to additional energy degsdbiat tend to add energy to the

jets originating from the hard scatter.

The overall cross-section of an hadronic final state is theengoy the convolution of the
partonic cross-section with the parton distribution fumes and some transition function from

the partonic final state to the hadronic observable. Theoparicross-section itself is deter-
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mined by drawing all the Feynman diagrams for a given prqaadsulating the matrix element

squared and integrating over the appropriate phase space.

3.2 Jet algorithms

To make comparisons between data and theoretical prewsatics necessary to relate the short
distance physics (partons) to the long distance objecectixt experimentally (charged parti-
cles and energy deposition in the calorimeter cells). Thibeé objective of a jet algorithm. A
jet algorithm associates objects which are nearby in caatdior momentum space. The input
objects can be partons, particles or calorimeter clust€ng algorithm defines a set of rules
which specify what objects have to be associated togetbeaifet (jet finding), and secondly
defines how the 4-momenta of the objects have to be recombineahstruct the kinematics
of a jet (recombination scheme). Jet algorithms have be@ewed in several articles, for
example 3, 24]. Here we summarise the theoretical and experimentabates of an ideal
jet:

e Infrared and collinear safety: the algorithm should be msg#@/e to the emission of extra

soft and/or collinear radiation in the event.
e Orderindependence: it should yield a similar descriptitthe hard scatter event, regardless

of whether applied at parton, hadron or detector level.

e Detector independence: its performance should be indegpémd the signal source. Any
effect due to detector segmentation and energy responssaution should be corrected

for by proper calibration.

e Environment independence: it should be stable under iserefactivity in the event due
to multiple interactions and pile-up.

e Fully specified and efficient: its implementation has to leadly and completely defined.

This includes the jet finding procedure, the algorithm paatems (for example the jet radius
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parameter) and the recombination scheme. In additionpitlshuse minimum computing

time.

Several algorithms exist on the market and can be broadigietivin two categories: cone and

sequential recombination algorithms. The antialgorithm R5], which belongs to the second

class, is the one used by default in ATLAS and adopted in tigsis. We therefore dedicate a

short section to the description of this algorithm.

3.2.1 The Anti-Kt Algorithm

Sequential recombination algorithms in general (not omliy-&;), start from a list of objects

(for example pre-clusters), each with transverse momentum

e For a given pre-clusterand pair of pre-clusters j with i # 7, the distancesd; andd;; are

computed:

d; =k (3.1a)
, AR?,
dij = min(k7;, k7) i3 (3.1b)

whereAR?, = (y; — y;)* + (¢: — ¢;)* with ;, ¢; being the rapidity and azimuthal angle
of particle:. D andp are two parameters of the jet algorithm. The former contitudssize
of the jet and the latter defines different jet algorithms whluep = —1 corresponds to the
anti-kr algorithm.

The minimum of alld; andd,; is found: if the smallest of these quantities id;athe pre-
cluster is identified as a jet and removed from the list of@usters. If instead the minimum

is ad,;, pre-clusters, j are merged into a new pre-cluster (by adding their 4-monmenta

e The procedure is iterated until all pre-clusters have besroved.

1The rapidityy is defined asy = %ln@fgz )



3.3Predictions for W + jets: the current state of art 21

q;j q;j W 4] qj

qi q; g q; W

Figure 3.2: Some leading-order diagramslfior+ O (left) and 1 (centre and right) jet production.

In practice, this means that soft particles are clustered mearby hard particles long before
any soft particles are clustered together. The resultsangjbts with conical shapes which are
not much affected by soft radiation. The ahti-algorithm has the great advantage of being fast
as well as infrared and collinear safe. Furthermore, regeiahapes facilitate the experimental

jet calibration.

3.3 Predictions for W + jets: the current state of art

The previous sections introduced the basic concepts of Q@Bigghat the LHC. The last part
of this chapter is dedicated to the productionlBfboson in association with jets. The hard
process involves both an electroweak (EW) and strong inieragertices. Some Feynman
diagrams for the production ¥ + 0 and 1 jets are shown in Fig.2 The leading-order (LO)
diagram forlV + 0O jets has only one EW vertex and requires two quarks in titialistate (for
exampleud — WT). The proces$l + 1 jet has an additionalg vertex and can be produced
either bygqg — Wg orbyqg — Wq 2. Any additional final state parton requires in an additional
ag vertex. A full treatment of the partonic cross-section aldtion for IV + jets events can be
found in [26)].

Theoretical predictions fdi” + jets have been calculated up to next-to-leading-ordeNL

in QCD for N,..s < 3. NLO predictions for processes with a vector boson + 3 jete een a

2The second procesgg — W ¢, dominates at the LHC given the large contribution from theg PDF.
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very recent and long-awaited achievemé& P8, 29]. The main reason for extending theoret-
ical calculations to NLO is the reduction of the unphysicappendence on the renormalization
and factorization scales, reflecting a more reliable namatbn of cross-sections and distribu-
tions. NLO calculations up to 2 jets are implemented in the pd@gram MCFM BQO]. While
being the most reliable, such predictions are parton-lensss-sections and cannot account for

hadronization and underlying event.

The alternative for a direct comparison with data, are pestower approaches which sim-
ulate final states at hadron-level. Several generatorsratheomarket, but we will focus on
ALPGEN [3]], which is used by default in ATLAS for the process of intereSLPGEN is a
widely used MC generator which implements the exact matarment (ME) LO calculation
for multi-partonic final states. The hard ME calculation &oP—n process is complemented
by the parton shower (PS), implemented by interfacing ALRG& another generator such as
HERWIG or PYTHIA. This approach, however, results in a cowgdion: a given final state
with (N+1) jets can either result from (N+1)-partons, ormfra final state with N-partons and
an additional jet from hard, large-angle emission during shower evolution. A matching
scheme 32] (MLM matching) is implemented to avoid double-counting kinematic regions
where ME and PS overlap) and dead regions. Other ME-PS matsbhemes (used by gener-
ators other than ALPGEN) exist, the most common alternatithe MLM matching being the

so called CKKW B3] technique.

Although ME + PS predictions (such as those provided by ALR§Bre the most suited to
simulate final states similar to those observed in data, shéfgr from large systematic uncer-
tainties. The intrinsic uncertainties of these calculadioan only be reduced by tuning the input
parameters (such as the choice of renormaliztion scaleequahameters used for the matching
scheme) to data. Therefore validation of such tools witl ffatm the Tevatron and the LHC is

essential to increase the accurancy of QCD calculations.
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3.4 Why studying W + jets: history and motivations

Since its discovery in 1983[8, 10], the W boson has been extensively studied at LE4# nd
at the Tevatron3s, 36, 37, 38]. At the LHC, W boson production is considered as a precision
benchmark for SM physics, for example for luminosity measuents 39| or to improve our
knowledge of PDFs 40]. ATLAS has recently shown its very first measurement of the
inclusive cross-section gf's = 7 TeV [41]. As more data are recorded, the measurement will
be refined and the physics programme will be extended to treessumnement of thél” charge

asymmetry, théV/'/Z ratio and the production cross-section as a function of jatipiicity.

When studyingl?’ boson in association with hadronic jets, the main interest in the
QCD part of the interaction (rather than in the EW vertex) dratdfore in the production of
guarks and gluons which are observed in the detector asTbespresence of a heavy vector
boson ensures that the scg)é of the interaction is large, thus makifg + jets events excel-
lent candidates for testing pQCD predictions. Furthermibrese processes form a significant
background to several SM and BSM physics, such as top prashy¢tiggs and Supersymme-
try. Although the accuracy of theoretical predictions foogesses which are background to
new physics searches have significantly increased in theypass, precise measurement and
validation of each background component separately isggoiraid for any new discovery. As
explained in §2], “claiming that Supersymmetry exist is far too importamoaclusion to make
it follow from the straight comparison against a Monte CarlstudyingiV’ — ev + jets events
will therefore allow testing the current pQCD predictionglavailable MC tools which are

going to be an essential piece of information for many sessébr new physics phenomena.

Extensive studies off” boson production in association with jets have been peddrat
the DO @3, 44] and CDF W5, 46] experiments. The latter, in particular, performed measur
ments of absolute cross-section 1ot plus up to 4 jets, as well as differential cross-sections in
jet kinematic variables, which were compared to theorepeadictions in QCD. NLO calcu-

lation were found to reproduce the data reasonably well. é¥ew the comparison is limited
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by the fact that NLO calculations do not include hadron@atnd underlying event and could
therefore be somewhat misleading/]. LO ME plus PS approaches were also compared to
data. These were found to have some limitations in desgyithia differential jety distribu-
tions, particularly in the low region. The agreement with data also depended on what ME-PS
matching scheme was used, ie. the MLM matching scheme wasvaasto perform less well

than the alternative CKKW matching scheme.

Tevatron results have thus proven very important for vélggthe available MC tools. The
LHC, however, is going to probe a new kinematic range and tefum the Tevatron cannot
simply be scaled to the LHC energy. Most processes at the Lid@ang to be dominated by
sea quark and gluon scattering, compared to valence quattesog at the Tevatron. Further-
more, the LHC provides large phase space for additional @€® radiation, enhancing the
importance of higher order terms. It is therefore necessatgst the pQCD predictions at the
LHC energies by performing measurements similar to thosgechout at the Tevatron. The
next section describes the prospects for studying W+jetedtiC and introduces the analysis

presented in this thesis.

3.5 Prospects for studying W+jets at the LHC

With a cross-section of the order of 100 rily, bosons are going to be copiously produced at
the LHC. The production rates for several processes as adaratthe centre of mass energy
/s are shown in Fig3.3. TheW/ boson total cross-section() increases by about a factor of
10 moving from the Tevatron to the LHC energies. In additithe, production in association
with jets relative to the inclusive production is enhancetha LHC. As an example, events
with W plus two very hard jetspg- > 100 GeV) will be produced as frequently as much softer
W + 2 jets events at the Tevatro#7]. This illustrates why studying multi-jet final states and

understanding pQCD is crucial at the LHC.

One of the ATLAS goals will be to measure thé cross-section as a function of the number
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Figure 3.3: Cross-sections for a range of processes as adunétthe centre of mass energy
Vs [26].

of jets: o(W + N,s). The primary end-results would be hadron-level crossi@est which
can be compared to fixed order calculations at LO and NLO in Q0K as those provided by
MCFM) and to parton shower MC models (such as ALPGEN). Ratiosurements will also
be interesting, in particular in the early data phase, sitheg lead to cancellation of several
uncertainties. In addition to providing a test of QCD predits, the following measurements

could also be sensitive to new physics:

o(W + Njes + 1)

Ry = . this ratio is expected to be proportionaldg. Signatures for
o hw oV + Nyors) p prop aQ. Sig

BSM physics typically have a high number of jets and coulddfeee alterRyy ;
° _ UV Niews). could provide sensitivity to new physics signals whichwhg

jets — O'(Z—f—Njets) .
differently in the single lepton (numerator) and di-leptdenominator) channels.

This thesis will discuss techniques necessary for extrgdtielV + jets cross-section, as

well as the above ratios, for the electron decay channel. cfbss-section for any process is
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measured as:

(3.2)

where N is the number of candidate events, B is the number afgraund events, A is the
kinematic acceptancejs the event selection efficiency aids the integrated luminosity. The

relative uncertainty on the cross-section is given by ttleviong formula:

S EEDETEY T e

A(N-B)
Inthe term=5—~,

N only contributes to the statistical error aBdo the systematic uncertain-
ties. The termg&\e, AA andA L are propagated as systematic uncertainties on the crossrse

The overall systematic uncertainty can then be rewritten as

% - \/<NA—BB)2 + (%)2 + (%)2 + (%)2' (3.4)

The individual terms of equatior3(2)-(3.4) and their uncertainties will be discussed in the next

chapters.

3.6 MC Datasets

This thesis uses MC samples produced with different genies;aas listed in Tabl&.1 All
samples were produced with a centre of mass engfgy 10 TeV3. Only in one exceptional
case (indicated where appropriate in the respective chaptame studies were performed with
datasets generated with a centre of mass energy of 14 TeVGHANT4 [48] programme
was used to provide a full simulation of the ATLAS detectollefip is not included in these

samples. As shown in Tab&1, for some samples, a generator-level filter was appliedjézte

3Although the LHC is currently operating at a centre of massrgy of 7 TeV, the full set of MC samples
simulated with,/s = 7 TeV only became available when this analysis was near legiop. Since it was not
realistic to repeat all the studies in this thesis with theses datasets, it was decided to have a fully consistent
analysis with 10 TeV samples.
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Process Generator o - egp(pb) Lgen(pb™) Comments

W —ev+0-5p Alpgen + Jimmy 13249 > 124

W +bb+0-3p Alpgen + Jimmy 14.6 > 998 pr(b) > 20 GeV
AR(bb) > 0.7

W — v +0-5p Alpgen + Jimmy 13233 > 126
Z —ee+0-5p Alpgen + Jimmy 1206.1 > 276 60 GeV< M, < 200 GeV
Z — 17 +0-5p Alpgen + Jimmy 1211 > 296 60 GeV< M., < 200 GeV

tt (leptonic) MC@NLO 205.5 7923.6 N >1

tt (hadronic) MC@NLO 168.1 4373.6 N =0

top (Wt) AcerMC 14.41 1385.3

top (t chan.) MC@NLO 14.46 1932.5 e channel

top (s chan.) MC@NLO 0.76 10539.47 e channel

WW Herwig 15.6 1585.45  pl. > 10 GeV,|n'| < 2.8
zZ Herwig 1.36 7371.9 P > 10 GeV,|n!| < 2.8
QCD-jets Pythia 1.0310° 0.095 S 17 GeV, [P < 2.7
Z — ee Pythia 1098.2 4805.70 |n.| < 2.8,M,. > 60 GeV
W — ev Pythia 10352.8 200.31 Ine| < 2.8

Table 3.1: MC samples used in this thesis, with the effeadiess-sectiow - ez (given by the
generator level cross-section times the event filter effeygeif applicable) and the luminosity
equivalent to the number of generated everiis.(). The ALPGEN samples are the combi-
nation of a number of sub-samples, . — ev + 0-5 p (partons) is obtained by adding 6
sub-samples together. In this cagg,.,, is only quoted for the sub-sample with the smallest
statistics. If a generator level filter is applied, this idicated in the last column.

events likely to fail the analysis cuts, in order to optimiae use of computing resources. This
is particularly important for QCD-jets, which have an extedynhigh cross-section. Despite
an effective filter which retains about 7% of the generatezhts; the fully simulated sample
corresponds to less than 0.1 phof integrated luminosity. For all other samples, the stiatis

available corresponds te 100 pb ! of data.

The signal process and most of the backgrountls-G /v, Z — (/) are generated with
ALPGEN (see SectioB.1), interfaced with HERWIG/JIMMY for the shower evolution. Wi
HERWIG models the hadronization, the JIMMY progra#®][is used for the underlying event
simulation. For all ALPGEN samples, the MLM matching parséene were set to ETCLUS =
30 GeV and RCLUS =0.7. These parameters define the boundatvesdmethe region of phase

space generated by the ALPGEN ME and by the parton showephthge space described by
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the ME is defined byAR;; > RCLUS anckr; > ETCLUS, whereA R;; is the angular distance

between two jets anel; is the transverse energy of a jet.

The ALPGENW/Z + n parton samples include all processes with u,d,s and &sgjuahere
all quarks are treated as massless. Although this is surffitde most of the studies performed
in this thesis, an additional process has to be considerespéxific analyses involving tagging
of jets containing b-hadrons (as in Chapie6ection5.3.2. For such studies, the procdds+

bb + n partons is added to default signal sampiés— ev + 0-5 partons.

Top pair production and single top production are genenatdbdMC@NLO [50] interfaced
with HERWIG/JIMMY and AcerMC p1] interfaced with PYTHIA. Finally, PYTHIA (version
6.417) is used as generator for di-boson, QCD-jets produca®well as for inclusivél’ — ev

andZ — ee * events (used specifically for electron performance stydiss Chaptes).

Additional packages are interfaced to the generators feciip processes. The decay of
ther-lepton is treated by the TAUOLA packaged. The PHOTOS QEDY3] package is used
for the radiation of photons from charged leptons. PDFs eveigled by the LHAPDF, the Les
Houches accord PDF interface libraBd]. LO MC generators (such as ALPGEN) are set to use

the PDF set CTEQ6L1, whereas CTEQG6M is used for NLO generagach @s MC@NLO).

“More precisely, the process generated inZhes ee PYTHIA and ALPGEN samples is the Drell-Yap —
v*]Z — ee.



Chapter 4

W Boson Identification and Jet Selection

at ATLAS

About 30% ofl} bosons produced at the LHC decay leptonically leaving a sigaature in the
detector: a high transverse momentum isolated lepton agel taissing transverse energy from
the neutrino. Although the hadronic decay modes are enldaeéive to the leptonic ones, the
significant background from QCD multi-jet production at hadc colliders make their study
unfeasible. The presence of an isolated electron or mustead, is an excellent discriminator

against the multitude gfp interactions.

This thesis focuses exclusively on the electron decay aanrhe following chapter de-
scribes the selection cuts applied to identify — ev events and to subsequently divide the
inclusive W sample into sub-samples according to their jet multipticBections4.1 and4.2
describe the ATLAS electron trigger selection and the ddflreconstruction algorithms for
electrons and missing transverse energy. The inclugiveample selection is outlined in Sec-
tion 4.3 Sectiord.4is dedicated to jet selection cuts. BackgroundBiajets are not covered

in this chapter since they will be treated in detail in Chapter

29
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4.1 Electron Triggering and Offline Reconstruction

This analysis exploits the capabilities of the ATLAS detedh identifying highp, electrons
to select a clean sample Of boson events, both online at trigger level and offline at meco
struction level. Before going into the details of the indivad algorithms, which will be given
in Sections4.1.1and4.1.2 the features common to trigger and offline reconstructidhbe

described.

The Electromagnetic (EM) calorimeter and the Inner Detg¢) are crucial for the recon-
struction and identification of electrons. Segmented ihted sections in depths foy| < 2.5,
the EM calorimeter provides precision measurement in thgeanatched by the ID (see Sec-
tion 2.4.2. The first layer of the calorimeter with fine granularity pides a precise mea-
surements of thg position and efficient-7 separation (see Secti@nl.2, while the second
sampling contains most of the EM shower. A sketch of a baraeute with its three layers is
shown in Fig.4.1left. The performance of electron reconstruction and idieation is dete-
riorated in the transition region between barrel and enplezdorimeters (.37 < |n| < 1.52),
because of the large amount of material in front of the aatalerimeter layers (see Fig.1
right). Whereas the energy of high-electrons is best measured in the calorimeterythad
¢ direction are determined with higher accuracy in the ID tikemmore, in the rang)| < 2.0

the TRT enhances electron identification capabilities joiag better electron/pion separation.

Both ATLAS trigger and offline reconstruction algorithms fogh-p electrons are seeded
by an EM cluster in the calorimetér Cells are clustered together by a sliding window al-
gorithm [B5]. The algorithm sums together cells within a fixed size negtdar window and
adjusts the window position such that its contained trarsgvenergy is a local maximum. The
window size is defined in terms of, x N, elements of dimension&n x A¢ and is different for

trigger and offline (see Sectiodsl.1- 4.1.2.

1A second offline reconstruction algorithm, optimised fow lenergy electrons and therefore not treated here,
is seeded by Inner Detector tracks and subsequently findschimg isolated energy deposit in the calorimeter.
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Figure 4.1: (Left) Sketch of a barrel module of the LAr cafogter. The three layers in depth
and their granularity im) and ¢ are clearly visible. Trigger towers are also shown. (Right)
Amount of material in units of radiation length, as a function ofin| in front of the pre-
sampler and in front of the accordion itself. The spike atbyir 1.5 corresponds to the crack
region between the barrel and end-cap cryostdk |

4.1.1 Electron Trigger

W boson events are selected using a single higlkelectron trigger, optimised to deliver high
signal efficiency and background rejection while keepirgyrtte to the allowed bandwidth. The
ATLAS Trigger menu for the initial luminosity of. = 103'cm—2s~! foresees an unprescaled
trigger (callede20_loose) requiring a single electron with; above a threshold of 20 GeV and
satisfying some loose identification criteria. An overviefsthe ATLAS Trigger and its three
levels (LVL1, LVL2 and EF) was given in Chapt2r Here the=20_loose trigger is described in

more detail.

The first level of trigger (LVL1) has access only to caloriereinformation. EM and
hadronic trigger towers of dimensions)x A¢ = 0.1x0.1 and depth equal to the full depth
of the EM or hadronic calorimeter, are used by a sliding wim@tgorithm to identify Regions
of Interests (Rols) corresponding to a candidate electrgghoton. The LVL1e20_loose trig-
ger is fired if the most energetic combination of two neighregiEM towers in aix4 window

passes the threshold of 18 GeV.

The High Level Trigger (LVL2 and EF) uses the full granulaiff the calorimeter and also
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information from the ID. At LVL2, only regions of the detectaround the LVL1y and¢ co-
ordinates are considered. Thanks to an improved caliloragidighter cut of 20 GeV is applied
on the transverse energy. Tracking information from thell@nss to distinguish between elec-
tron and photons. Furthermore, variables related to thevshehape in the EM calorimeter
and leakage into the hadronic calorimeter are used to rbgatground from jets (see Sec-
tion 4.1.2. At the EF, information from the complete event and morecisee calibration and
alignment constants are available. The reconstructiaoridifign run is very similar to the offline

one.

Cuts applied at trigger level have been harmonised to theneffind are generally looser
in order to keep high efficiency with respect to the offlineesibn (see Sectiod.1.2. The
variables used for the identification cuts are detailed inldd.1 No isolation cut is foreseen
for the initial data-taking period, although it will be alable at a later stage, once trigger

variables are validated.

4.1.2 Electron Offline Reconstruction and Identification

Powerful electron identification is of utmost importancéret LHC for many physics analyses,
from Higgs searches to SM physics studies such as the onelmbin this thesis. The expected
ratio between isolated electrons and QCD di-jets in the r@hg@e-50 GeV is aboutl0—°, two
orders of magnitude smaller than at the Tevatron. Thergforerder to achieve a reasonably
clean electron sample in the range 20-50 GeV, ATLAS needsllext electron identification

capabilities, with a jet-rejection factor of the order1of.

Reconstruction Algorithm

As explained earlier, the ATLAS electron reconstructiogoaithm for highpr electrons is
seeded by an EM cluster in the calorimeter identified by anglidiindow algorithm. The cluster

size depends on the detector region and on the particle &fpetrons need a larger cluster size
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Figure 4.2: Offline reconstruction efficiency for electrdram W boson decays. (Left) Effi-
ciency as a function of the generatedfor electrons within the detector acceptangg & 2.5).
(Right) Efficiency as a function of the generatgtbr electrons withpr > 25 GeV.

window than photons, because they are more likely to intevdah upstream material and also
bend in the magnetic field in thedirection. In the barrel region, a window of si2g x N, =
3x7 (3x5) cells is used for electrons (photons), whereas in thecapd-the size isx» for
both particle types. The reconstruction software buildfednt collections of clusters which
are then used to identify electron and photon candidatesce @nreconstructed cluster has
been identified, a matching track is searched for in the ID. a&aim is found if|Anc_1| <
0.05 and|A¢ 1| < 0.1 2, whereAnc_1. andAg¢ 1, are the angular separationsjnand

¢ between the cluster and the track extrapolated to the cadter. Any object with a track
matched to a cluster is considered an electron candidagezftine converted photons could
also be reconstructed as electrons. This results in a vgtyddficiency for highp; electrons
to be reconstructed, but also low purity due to photon comtation. Figure4.2 shows the
reconstruction efficiency versusandpr for electrons from &’ boson decay lying within the
detector acceptance, obtained from the ALPGENt jets samples. For transverse momenta

above 25 GeV this efficiency is larger th@r{.

The cluster energy is obtained from the sum of the recoristilenergy in each of the three
calorimeter layers and in the pre-sampler (where avai)avld is corrected for upstream energy
losses, for lateral and longitudinal leakage. The eledgbtooton energy calibration is based on

fully simulated MC information of energy losses inside tregetttor. Several test beam stud-

2LargerA¢ ¢y values are allowed because of possible bremsstrahlung.
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ies [b6, 57] have allowed to improve significantly the understandinghef ATLAS detector
geometry and its simulation. There are also several stestégr an in-situ measurement of the
material budget with early data, using for example photaivetsions $8, 59] or K [60]. The
knowledge of the amount and the position of upstream maisrat crucial importance since
the presence of more material implies larger energy losgesldctrons and higher numbers of
photons converting, which in turns affects the energy messent and the particle identifica-

tion.

Electron Identification

A sample of reconstructed electron candid&tasthe LHC is expected to contain a large num-
ber of fakes, with a signal-to-background ratio of 1/80 fec&onsE; > 17 GeV [5§]. Isolated
electrons, such as those frdi andZ boson decay, can be distinguished from the large back-
ground of pions and jets by a number of discriminating vdeglthat use calorimeter cluster or
precise tracking information. A simple cut based identifaracriteria on these discriminating
variables is foreseen for early data. Cuts have been optinficgehigh pr isolated electrons

in bins ofny andpr. Each identification cut can be applied independently, lvewe reference
set of cuts have been defined to facilitate the analysis. Weefgr to these as loose, medium
and tight particle identification (PID) cuts. The variablesed for electron identification are

summarised in Tablé.1 and detailed here:

Loose
This set of cuts is based exclusively on calorimeter infdroma It includes a selection based on
the geometrical acceptance of the detector (limited by taeipion range of the EM calorimeter
and the tracker) and on shower shape variables from the deaper of the EM calorimeter,
where EM showers deposit most of their energy. One of the shalvape variables is the

shower width in the; direction (v., measured in &nx A¢ = 3x 5 window): electron/photon

3A reconstructed electron at ATLAS is an object with a cal@fen cluster loosely match to a track, as explained
in the previous section.
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showers are narrower than hadronic ones. It is also usefigfioe a lateral shower shape as

_ . . . Es,
the ratio inn of energy deposited ifix 7 cells to that in7x 7 cells (Rn = %) Electrons

<7
and photons deposit most of their energy in her core and will therefore typically have a
ratio > 80%. Finally, high energy jets deposit considerable enarglye hadronic calorimeter,
contrary to electrons and photons which are contained ieealorimeter. Hadronic leakage,

defined as the ratio of transverse energy in the first secfitmedadronic calorimeter to that in

the EM calorimeter, rejects such high energetic jets.

Medium:
In addition to the loose cuts, information from the trackad dhe first compartment of the
calorimeter is used. The first calorimeter layer with its fgranularity in rapidity is used to
detect substructure within a shower and therefore helgsidimating against’s andys. Jets

with 70 — v~ decays, for example, often have two local maxima. The asymyrbetween the

. .. . E S ar — E i azxr
first and second largest energy deposit in the chosen wn(dbyyrips = LM 2ndM )

 Eigntar + Bondbas

is a powerful discriminator, being close to one for electrand photons, and tending to zero
for photons fromr® decays. After the calorimeter cuts, the contamination efgéd hadrons
is greatly reduced. The residual background is dominatgghloyon conversions and low mul-
tiplicity jets containing highsr 7° mesons. Requiring a good quality track pointing to the
calorimeter cluster helps reducing these backgrounds.ileduts include requirements on

the minimum number of hits in the silicon detectors (Pixed &CT), on the transverse impact

parametef and on track-cluster matchingin

Tight:
The track quality is further refined by requiring the presewnt hits in the vertexing layer
(b-layer) of the Pixel detector, which has rejection powgaiast electrons from photon con-
versions. Exploiting the powerful electron/pion discmation power of the TRT (see Sec-

tion 2.4.2, cuts on the number of hits in the TRT and on the ratio of higleshold hits to the

4The transverse impact parameter is defined as the distandesafst approach of the track to the primary
vertex point in the: — ¢ projection.
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number of TRT hits rejects the dominant background fromgéadihadrons. Furthermore, the
track-cluster matching is improved with additional cutstba difference between the cluster
and the extrapolated track positiongn The ratio between cluster energy and track momen-
tum (%) is also used. Relativistic electrons should have an energylentum ratio close to
unity. However, this quantity is affected by bremsstraglwhich produces a tail towards high
% values. This happens because photons emitted collinedflyerclustered together with the
parent electrons, whereas the momentum measured in theitiageduced. Furthermore, the
track momentum resolution becomes poorer for higher ees,rgiuaking% inaccurate. In order

to keep bremsstrahlung electrons and minimise the effertdiced accuracy at high energy,

the maximum cut on th% is relaxed apr higher than 50 GeV.

Isolation:
In addition to the baseline selection cuts outlined aboneditional calorimetric isolation cut
is available. An electron produces a localised energy dewbsgch is well separated from other

energy deposits in the calorimeter. A fractional isolatranable is defined:

Er(R<0.2)
EconeZO — T 4.1
T Er(Cluster) (4.1)

being the ratio of the transverse energy in a cone of radRiar@und the electron candidate, to
the total transverse energy of the electron cluster. Cagrimisolation, however, will not be
included in the default electron identification cuts in tlaele phase, since it will first require
validation with data. It should also be noted that the cuggiag at medium PID level (hadronic
leakage and lateral shower shape) are correlated withisoland therefore an effective isola-

tion cut is already present.

Figure4.3shows some of the variables used for electron identificattangger and offline
level and their separation power between isolated elestimm Z boson decay and di-jet

background.
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Type Description PID Trigger
Acceptance In| < 2.47 Loose LvL1
Second Layer Lateral shower shapé() Loose LVL2
of EM Calo Lateral width (v9) Loose EF
Hadronic Ratio of E'7 in first scintillator of Loose LVL2
Leakage hadronic calorimeter t& of EM cluster
First Laver Total shower width Medium EF
y Difference between 1st and 2nd Medium EF
of EM Calo :
largest energy deposif;, i)
Number of pixel hits> 1 Medium EF
Tracking Number of pixel and SCT hits 7 Medium EF
Transverse impact parameter5.0 mm Medium EF
Number of pixel hits in b-layep 1 Tight
|AD| = 9577 — Nppger, < 0.01 Medium LVL2
Track Match |A@| = gpiddie _ g < 0.02 Tight LVL2
E ,
Energy-momentum matcb—) Tight n/a
p
TRT Number of TRT hits Tight n/a
Ratio of high threshold to all TRT hits Tight n/a
Calorimeter Ratio of Er inaconeAR < 0.2 Extra n/a
Isolation to the total transverse cluster energy

Table 4.1: List of variables used for loose, medium and tegjbttron identification criteria
and at different trigger levels (LVL1, LVL2 and EF). Only ceailues not optimised in bins of
electronn andpr are shown.

4.2 Missing Transverse Energy Reconstruction

In the decay of &/ — e, the neutrino escapes detection, since it interacts ongklyawvith
matter. The presence of a significant amount of missing vease energy{'**) in the event
is therefore evidence for a neutrino. However, fake misgingrgy can arise from different
sources: for example, limited coverage of the detectord degions, finite detector resolution,

noise and large fluctuation in the jet energy measurements.

The key sub-detector for the measurementgf* is the calorimeter. Its hermeticity, en-
suring a coverage in the full azimuthal angleand in the forward region in rapidity up to

In| < 4.9, and its thickness (11 interaction lengthg)at 0.0), are crucial ingredients for a good



4.2 Missing Transverse Energy Reconstruction

ATLAS

Probability
& 9 &
G % %
HLH‘ T \HHH‘ T \HHH‘ TTT

N
S
S

i
S
&

ERTTIT E --  ENIRTTIT IR RTIT AT R

py]
e

10"

Probability

=
<,
%

i
o,
G

e TIT APl WRTTHY IRNRRTTTT RRNATIT] M|

P TSI T BRI B
-0.1 -0.08 -0.06 -0.04 -0.02

‘0‘

sl b b L
0.02 0.04 0.06 0.08 0.1
An

Probability
[
Q

= = =
S S <
S & %

=
(=}
&

Normalized Entries

[

R =
F ATLAS 3
E. . ”I'I . . TR B
0 0.2 0.4 0.6 0.8 1 had
ET/(ET+ET )
F — 3
F ATLAS B
E — Signal E
[ ---- Di-jets BG -
[ i sestrntaen v gt | ]
0 0.2 0.4 0.6 0.8 1
Rstrips

38

Figure 4.3: Variables used for electron identificationefat shower shapg,, (top left), ratio
between the transverse energy of the electron candidatéharslim of this transverse energy
and that contained in the first layer of the hadronic calotnétop right), difference im
between cluster and extrapolated track position (bottdthdaed asymmetry between first and
second largest energy depaBli,..,s (bottom right). Distributions are shown for electrons from
7 — ee (solid line) and di-jets (dotted linepf].

Emiss measurement.

Emiss is calculated from ther and y components of three terms, the calorimeter term

issCalo
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(4.2)

The calorimeter term is the sum of the total transverse gragpgosited in all calorimeter cells.

To limit the amount of fakeF%ss, it is crucial to suppress noise in the calorimeter. This is

done when clustering cells together into 3-dimensionablmgical cluster, called TopoClus-

ters B1],which include noise suppression (see Secdohl). The energy is then calibrated

through a “refined calibration” procedure where each cefissociated with a parent recon-

structed highp object and calibrated accordingly. So, for example, callsasponding to an
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electron or photon are calibrated at the EM scale, wherdBsamresponding to jets are cali-
brated at the hadronic scale. TopoClusters not associate@my highp; objects are also used

and calibrated with the global calibration scheme.

The cryostat term represents the corrections for the erlesgjin the cryostat which houses
the LAr calorimeters. The lost energy is inferred from thergy deposited by all reconstructed
jets in the event in the last layer of the LAr calorimeter ahd first layer of the hadronic

calorimeter, weighted by an appropriate calibration facto

The muon term is calculated from the momentum as measurdgkimtion spectrometer.
This avoids any double counting, since energy lost in theroakter is already included in the

calorimeter term.

The performance of th&2*s* measurement can be evaluated in terms of linearity and reso-
lution. The linearity, defined as the difference betweea tmd reconstructefl*'s, normalised
to the true value, is expected to be within 1% for — ev events using the refined calibration
described above. The resolution of the two component&l8f is shown in Fig.4.4[15] as
a function of the total transverse energy deposited in thariozeter >~ Er (the resolution is
the same for theé”}"* components and is hence combined into a single plot). Thubutien is
estimated in each bin from the width of thg"* — Egj;SST”‘e distribution, as obtained from a
Gaussian fit. It can be seen that th&*s resolution is affected by hadronic activity in the event
(measured a§_ Er). The best fit to the curve is = 0.53,/3 Er. More details about the

performance ofs1* reconstruction are given i61] and [15].

4.3 W — erv Event Selection

In this analysis,J/ bosons decaying into the electron channel are selectedditcgdo the

criteria suggested in6p]. In view of an early data analysis, priority is given to rehuess

5In the refined calibration, the measurement of the energyitothe calorimeter already accounts for the
electron/muon signal ratio being different from one.
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Figure 4.4: Resolution of the two components Bji'** as a function of the total transverse
energy) . Er [19].
and simplicity, over optimisation of the signal to backgrduatio. The selection cuts can be

summarised as follows:
e One electron in the event satisfying:

e Acceptance:
In| < 2.46, excluding the crack regioh37 < |n| < 1.52

pr > 25 GeV

e Identification: Medium PID cuts

e Missing Transverse Energyiiiss > 25 GeV

e Triggere20_loose to be fired.

The acceptance cuts are based on the kinematics é¥'the e decay and the geometrical
acceptance of the detector. The so called “cracks37( < |n| < 1.52) correspond to the
transition region between barrel and end-cap caloriméses Fig4.1right). Because of the
large amount of passive material, electron efficiency amttdpaund rejection are significantly
degraded and it was therefore chosen to exclude this regiom the analysis. It should also
be noted that no isolation requirement is applied on ther@liecneither at trigger nor at offline
level. Its impact on the signal efficiency and backgroundagpn will be nevertheless shown
in this and in the following chapter and arguments for andresjaan isolation cut will be

presented.
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Ele Acceptance Ele PID Trigger Eimiss Ele Iso
W —ev 575579+ 759 518052+ 720 515848 718 451638 672 447448 £+ 669
e(%) n/a 90.01£0.04 99.57+0.01 87.55£0.05 99.07+0.01

Table 4.2: Number of signal events after selection cuts #railesicy of each cut with respect to
the previous one. Events are normalised to 100 pifintegrated luminosity. Errors correspond
to the statistical errors expected for the given luminosity

The effect of the selection cuts on the signal is investwjay applying each cut individ-
ually in the following order: electron acceptance cutscetn identification cuts, trigger and
missing transverse energy requirement. Additionallyp &a electron calorimetric isolation
cut is applied. Tabld.2 shows the number df — ev events after each individual cut, nor-
malised to an integrated luminosity of 100Bb The efficiency of each single cut relative to
the previous one is also shown. The electron identificatider@ have a global efficiency of
90% for electrons in the kinematic range of interest and iggér e20_loose is almost 100%
efficient relative to the offline cuts. More detailed studi®ut the trigger and offline identifi-
cation efficiencies versus kinematic variables will be shawChapter$ and7. The isolation

requirement also has a negligible effect on the signalstiedi being 99% efficient.

In this section thél — ev inclusive sample selection has been discussed. The néidrsec

is dedicated to jet counting in order to partition the inalassample into jet multiplicity bins.

4.4 Jet Selection

Hard scattered partons, whose properties can be predigteerturbative QCD, manifest them-
selves as jets at the experimental level. In order to stueytbperties of the particle interac-
tions in the hard process it is therefore necessary to reat&inematics of the jet with those
of the partons in the hadronic final state. The reconstraaidhe initial parton momentum is
the ultimate goal of the jet energy measurement. This is go®oprocedure and is often a

source of large systematic uncertainties in physics measemts like the present analysis (see
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Chapter8). Hadronic calibration is essential for precise energy sueament, especially in a
non-compensating calorimeter (as in ATLAS), whose respdashadrons is non-linear with

energy.

In the following section, the full jet reconstruction segae and analysis selection are de-
scribed. Before going into the details, which are given inti®aes 4.4.1and4.4.2 a brief
overview is given. The jet reconstruction flow starts by camiry together calorimeter cells to
form objects with meaningful 4-momenta which are then iripdhe jet finding algorithm. The
raw energy has to be corrected for detector effects backetpdainticle level, ie. to the energy
that would be obtained by running the jet algorithm on akktraomenta of the final state parti-
cles in the event. This is done through an hadronic calimgirocedure which is based on MC
corrections. Once sufficient data will be available, addil in-situ jet energy scale corrections
will allow refinement of the MC-based calibratiofl]. At this point we enter the analysis
domain, where the jet definition is further refined by speniythe phase-space of interest. In
order to recover the parton-level energy, additional agialgependent corrections are needed:
these account for physics effects such as fragmentatiaterlying event and pile-up. In this
analysis, however, we do not attempt to correct back to pdetieel and we solely rely on the

MC-based corrections.

4.4.1 Calorimeter jet reconstruction and calibration

Topological Cell Clusters

The reconstruction of jets starts in the calorimeter by iif@ng 4-momentum objects which
are then the input to the jet finder. The input objects usedis dnalysis are topological
clusters 55|, 3-dimensional energy deposits representing the shoeeeldped by particles
entering the calorimeter. The cluster algorithm startsnfigeed cells with a signal-to-noise
ratio (') above a thresholdl’| > 4 and adds neighbouring cells which satisfy a secondary

thresholdI"| > 2. Finally, a last ring of neighbouring cells is added if thersil-to-noise ratio



4.4 Jet Selection 43

is |T'| > 0. In a second step, local maxima are searched for and clustere-arranged (split)
around these maxima. The advantage of topological clugfésithat it suppresses noise from

electronics and pile-up, thanks to the signal-to-noiséd4é@nfiguration.

Local hadronic calibration:
The raw signal from the ATLAS calorimeter is at the basic g@oagnetic scale. The goal of
hadronic calibration is to correct the energy of the jet becke hadronic scale, accounting
for non-linearities due to the non-compensating calorametead material, cracks and particle
deflection in the magnetic field. The calibration can occyeglevel (global calibration) or at
cluster level (local calibration) before the jets are fodn&he latter will be briefly described,

since it is adopted in this analysis (s&&][for a detailed description):

e The calibration procedure starts classifying clusterslast®magnetic-like or hadronic-
like depending on shower shape variables. Hadronic cluarersubject to a cell weighting
procedure to correct back to the true energy deposit in ealthThe cell weights account
for the invisible energy (energy released by non-ionisirggpsses, such as nuclear binding)
and the escape energy (energy leaving the volume in form wfimeracting or escaping
particles such as neutrinos and muons). The weights depetigtaluster location, energy

and the cell signal density.

e Out-of-cluster corrections are applied at cluster levéle3e corrections account for energy
deposited in the calorimeter but outside the cluster duéembise thresholds applied in

topological clustering.

e Both electromagnetic and hadronic-like clusters are ctedefor energy deposited outside

the active zones of the calorimeter, eg. in the cryostat gamregions.

Although such corrections restore the cluster energy td#uronic scale, additional inherent
jet corrections should be applied to account for the magfiietd bending particles out of the jet
and for particles absorbed in the ID material. At the time ating, these corrections were still

under development. All calibration and corrections areedam simulations of single neutral
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and charged pions and do not use the jet context. Howevegrréheon the correct description
of the detector and of the hadronic shower development arichggmentation which will have

to be validated with data.

Jet finding algorithm:

The sequential recombination algorithm aki-outlined in Chapte8, Section3.2.1, is used to
combine the cluster 4-momenta (calibrated at the hadraaiestogether into jets. The choice
of jet size should be dictated by the experimental consiogr® Generally speaking, a large
jet size is preferred when dealing with low jet multipliesiand lowy jets, which are therefore
also broader, to minimise out of cone corrections. When stigdyigh jet multiplicities, instead,
a smaller cone size is needed so not to limit the phase-spaeanalysis ofl + 2 jets events,
where the two jets recoil against the boson and can be ratiianated, prefers small jet size.
In these studies, the paramefer(see eqn.3.1) in Chapter3) was chosen to b® = 0.4, also

in view of measurement at gradually higher energies andehnigtultiplicities.

4.4.2 Jet Counting

The reconstruction and calibration procedure describ&sationd.4.1is performed within the
official ATLAS jet reconstruction software. We now enter t@alysis domain. This section is

dedicated to the description of jet selection cuts usedigthtiesis.

Both theoretical and experimental considerations have taksn into account when choos-
ing a procedure for counting hadronic jets: the jet definittoust be well modelled in the
theory for a meaningful data-to-theory comparison and teasarement must be limited to an

experimentally well understood phase-space for systematertainties to be minimised.

The selection of hadronic jets used in this analysis can berarised as follows:

e Choice of jet algorithm antk; with parameter D=0.4, as described in Sectdoh 1

e Overlap removal with electrons from boson decay
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e Counting jets at detector level with:

e Transverse momentupy > 30 GeV

e |n| <3.1.
In addition, event selection cuts based on jet-jet andreleget separation are applied:

¢ Reject events where the minimum separation between thedatedilectron fromil” boson

decay and any selected jetAsk.; < 0.6, whereAR = \/Angle_m + A¢?

ele—jet*

¢ Reject events where the minimum separation between twasj&t®j; < 0.6.

Each of these selection cuts will be discussed below, gitliegtheoretical and experimental
motivations that justified the choices made. When discudgtie@xperimental motivations we

will present jet performance studies on the following qitees:

¢ Jet Reconstruction Efficiency, defined as

_ # of truth particle jets matched to a reco jet (4.3)
°T # of truth particle jets '

where a MC truth jef is matched to a reconstructed jet if the radial distance &ethem

AR,.in < 0.2, following the prescription used ir2].

e Energy Response, defined as the relative energy differenaede truth and reconstructed

jets

AE o EReco - ETruth

4.4
E ETruth ( )

The AF distribution is fitted to a Gaussian function, whose megrafd width ¢) are the

energy scale and resolution respectively.

6A MC truth jet is the particle-level jet, ie. as obtained bywming the antik; algorithm on the final state
particle true momenta.
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Electron-Jet Overlap Removal

The clustering procedure described in Secdof 1lidentifies electrons as jets. Therefore it is
essential to remove the candidate electrons fifigrhoson decay when performing jet counting.
There are several ways to treat the overlap between jetslaatlons, intervening at different

stages in the reconstruction flow (at cell, cluster or retrasson object level):

e Cell Removal: After having removed the electron cells, re4apological clustering and

re-build the jets;
e Cluster Removal: Remove the electron topocluster and re-thelgets;

e Jet Removal: Remove closest jet to the electron as being tbeaiget.

In this study the third approach of jet removal is used. Thaach has the advantage of being
simpler and easier to model in the theoretical predictiohise disadvantage is that if a true
jet lies very close to the electron, both the true jet andtedacenergy reconstruction might be
deteriorated and the jet might even be lost. The additiawlirement of a minimum separation
between electron and jet (see later in this section) ensha¢gvents with poorly reconstructed
jets or electrons are excluded from the analysis. The gvadaoval is performed before
applying any jet selection based gwor pr. The closest jet to the electron is removed only if the
distance between this and the electron is within a cone afisallR < 0.2. Figure4.5shows

. . . E ele
the AR between electrons and jets versus the ratio of their trausue\@nergyET—1 for any

Tjet
electron-jet combination (left) and for the closest jethe tlectron only (right). The overlap

between electrons and jets is clearly visible aro  — 1for AR < 0.2, justifying the
Tjet
laTek

Tjet
are the result of some hadronic activity nearby the electndmch shifts the reconstructed jet

choice of AR = 0.2 for the overlap removal. The data points at snialk and < 0.6

further away from the electron and to higher energy.



4.4 Jet Selection 47

04—

14 800

AR

i
il |

0.35 700

R
.
Amd .. -
w w
o a1
o =3
<] ]

1.2
0.3
—2500 =600

[

0.25 —500

0.8 —2000

0.2 —400

—1500
06 0.15 —300

—1000
0.4 200

0.2 500 0.05 100

S e el - o - 'rgﬁ:-\.
02 04 06 08 1 12 14 16 18 2 8 1.2

er ele/eT jet €; ele/ e_Uel

N[TTT T[T [T [T T [T TTTT

=]

Figure 4.5: Distance in\ R between electrons and jets versus ratio of elecfigrto jet Er:
for any jet in the event (left) and for closest jet to the alect(right). Electrons are selected
according to the cuts described in Sectb@ Jets are clustered with the aati-algorithm with
parameter D=0.4. Np or n) cuts are applied on the jets.

Jet pr Threshold

The choice of the jeb; threshold has to be a compromise between theoretical amdimental
considerations and the statistics available. Considehagdheoretical side, NLO calculations
are affected by logarithmic divergencies at low energyshodds:in(E /i), wherep is of the
order of 100 GeV W boson mass). Non-perturbative effects (fragmentationuarierlying
events) are also more important at low energy. Whereas fraigt@n tends to decrease the jet
energy by out-of-cluster losses, the underlying event haopposite effect since it increases
the hadronic activity in the event. Monte Carlo studiesgd][using the PYTHIA 6.403 tune
(see Fig.4.6) showed that effects from fragmentation and underlyinghewese expected to
cancel for jets withp; > 40 GeV up to a residual correction at the percent I€veBetween
30 and 40 GeV, underlying event corrections dominate, asirg the jet energy by less than
10%. Although the underlying event model will need validatwith data, these studies give an
idea of its impact on the measurement. Pile-up will alsochffiee measurement, particularly at
low pr. First of all, jets from additional p-p collisions can pake fet selection, inflating the
jet multiplicity. Furthermore, particles from pile-up eractions can add energy to the jets or

affect the E*'ss calculation. Since the MC samples used in this thesis donuitde pile-up,

"The studies inZ] were performed o — 1. Monte Carlo samples generated with PYTHIA 6.403 and with
a Cone jet algorithm of radius R=0.4.
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its effect on thel” + jets cross-section measurement is not treated here. Howsaxstematic
uncertainties from pile-up will need to be carefully studlia the future as they will become

gradually more important, as the LHC instantenous lumigasiincreased.

From these arguments, the preference would be to choosé ghtgreshold oi~ 40 GeV.
However the statistics decrease dramatically with inéngathreshold on the jet transverse
momentum. Figurd.7 (top) shows the number of expected events for the/bin, = 2 as a
function of thepy threshold: more than 60% in statistics is lost cutting at 4V @Gther than at

20 GeV.

Another important consideration is the MC sample availali¢he generation of the ALP-
GENW + jets samples, the MLM matching parameters RCLUS and ETCLUSGéaptei,
Section3.6 for the definition), which effectively define the boundaryveeen the parts of the
phase space generated by the matrix element and by the ghidamer, were set to 0.7 and 20
GeV respectively. This results in an effective generateell¢hreshold on the partgm- of 20
GeV. In order to evaluate the threshold effect, a simple west performed on th&l” + jets
ALPGEN sample. An artificial cut of 30 GeV was applied on the@atransverse momentum
and thep, distribution of the associated jets at reconstructionllexas plotted. Figurd.7 (bot-
tom) shows a comparison between thedistribution of jets matched to partons with transverse
momenta larger than 20 GeV and 30 GeV. The ratio between thelistributions approaches
unity only for jets withpr ~40 GeV, indicating that a parton level cut with a given thresh
old (p§e» > X GeV) has effects at detector level up to energies 10 GeV abovénthshold
(pRee ~ X + 10 GeV). It is therefore expected that the available ALPGEN sasple unbi-
ased from about jei; > 30 GeV.

Considering all of the above, a minimum jet threshold of 30 GeV was chosen.
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Jetn Cut

The jet reconstruction performance strongly depends oddtextor geometry and therefore the
jet pseudo-rapidity. If a jet falls in a poorly instrumentegjion of the detector, the reconstruc-
tion efficiency and energy resolution will be degraded. Thespnce of upstream material in
front of the calorimeter also affects the energy reconsisnclow energy particles that interact
with detector material or that are deflected by the ID magrfetid never reach the calorimeter
resulting in a net energy loss. Figute8 shows the jet performance as a functiomdbr jets
with pr greater than 30 GeV. The top left plot shows the jet reconstm efficiency and the
top right plot a Gaussian fit téEE (as defined in eqn4(4) ) in two differentn regions. The

bottom plots show the energy scale and resolution obtanosd & fit to% as a function of.

Both the efficiency and the energy response are deterioratechdy = 3.2. This re-
gion corresponds to the transition between the EM and hadoatorimeter and the forward
calorimeter. The performance deterioration starting at 3.1 is an edge effect due to the size
of a jet: when a jet is close to the crack region it loses partsoénergy into it. It was there-
fore decided to count only jets withy| < 3.1. The fact that the jet energy is systematically
underestimated% < 0) is not worrisome: the local calibration corrects singlestérs back
to the hadronic scale, but additional corrections are reéaleecover the true jet energy (see
Section4.4.]). Such scale factors were not available at the time of tlasighwriting, but will

be applied with data.

Minimum Separation between Electrons and Jets

When a real jet (not an electron jet) is very close to an elactooth the jet and the electron
reconstruction are affected. In order to minimise the enexgrlap, it is preferable to require
a minimum separation between the electron fromWhdoson decay and high energetic jets.
The choice of separation radius depends on the jet size.réd~gf (left) shows that the jet

reconstruction efficiency (computed after electron-jetrtap removal and considering only jets
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Figure 4.8: (Top Left) Jet reconstruction efficiency as acfiom of jety for jets withpr > 30
GeV. (Top Right) Fit with a Gaussian function tDE/E, as defined in eqn4(4), for two
differentn bins. The bottom plots show the energy scale (left) and wéisal (right), obtained
as the mean and width of the Gaussian fit.

with pr above 30 GeV) is affected whekR,.; < 0.6. The energy response is also deteriorated:
the right plot of Fig.4.9 shows that for jets close iAR to an electron,ATE has a low tail which

is clearly non-Gaussian. It will be shown in Chapfethat the electron reconstruction is also
deteriorated fo\ kz.; < 0.6, suggesting thah R.; = 0.6 is a suitable value for the electron-jet

minimum separation cut. Events where a high energetigpjet{ 30 GeV) and the selected

electron are closer than this distance are rejected andirtbef considered for the analysis.

Minimum Separation between Jets

Similarly to the electron-jet case, jet performance is affected when two jets are close to each
other. The jet reconstruction efficiency and energy respassa function oA R;; are shown in
Fig. 4.1Q The efficiency drops in the rangel < AR;; < 0.6. Again, forAR;; < 0.6 the jet

energy resolution is significantly affected.
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Jet performance was also investigated for different miidtty bins, see Fig4.11 A small
dependence on jet multiplicity can be seen: the jet recocttn efficiency as a function of
AR;; approaches 100% faster in high multiplicity than in low nplicity events. This is the
result of the jet size, with jets being on average more etiergad therefore narrower in high

multiplicity events.

4.4.3 Determining theW 4 Njets SUbsamples

The selection cuts described in Sectibd.2 are used to count the number of jets in fhe
inclusive sample. Tablé.3 shows the number of signal events per multiplicity bin befand
after the electron-jet and jet-jet minimum separation exisected for 100 plt of data at 10

TeV centre of mass energy. Studies of multiplicity upMp,; = 2 are possible with a statistical
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Figure 4.11: Jet reconstruction efficiency as a functiomefdistance\ R to the closest jet, for
truth jets withp; > 30 GeV.

error of < 1%. However, the statistics expected at the LHC in the firat pé data-taking will
be lower, given that the centre of mass energy reached will beV rather than 10 TeV. The
W inclusive cross-section afs = 7 TeV is approximately 30% lowef. The production
in association with jets is expected to be further suppesédower energies: the ratio of
ALPGEN cross-sections at 7 TeV to 10 TeV is 0.56 for + 2 parton and 0.49 fol/ + 3
partons. At this lower energy, the statistical error on titalil” + 2 jets cross-section would be

at the 1.4% level.

The minimum separation requirements Ak.; and AR;;, are effectively a reduction in
the phase-space. The penalty in statistics due to thesencuggises with jet multiplicity, since
the available phase-space for additional jets is graduatlyced. Whereas fav,.,; = 1 this
is a very small effect, it becomes more important in fig,; = 2, where almost 5% of the
events are rejected. The effect is significant 8, > 3. For this thesis, however, we will
only consider jet multiplicity binsV;.,; = 1, 2.

It is useful to look at the topology di/ + jets events to better understand the performance
studies discussed in this and following chapters. To sthekinematics of?V’ + 1/2 jet events

we choose the following variables:

e W +1 jet: pr of the leading jet

8The ratio;VVVV(SJVVLL(%)(<\/\/§::17O TTQ‘X,)) is 0.68, calculated with the FEWZ program using MSTW08 PDF. sets
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Njets Jet Count ARej 5Rej<%) ARJ €Rjj (%)

0 404025 £ 635 404025 4 635 n/a 404025 £ 635 n/a

1 36802 £+ 191 36592 £+ 191 99.43 +0.04 36592 4+ 191 n/a

2 8612 4+ 92 8368 + 91 97.17+0.18 8213 +90 98.14 +0.15
>3 2199 4+ 47 2076 £ 45 94.41 4+ 0.49 1836 + 42 88.44 + 0.70

Table 4.3: Expected number Bf — ev + jets events for an integrated luminosity of 100 pb
Shown separately are yields after basic jet countingand» cuts as described in the text) and
after the additional cuts on electron-jet and jet-jet sappan. Quoted are also efficiencies of the
AR.; and theAR;; with respect to the previous cut.

o W + 2 jets: HT, defined as the sum of the first and second leadingjet

HT = pit + s, (4.5)

When alV boson is produced in association with hadronic jets, it iesbed to higher
energies and, as a consequence, also the decay lepton vélhigherp;. As the number of
jets in the eventis increased, the boost is larger on avereg@ting in higher energetic leptons,
as shown in Fig4.12 The average energy per jet also increases with jet muitiyliHowever,
larger hadronic activity does not necessarily translate noore energetiél” boson and decay
electron. The degree of correlation between itheand the jete; depends on the kinematic
configuration of the event. We will take as an example thexa$#&/;.,; = 1, 2 and consider
the W bosonpr, p!V, calculated from the sum of missing transverse energy agatrehp;.
For events with only one energetic jet, the correlation é&acl as the energy of the leading jet
increases, so does th¥ (see Fig4.13. With N, = 2, the bosorpr will depend on whether
jets are emitted at a small or large angle. If the two jets arig¢ted at a reasonably small angle,
the W boson recoils against them, balancing their energy. If treyemitted back-to-to back
in the transverse plane, the leading and second-leaditngjabce each other, whereas e
remains rather soft. This is illustrated in Fi¢p14 showing thep!! versus HT for the case
where the angle ip between the jets if\¢;; < 7 -3/4 (left) andA¢;; > = - 3/4 (right).

The configuration where the two leading jets are back-tdlmgmninates as the jetr cut is
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increased§6], as demonstrated in Fig.15

These features have some implications on the event recotietr:

e If the kinematic configuration foV,.,; = 2 is correlated with the jet energy, then the
AR.; andAR;; will affect differently various parts of the phase spacepénticular, the
AR.; will reject events in the jet back-to-back configuration dce the high energy
regime. TheAR;; cut, instead, will mainly affect the low energy regime. Tliceency
of the two cuts was investigated as a function of HT fo¢,;, = 2 and found to be in
agreement with the expectations, as illustrated in &£ig5(right): AR, ; efficiency drops
with large HT, contrary to thé R,; efficiency which rises slightly with HT. These effects
should be taken into account when applying jet efficiencyestions, especially when

measuring the cross-section as a function of jet kinematiables.

e The boost of théV affects the kinematics of the decaying electron. It is tfogeeex-
pected that electron acceptance and efficiencies exhipi¢ stependence on jet variables.
Acceptance and efficiency corrections as a function of hadmctivity will be discussed

in Chapter7.

4.5 Conclusions

In this chapter, the criteria for selectinf — er events and counting jets were described
and motivated. It was explained how this analysis explbi¢sexcellent electron identification
capabilities of the ATLAS detector to trigger and identififlioe leptonic decays of thél’
boson. Another key ingredient for this study is the measergrof £, provided by full-
coverage calorimeters. It was shown that using the starldtdS W — ev selection criteria,

the signal could be selected with very high efficiency.

A significant part of the chapter was dedicated to jet cogntithe aim was to design a

robust jet definition that would ease the comparison betvekzéa and theoretical predictions
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and limit the analysis to a well understood region of the phsgace. The definition of a jet
involves a choice of jet algorithm, size and kinematics ksagthe; range pr cut and minimum
separatioMR;;, AR,;). Furthermore, in a measurement involving electrons, agquore for
removing the overlap between electrons and jets has to hfisgde All these aspects were
treated in this chapter. Experimentally, it was shown hogvj#t performance is deteriorated
in certain regions of the detector and is affected by theniticiof another object (such as an
electron or another jet). Based on such observations andaihsiderations (like the impact of
non-perturbative effects and the statistics availablé&aseline jet selection was proposed and
this will be adopted throughout this thesis. Some jet kinanariables were also introduced

and it was briefly discussed how jet activity affects the kmaséics of thell” boson.

The W — ev + jets selection proposed here is not meant to be a finalisesione but
represents a baseline which should be by all means revigbddata. Comparison between
data and MC, for example, will be crucial for the validationwafriables used for electron
identification and thus for the optimisation of the electsmiection. In the context of jets,
important factors for the choice of kinematic cuts will be tbtatus of jet calibration and the
availability of jet energy scale correction factors andrtbacertainty. Measurements of the UE
will also help identifying regions where non-perturbateféects are important, which could in

turn affect the choice of the jet- cut.

Each cut applied on the event sample is source of some imeftigs that have to be ac-
counted for when measuring a cross-section and comparitegtdatheoretical predictions.
Each selection is therefore also inevitably a source of sgysgematic uncertainty on the fi-
nal measurement. These will be discussed in detail in Ch&ptethe context of early data

measurements 0¥/ — ev + jets.
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Figure 4.12: Electron (left) and jet (right)- distributions for different jet multiplicity bins.
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Figure 4.14:W bosonpr versus HT (defined as the sum of leading and second leadipg)jet
for events with two jets, in the case where the angle in thestrarse plane between the two jets
is Ag;; < m-3/4 (left) andA¢;; > - 3/4 (right).
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Figure 4.15: (Left) AngleA ¢, ;.. between jets in théV,.,, = 2 bin, for jets above different,

thresholds. (Right) Efficiency A R,; and AR;; relative to the baseline event selection (first

column of Table4.3) as a function of the HT variable fav.,, = 2.



Chapter 5

Backgrounds

This chapter is dedicated to the study of backgroundd’te—~ ev + jets events. Sectioh.1
describes the main backgrounds and explains how they mignalsevents. Sectiob.2is ded-
icated to the investigation of lepton vetos for reducingdep backgrounds. Finally, methods
for estimating backgrounds from MC and using data-driveimiégues are described in Sec-
tion 5.3 Particular emphasis is given to an in-situ technique fakbeound estimation from

top pair production, since it was fully developed by the auth

5.1 Backgrounds toW — ev + jets

Backgrounds té1 — ev + jets can be divided into two categories: multi-jet anddeyat back-
grounds. Multi-jets are produced in QCD interactions andsargces of fake electrons (ie. jets
mis-reconstructed as electrons) and fake missing trass\erergy (ie. due to detector ineffi-
ciencies and resolution). Leptonic backgrounds are predlut electroweak interactions and
contain real leptons and, in some cases, neutrinos. Oneartcase of leptonic background
is top quark production. Events with a top quark contain aigesi’ boson and could arguably
be considered either as part of the signal or backgroundhigranalysis, they are considered as

background since the aim is to measure direct sifiglproduction in association with jets.

59
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The main backgrounds td — ev + jets are listed in Tabl&.1 Shown are the expected
number of signal events for 100 pbof integrated luminosity and the background fractions,
expressed as backgrounB)(to signal ©) ratio (%) * in different jet multiplicity bins. The
guoted errors are due to the MC statistics. The QCD-jet sarmpfearticular, suffers from se-
vere lack of statistics. To overcome this problem, relaxed bave been applied to it for some
of the plots shown in this chapter (as specified in the figupticas): the trigger requirement
was removed and therss threshold was lowered from 25 to 15 G&VThe kinematic distribu-
tions were then normalised to the expected backgrounddracs obtained applying the full

selection.

The number of signal and background events as a functiont ehydtiplicity are plotted
in Fig. 5.1 The leptonic backgrounds are combined together into brackgls fromiW/Z
processes and top-quark production. For the jet multigliwins V.., = 1 and 2, the leading jet
pr and HT distributions respectively (see definition in Setdot.3 are also shown in Figh.2
The overall background contamination is considerablend&i % of the signal inclusively, and
it increases significantly with jet multiplicity. The largiebackground source is QCD-jets, but
top pair production becomes almost as important for thremare jets. We will concentrate
however on the one and two-jet bins. The individual backgdosources are discussed in detail

in the following:

QCD multi-jets:
This is the dominant background in all multiplicity binsthedugh it is difficult to draw firm
conclusions for high number of jets, given the poor MC sti@gsavailable and the large uncer-
tainties that affect theoretical predictions. QCD multiggents are a source of fake electrons

in combination with large imbalance of transverse energyerAmedium PID cuts, the largest

1For the cross-section measurement the quantity of inteséisé overall background fractiog%. However
in this section it is preferred to us§ in oder to factorise out different background contribusi@md discuss each
of them independently. This is desirable, in particulavegithe large uncertainties on the QCD-jet background
which translate in large uncertainties on the overall baalgd fraction.

’Relaxed cuts are only applied to jet kinematic distribwuiavithin a given multiplicity bin, such that the
correlation betwee® s and N, is taken into account. No significant bias is expected renwtiie trigger
requirement, since the electron trigger selection is Iothsmn the offline electron selection.
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Selection : Trigger + Electron SelectionZiss > 25

Process Njers >0 Nijes =1 Njers =2 Njers > 3
W —ev (450.74+0.6) - 10> (36.6+£0.1)-10°  8210+£30 1840+ 14
QCD-Jets(%) 1442 b7+ 13 115+ 39 228 + 116
7 — ee (%) 0.16 + 0.01 0.72 +0.03 1.54+0.1 3.44+0.1
W — 1v (%) 1.854+0.02 4.50 £ 0.10 5.5+0.1 7.3+0.3
Z — 17 (%) 0.19 +0.01 0.77 £ 0.02 1.54+0.1 24+0.1
tt (%) 0.83 +0.01 1.18 £0.01 13.4+0.1 1174 £ 1.2
single top (%) 0.20 +0.01 0.93 +0.02 4.14+0.1 7.7+£0.2
di-bosons (%) 0.06 + 0.001 0.32 £0.01 0.66 £0.02 0.72%0.05
All (%) 17+2 60+ 13 141 £+ 39 367 £ 116
All (no QCD) (%) 3.29 4+ 0.03 8.4+0.1 26.6+0.2  138.9+1.2

Table 5.1: Expected number of signal events and backgraaetidn (9. Nqcp—jets/Nw —ev
in %) for the inclusive sample and different jet multiplies. Events are normalised to 100
pb~! of integrated luminosity. Errors are due to the MC statsstic
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Figure 5.1: Signal and background distribution versus jeitiplicity, after thelW — ev + jets
selection cuts.
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was removed. The total number of QCD-jets events was theadstathe expected number of
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fraction of background electrons originates from photomveosions & 50 %), or are fake elec-
trons from u/d/s hadrons (almost 20%). Another significaattion (25%) are electrons from
heavy flavour jets, these are real, but non-isolated elestiéakeF s typically arises from jet
mis-measurement, for example when a jet falls in the cakt@mgaps (transition regions) which
have poorer resolution. Although the probability that afgdes an electron and that there is
large fakeE™s in the same event is very small, QCD multi-jet events areatiktry important
source of background because of their large productioncatgared tdl — ev. Figure5.3
(left) shows theEss spectrum of signal and backgrounds f&f.,s > 0, after full electron
selection. The right plot shows the transverse mass disimibafter requiringzss > 25 GeV.
The low Eiss region is clearly dominated by QCD-jet events A cut removes most of this
background, but the residual number of QCD-jet events ismegligible. An additional lepton
isolation or transverse mass cut can help keep this backdrender control (a transverse mass
cut of 40 GeV, for example, should reduce it by50% and isolation to even lower levels).
However it will be necessary to wait for data to gain accukatewledge of the background

rejection factors and optimise the selection cuts.

Even if sufficiently high statistics in the QCD multi-jet salmpvas available, MC simu-
lations could not be trusted for estimating this backgroand data-driven estimates must be
used. In fact, the jet production cross-section suffermftarge theoretical uncertainties and
contributions from underlying event and multiple interans are largely unknown at the LHC.
Beside an excellent understanding of the detector, an aecoradiction of electron fake rates
would also require good knowledge of the event topology &edrternal structure of jets (ie.
how they fragment and hadronize), which are very sensitvson-perturbative contributions.
Furthermore, fakeézss is expected to be poorly modelled in GEANT4 simulations. e8alv
data-driven methods for calculating QCD background are umjestigation at ATLAS and

will be briefly described in Sectioh.3.2

7 — ee:

Electrons from Z boson decays are kinematically very sinmtidathose fromil’ bosons and
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Figure 5.3:E3 distribution in signal and background events (#og,; > 0), after full electron
selection (left) and transverse mass distribution aftartan £ > 25 GeV (right).

therefore satisfy the same selection criteria. F&f a» ee event to mimic dV — ev decay,
two conditions have to be satisfied: one of the two electraiis the electron selection criteria
(because of kinematic acceptance or reconstructionifaenion inefficiencies) and there is a
large amount of fake missing energy. Fakg'ss can arise either from the second electron es-
caping the detector through a poorly instrumented regiofrpm jet energy mis-measurement,
as for the case of QCD-jets. These two scenarios are illestiatFig.5.4. The left plot shows

n of the missed electron in thé — ce sample, after thé/ selection with/without &% cut

of 25 GeV. The jump arounflh| = 2.5 corresponds to the kinematic acceptance of the detector
for electron reconstruction: an electron that falls owddiais region is missed and always re-
constructed as a jet. Clearly, th&"*s cut greatly reduces the background contamination. Most
of the residual background is in correspondence with thelpaastrumented regions of the

detector (the cracks in the calorimeter arolwid= 1.5 and3.1).

In Fig. 5.4 (right), theZ — ee background contamination is plotted as a function of jet
multiplicity. Although theZ — ee production rate is about 10 times smaller thanithe— ev
one, this is still a non-negligible background because ofrbigrations. In fact, if the missed
electron fails the electron selection criteria but is stithin the jet acceptance, 4 — ee+ Njes
events will be reconstructed adta — ev + N, + 1. Given that the cross-section for each
additional jet drops by a factor e¥10, migrations ofZ — ee events to upper multiplicity bins

can result in a non-negligible background contaminatiohis Explains the sudden raise by a
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Figure 5.4: (Left) Pseudo-rapidity distribution of the sesl electron iy — ee events, after
applying thelWw — ev electron selection and with/without a cut @, (Right) Z — ee
background contamination expressed%@s(%) as a function of jet multiplicity.

factor of 10 in% between the zero and one-jet bins in Fgl (right) before aEss cut: the
single jetis, in most cases, an electron froth a» eec + 0 jet event. Since the electron energy is
not lost, there is no fak& s in the event and th&ss cut brings down the background to the
percent level. As the number of jets increases, the prababfllarge imbalance of transverse
energy due to jet mis-measurement increases, explainenggh in the background level with
jet multiplicity even after theZ2*'ss cut. Z — eec events can be rejected by a lepton veto cut, as

will be described in Sectiof.2.1 The residual background can be estimated from MC.

W —rvandZ — 77
The production rate for” — 7v is the same as fdi’ — erv and in 18% of the cases thewill
decay into a final state electron:— e v, v,. These events contain therefore a real electron and
real E2'ss, but this electron has on average a smaillethan the electron frorl’ — ev, since
ther energy is shared among three final state particles. Thisigdriited in Fig5.5(left). The
pr threshold on the electron rejects most of the— 7 background, but its contamination is

still at the level of4 — 6% for events with one or two jets.

Similarly, Z — 77 can mimic al// — ev when oner decays leptonically into an electron.
The Z — 77 background is at a level of a few percent, comparable With> ee. In fact, the
production rate o/ — 77 events with one final state electron is smaller than that ef ee.

However, the amount of truB*> in aZ — 77 event s larger, due to the presence of neutrinos;
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Figure 5.5: (Left)pr distribution of the candidate electronii — ev +jets andV — 7v +jets
events. (Right) Ratio of — 77 +jets tolW — ev +jets as a function of jet multiplicity before
and after a cut od;ss,

hence theE*'ss cut does not have a strong rejection power against this lbaakd (see Fig5.5
right). Distinguishing between primary electrons and etets from leptonicr decays is very
difficult. A generic lepton veto is not helpful againgt — 7v but can partly help reducing

7 — 771 background when also the secondecays leptonically. BothV — v andZ — 71

background are estimated with MC, as described in Seé&ti®n.

Single Top and Top pair production:
The top quark decays almost exclusively into the: Wb channel. Events with a top quark in
the final state therefore contain a genuifeboson which can decay leptonically or hadroni-
cally and is accompanied by jets. The leading-order sirapeotoduction diagrams are shown
in Fig. 5.6. The dominant contribution at the LHC is the t-channel,dekd by associated
production of top and?” boson and finally by the s-channel. An event with a single tagrk)
production that is background i@ — ev + jets will contain an electron and a b-quark jet from
the top decayt(— W (ev)b) plus typically an additional jet. When top quarks are prelim
pairs (will refer to this process @$), there are at least two b-quark jets in the final state and a
number of leptons or additional jets which depend on the ylawade of thelV boson. There

are three different signatures fa@rproduction:

¢ fully hadronic (about 4/9 of the times), where bdthh bosons from¢ — Wb decay

hadronically, resulting in six jets, of which two are b-gkigats;
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o fully leptonic (about 1/9 of the times), where bdfh boson decays leptonically, resulting

in two leptons, two neutrinos and two b-quark jets;

e semi-leptonic (about 4/9), where oié boson decays leptonically and one hadronically,
resulting in one lepton, one neutrino and four jets. Eg.is an example of a semi-

leptonictt decay, with one final state electron.

Both single top and¢ production are kinematically very similar & — cv +jets and, due
to the presence of jets, contaminate the high jet multiglibins. ¢¢, in particular, competes
with QCD-jets as the dominant background at high jet muttipliand, for N,.,, = 2, its
contamination is already3% (in terms ofN,;/ Ny, _..,,). Table5.2shows the composition of the
tt background tdV +jets for the one and two-jet bins. For these low multipiéstthe dominant
component is the fully leptonic signature, since it couhtsleast number of jets. At least one
of the top quarks has to decay into the electron channel isfs#te lepton event selection. In
fact, theep, ander decay modes are favoured over the since thell/ — ev selection (with
N.. = 1) already excludes events with more than one well reconsitiuglectron, but has no
similar veto on muons or taus. Furthermore, a second elethat falls outside the acceptance
will be reconstructed as a jet, pushing the event to highemjdtiplicities, whereas muons
and taus decaying leptonicaffydo not contribute to jet counting. The semi-leptotiiciecay
into the electron channel becomes more important for highdtiplicities, as expected since it
contains four-jets. Given that more than 50% of théackground tdV — ev +jet events in
the multiplicity bins of interest are fully-leptonic decgyepton vetos can be a powerful tool to
control this background. In addition, a new methodologystineate this background from data

is investigated using b-quark jets. This will be describe&ection5.3.2

Di-bosons
These are processes with WW, WZ or ZZ in the final state. Due tertiadl cross-section, they

are expected to be a very small backgrouwad%o), as shown in Tablg.1, and therefore can be

3Taus decaying into a final state electron will be reconstaiess a jet, but this will typically have a rather small
pr (cf. Fig.5.5left) and therefore will rarely contribute to jet counting.
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Composition ofi¢ background %)

Decay Mode Channel Njers =1 Njers =2

Hadronic - < 0.01 0.08 +0.03
e 15.84 £0.77 33.09 + 0.42

Semi-leptonic W 0.61 +0.14 0.80 £+ 0.05
T 1.16 +0.18 2.58 +0.10
ee 10.55 £+ 0.59 8.86 +0.19
eu 40.85 £+ 1.30 29.08 £+ 0.38

Fully-leptonic erT 25.97 4+ 0.99 22.04 +0.33
UT 3.02 +0.30 2.06 + 0.09
TT 1.754+0.23 1.30 £0.07
L 0.24 +0.11 0.12 £ 0.02

Table 5.2: Composition aft background tdV — ev + jets for the one and two jet bins. Each
column sums up td00%.The overall background fraction ig= = 1.2% (1 jet), 13.4% (2
jets), as shown in Tablg.1
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Figure 5.6: Single top quark production diagrams: (a) tacled, (b) Wt associated production,
(c) s-channel. The t-channel is the dominant mode at the LHE avcross-section of 124.5
pb, followed by the Wt channel (32.7 pb) and the s-channelgb)at 10 TeV centre of mass

energy. 7]

safely calculated using MC.

5.2 Vetos for Rejecting Leptonic Backgrounds

In Section5.1it was shown that the background contamination in the sigaaiple is signif-
icant. Even excluding QCD-jets, leptonic backgrounds sunhou? = 8.4% for one jet and

% = 26.6% for two jets (see Tabl&.1). Assuming, as an example, a conservative uncertainty
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Figure 5.7: Semi-leptonic decay of a top pair.

on the background estimation 26% #, this would result in an uncertainty on the cross-section
of 1.7% (1 jet) and 5.2% (2 jets), which is much larger thanekgected statistical uncertainty
of 0.5% (1 jets) and 1.1% (2 jets) for 100 phof ATLAS data. To decrease the systematic
uncertainty, it is therefore worth to attempt to reduce ¢hegckgrounds to a lower level. This

can be achieved through lepton vetos.

5.2.1 Lepton Veto Cuts

ThelV selection criteria described in sectidrBrequires exactly one good quality electron, but
poses no limitations to the presence of a second poorertyesictron or of a muon or a tau
lepton. Electroweak backgrounds that contain more thanepten can be reduced by lepton
veto cuts. Such backgrounds até:— ee, Z — 77, tt and di-bosons (WW, WZ, ZZ). Two
vetos are investigated: one on isolated tracks and one ®wijgt high electromagnetic energy

fraction.

e Veto on an isolated track:
a second loose electron or muon within the inner detectoemaace || < 2.5) will

leave hits in the silicon detectors. Tracks from leptonicayes of Ws and Zs are mostly

4This value is only intended as a reference baseline. A disou®f the factors that contribute to systematic
uncertainties on the background estimation is given iniGeé&t3.1
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isolated, contrary to tracks left by other objects such ptoles from heavy quark decays.

Figure 5.8 shows the isolation fraction of tracks W — ev, W — pv andW — 7v

events, where isolation fraction is defined as the supy-inf all tracks within a cone of

radiusAR = 0.4 around the candidate lepton tragk , normalised by the lepton track:
Zi p%l“ B p%l‘

IsoFraction = =*——— for i = tracks € AR < 0.4. (5.1)
br

The peak around IsoFraction = 0 originates from poor quatitgks with very lowp; and
no silicon hits (only hits in the TRT). It is in fact mostly die fake tracks. In order to
remove this contribution, only tracks satisfying all of flelowing quality requirements

are considered:

— At least one hit in the Pixel detector
— At least one hitin the SCT detector

— Trackpr > 5 GeV.

A good quality track is then flagged as isolated and theredereoming from a lepton if:
— IsoFraction < 0.15.

Any event with one or more tracks satisfying the above ddtafter having excluded the

track from the candidate electron from tHé boson decay, is rejected.

e \eto on jets with high electromagnetic energy fraction
The track veto cut can only be used to reject events with anskcentral lepton, ie.
with |n| < 2.5, according to the acceptance of the Inner Detector. To dxtes veto to
the forward region, calorimeter information can be used.oAdydiscriminator between

hadronic jets and jets originating from electroris the electromagnetic energy fraction

5As it was explained in sectiod.4.2 electrons are also reconstructed as jets by the ATLAS jedteting
algorithm.
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in a jet, defined as:
Effy

EMFraction = el . el
Epv + Efap

(5.2)

whereE% is the energy of a jet measured in the EM component of the ioadder and
EJ'  is the energy measured in the hadronic part of the calorimiégore hadronic
calibration. Since electron showers are generally coathin the EM calorimeter, this
variable can be used to identify extra electrons in the &rbe covered by calorimeter (up
to |n| < 4.9), but is not effective on muons which typically do not depesiergy in the
calorimeter. A veto on jets with high electromagnetic egdrgction specifically targets
Z — ee events and fully-leptoni¢t decays with two final state electrons. Figl®
(left) shows the EM fraction of all jets il” — ev andZ — ce events, after thél” — ev
selection cuts and the electron overlap removal. The pealndiEMFEraction = 1 shows
the presence of electron-jets in the— ee sample. From this plot, it was chosen to reject

events for which at least one of the jets satisfies:
— EMFraction > 0.96

where all jets withpr > 30 GeV and in the full pseudo-rapidity range are considered. In
Fig. 5.9 (right), the invariant mass of the candidate electron aedehwith the highest
EM fraction is plotted, forl/ — ev andZ — ee vetoed events only. The resonance

around the Z mass value shows that the veto is effective mtifgagng Z — ec events.

5.2.2 Results and Discussion

The effect of the two veto cuts on the signal efficiency andkgemund rejection was investi-
gated in order to evaluate the gain of applying such cutsariitfal cross-section measurement.
The signal efficiency is shown in Fi§.10 for one and two jets. The EM fraction has a higher
efficiency than the track veto, but is also dependent on therjematics, dropping at low lead-

ing jetpr and HT. The track veto, instead, is uncorrelated with jeeRiatics and the efficiency
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Figure 5.8: Isolation fraction (defined as in egh.1j ) of tracks inWW — [v events. Tracks
matched to leptons from tH& boson decay have small isolation fraction. The peak attisola
Fraction = 0 is due to fake tracks and can be removed by traekitg cuts.
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Figure 5.9: (Left) EM energy fraction of jet I/ — ev andZ — ee events, after thél” +jets
selection cuts. (Right) Invariant mass of the candidatetrelecand the jet with EM fraction
above 0.96.

is constant at 85%.

The lower efficiency of the track veto cut is compensated bysignificant larger rejection
power against leptonic backgrounds, as shown in%il-5.13 Whereas the EM fraction cut is
only effective onZ — ee events, the track veto also reducés— 7 andtt backgrounds. Even
consideringZ — ee alone, the track veto rejects more events, keeping the bagkd level
below 0.5 (1.0) % for 1 (2) jets. The EM fraction veto is lessvpdul over the whole kinematic
region and ineffective in the high energy range, where tipeadiefficiency is also higher. This is
particularly evident in the one-jet bin: going to highergetmeans selecting a highly energetic
electron, which is more likely to leak into the hadronic cateeter and therefore have a low

EMFraction. The fact thatt background is not reduced by this veto can also be explained
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Figure 5.10: Signal efficiency of veto on isolated tracks angets with high EM fraction as a
function of leading jep; for Nj..; = 1 and of HT forN;.,, = 2.

e e e e s m o = Spr—7T 11—
S C B Base Cut ® EMFrac Cut ] S 45; B Base Cut @® EMFrac Cut é
g 3 A Track Cut EMFrac+Track Cut - §u Tk A Track Cut EMFrac+Track Cut E
S F 1 Z 4 B
o r B o E E
Zﬂi 2-5? E Zﬁ 3.5? ;
2f 3 S E

£ E 2.5 E

155 E 2F -
ey = 15t 4t + g

r ++ ] E + i E
0.5Fe-1- *43' _ - gt + E

' 5:-_‘—‘_ *—t-_x_*fg_ inals I 4 '+' O.Sjr g

o) S . ‘mm—mww_ﬁr OB . - 3
40 60 80 100 120 140 160 180 200 lOO 150 200 250 300
Leading Jet P, (GeV) HT (GeV)

Figure 5.11:7 — ee background rejection by veto on isolated tracks and on jétsiigh EM
fraction as a function of leading jet for N;.,; = 1 and of HT forN;.,, = 2.

by the low rejection power against boosted electrons coetbwmith the low fraction of fully-
leptonictt decays with two electrons in the signal sample (see Tab)e The track veto proves
considerably more powerful, in particular since it redutesimportant: background by about
1/3. Di-boson backgrounds are not shown, since they are a veail percentage, but they are
also reduced by 25-50 % by both vetoes, similarly for— ee. W — 7v and single top are

unaffected, as expected since they contain no additiopdneo the selected electron.

The overall effect of the lepton vetos on signal and backgdas summarised in Tablés3
and5.4, where the efficiency for the selection of signal events,iticeease in the statistical

uncertainty due to signal rejection and the decrease ingsaakd contamination are shown.

The decision on whether or not to apply the veto cuts shouldased upon the impact on

cross-section measurement systematic uncertainty. Ati@ual cut will have an effect on the
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Figure 5.13:¢ background rejection by veto on isolated tracks and on jikshigh EM fraction
as a function of leading jet; for N;.,; = 1 and of HT forN;.,, = 2.

following terms of eqns.3.3) and (3.4) in Chapter3:

A(N — B)

N -B

. it would increase the relative statistical error on the bemof estimated

signal events. This term, which will be referred to/as,;, can be rewritten as:

A(N — B)

VAN 1 AB?

Astat =

N-—-B

N-B

(5.3)

For simplicity we will takeAN > AB ® andN — B equal to the true number of signal

eventsS, such that\,,,; =

€
o —.

€

AN .
g 1

an additional cut means an additional loss of signal evefitss loss has to be

corrected for in the final cross-section measurement witbficiency factor €), which

This is a valid approximation, since the statistical ernoitiee estimated background of events is expected to

be negligible: leptonic backgrounds will be estimated fid@ and the full statistics available can be used.
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will have an associated uncertainy.

N B: it would decrease the systematic error due to the backgrodrhis can be

rewritten in terms of signal to background ratio and errotl@background estimation:

222 (5.4)

where S and B are the number of signal and background events%?—lds the relative
uncertainty on the background. In the following discussanwill assume an error on

the background o% = 20% as a baseline.

For the veto cuts to be advantageous, the decrease in thalawscertainty thanks to the
background reduction must be greater than the increase irttertainty due to the efficiency

and statistical term§&

A(% : g) > \/A(Am)Q n A(%)Q (5.5)

The expected decrease in the background contaminationlgften vetos is given in Ta-
bles5.3-5.4 and the corresponding relative decrease in the systemat&rtainty is shown in
Table5.5. In comparison, the increase in statistical error due to wets is very small (see

Tables5.3-5.4), such that the term\ (A,;) in eqn. 6.5 can be neglected. The efficiency term

remains to be evaluated. For the absolute cross-sectiosuregaent it will have to be esti-
W 4 Njets
Z 4 Njes
at first order in the ratio, such that there is no need for etalg the efficiency and a systematic

mated from MC. For the measurementf;, = , however, the efficiency cancels

uncertainty can be assigned, as will be discussed in Chapter

For the EM fraction veto, the gain is very small, Wiﬂ(% . %) at the level 00.1 — 0.2%.

"In egn.5.5the A outside the brackets represents the change (increaseggelin the uncertainty. The term

A(A?B . %) is the change in the systematic uncertainty due to backgroﬂ'mnilarly,A(Asmt) is the increase

in the statistical uncertainty amsi(%) is the increase in the uncertainty due to the efficiency term.
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Cut Jetpr > 30 GeV Jetpr > 100 GeV
ANgar(%)  B(%) Asrar (%) 2 (%)
Ref. 0.52 8.4+0.1 2.03 19.2 £ 0.6
Eff(%)  Aaa(%)  2(%) Eff(%)  Aaa(%)  2(%)
Track 88.0 4+ 0.2 0.56 6.9 89.4 4 0.6 2.15 16.3
EMFrac 93.6 £ 0.1 0.54 7.9 97.2 4+ 0.3 2.06 18.9
EM+Track 82.340.2 0.58 6.8 86.8 & 0.7 2.18 16.3

Table 5.3: Effect of the lepton vetos on signal and backgidion N;.,; = 1. The first row
shows the relative statistical erra,.; (%) and the background fractio?u(%) for the standard
W — ev selection cuts. The last three rows show the efficiency ofiélie cuts with respect to
the standard selection and the statistical error and baakgrcontamination after lepton vetos.
Only leptonic backgrounds are considered (QCD-jets araudrd). Results are shown for two
different kinematic regions: leading jet > 30 and100 GeV.

Cut HT > 60 GeV HT > 200 GeV
Astar (%) B(%) At (%) Z(%)
Ref. 1.10 26.6 £0.2 3.13 32.0£0.5
Eﬁ(%) Astat(%) g(%) Eﬂ:(%) Astat(%> %(%)
Track 85.4 +0.2 1.19 20.5 86.9 £ 0.6 3.36 24.9
EMFrac 89.34+0.3 1.17 25.6 94.4 + 0.7 3.22 30.8
EM+Track 76.2+0.5 1.26 20.4 81.9+1.2 3.46 24.4

Table 5.4: Effect of the lepton vetos on signal and backgdofan bin N;.,; = 2. Results
are shown for two different kinematic regions: HI¥60 and 200 GeV. For more details see
Table5.3,

Both in the absolute cross-section or in the ratio measureihemuld be difficult to have a
systematic uncertainty from the efficiency below this vallefeating the purpose of the veto.
Similar conclusions can be drawn for the track veto in the-jehease. For two jets, however,
the background reduction is significant and the gain on tlséegyatic uncertainty in(A—Ef .

B

§> = 1.2 — 1.4%. If the systematic uncertainty from the efficiency term i®ai0.2%, as

expected for the,.;, ratio measurement (see Chapdrit is worth to apply this veto. Based

on the above considerations, it is therefore suggestedaly #pe track veto cut fofV,.,, = 2.
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Cut Njers = 1 Njers =2

Jetpr > 30 GeV Jetpr > 100 GeV HT > 60 GeV HT > 200 GeV
Track 0.3% 0.6% 1.2% 1.4%
EMFrac 0.1% < 0.1% 0.2% 0.2%
EM+Track 0.3% 0.6% 1.2% 1.5%
Table 5.5: Relative decrease in the systematic uncertainty the background tery (%3 . %

by applying the track and EM fraction veto cuts and assumingracertainty on the leptonic
background estimatiofZ = 20%.

5.3 Background Estimations

5.3.1 Estimation of leptonic backgrounds from MC

In this section the estimation of leptonic backgrounds fid@ is discussed. Small and/or well
understood backgrounds, such/as- [l, W — 7v and di-bosons can be safely estimated from
MC, since they will have a small impact on the total crossisaaincertainty. Theoretical pre-
dictions for single top and top pair production are alsolate at NLO or higher order$g]
and can therefore be estimated from MC. Nevertheless, digerépresent a significant frac-
tion of the background, especially for three or more jetsalernative data-driven technique
(described in Sectiob.3.2), is also investigated. A cross-check between MC and davard

estimates will then give a good handle on systematic unoégs.

Di-bosons, Single Top and Top Pair Production
For di-bosons and top backgrounds, fully simulated MC sasple used and passed through
the analysis selection cuts. The remaining number of eventisen scaled to the required
luminosity:

L
N NG
Gen (56)

g
— NCuts L
Gen
NGen

where N is the predicted number of background events in the sigmapkg Ng.,, and
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NE¥s are the number of generated events before and after theiseleats respectivelyy is
the production cross-sectioh,is the luminosity of the data sample (to be measured)langd
is the luminosity equivalent to the MC dataset. The staé$terror will be small, since the
full available MC dataset is used. The systematic error eregtimated number of background
events depends on the uncertainty on the measured lunyirfdsiit/ ) and on the background
process cross-sectiong/o):
() =5+ () 5.7)

The luminosity uncertainty is expected to be approximat@Bp with early data. Uncertain-
ties on theoretical predictions are at the 1849 Jevel for the top pair production cross-section
and vary between 3-9% for single top productidi]] depending on the production mech-
anism. In addition, these background estimates fold aaceptand efficiency factors for the
background processes, which depend on the theoreticallmeeld and on the simulation of the
detector response. Giving an estimate of the uncertaingytolihe kinematic acceptance and
reconstruction efficiency is beyond the scope of this thiesishould be the subject of further
work. Adding in quadrature the sources considered in €gji), (@ lower limit of ~ 15% can

be assigned to the uncertainty on the top background estimat

Z —1lland W — 7v:
For Z — ¢/ andWW — v backgrounds, one can take advantage of the well known ratios
W — w(Z — ) and WV — ev)(W — 7v) to obtain an estimate of the number of
background events without any knowledge of the integratedrosity L. Because of lepton
universality, the production diagrams foFF — 7v are exactly the same as fov — ev.
Therefore the ratio oft” — 7v to W — ev events after selection is:

f _ow - Br(W — 7v) - (W — 70)
Vo o Br(W — ev) - (W — ev)

(5.8)
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where Br are the branching ratios aad? — 7v) ande(/W — ev) are the efficiencies for
selecting dV — 7v or W — ev event. The ratio of efficiencies is taken from MC.

Similarly, for Z — (¢ events, one can use the ratio®R¥V — (v)/o(Z — (0)):

_ 0z Br(Z—ee)-e(Z—ee) 1 €(Z—ee)
J2—ec = ow -Br(W —ev)-e(W —ev) R e(W —ev) (-9)

F oz BrZ—rr)-eZ—17) 1 €(Z—17) (5.10)
7T o Br(W = ev) - e(W = ev) R (W — ev)’ '

The R ratio will be measured at ATLAS with the first 100 phof data, with an expected

systematic error of less thaf [71].

Extracting signal events
From the above equations, the number of signal events caxtiaeted for each jet multiplicity

bin as:

N — NQCD—jets - Nt[ - Ntop - Ndib

5.11
1+fW—>TI/+fZ—>€€+fZ—>TT ( )

NW—>el/ -

As a consistency test, the MC sample is divided into two suipdas: one representing pseudo-
data and corresponding to exactly 100 pbf luminosity, and the second one with the remain-
ing events representing the MC sample. QCD multi-jets arkidrd since they cannot be esti-
mated from MC. This is a purely academic exercise to test kiaptocedure is self-consistent.
Since the detector simulation and the input cross-sectiwashe same for pseudo-data and
MC, no systematic bias is expected in the predicted numbevesite. The results of the test

are shown in Tablé.6: true and predicted number of events differ by less than 0.2%

5.3.2 Data-driven background estimations usingz:'** shape

Especially in the early running phase, it is preferable tp o@ the MC estimations as little as
possible, since these will require validation and strorpend on the detector description, as

well as on the theoretical model used as input. Furthernrmoamy background processes suffer



5.3 Background Estimations 79
Njets =1 Njets =2
N candidate (pseudo-data) 39651 £+ 199 8396 + 92
Di-bosons (MC) 118 + 3 43 £ 2
Single Top (MC) 337+£6 287T+5
tt (MC) 431+ 3 658 £+ 3
fw—r (MC) 4.82 +0.09 5.36 £ 0.02
f7—rr (MC) 0.55 4 0.01 0.51 & 0.02
fz—ce (MC) 0.39 +0.01 0.38 £ 0.02
Nw_., (predicted) 36653 + 192 6972 + 89
Nw e (true) 36579 6964

Table 5.6: Estimation of leptonic backgrounds from MC in ¢ime and two jet bins. A pseudo-
data sample equivalent to 100 pbwas passed through the analysis selection cuts (a track veto
cut was included for the two jet bin). A statistically indeylent sample was used for the MC
estimate, as explained in the text. The quoted errors aedypstatistical.

from large theoretical uncertainties and, therefore, #a lbackground conditions will only be
known from collision data. In this section, a methodology tlee data-driven estimation of
QCD multi-jet and:t background is described. The QCD multi-jet background edton was
developed by the ATLAS W/Z + jets group iB][ Emphasis will be given to the technique for
estimating thet background, since it was developed by the author. This tqakrwas investi-
gated in view of measurements in high multiplicity bins, wh& is a formidable background.
It is however not applied to the cross-section measurenerdtios for the one and two jets
bins described in this thesis: up 18,.;s = 2 background fromtt is relatively small and the

technique is not very reliable, as will be described.

The main idea in data-driven estimates is to identify a chsiclating variabler with some
separation power between signal and backgrounds and aces6f which allows the selection
of a pure background sample. The pure background sampldlési gacontrol sample, in
contrast to thesignal sample, which is obtained applying the standafd — ev selection. The
background shape im can be extracted from the control sample, provided that #i@ables
used for the cut§’ are uncorrelated with the discriminating variableThe overall background
normalisation can then be determined by a fit fo the signal sample, keeping the background

shapes fixed.
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In the present case, the discriminative variablis E5. As shown in Fig5.3 (left), this
variable has a strong discrimination power between QCD Hretliandi/ — ev events. If
the Ess shape of QCD multi-jet is known, the low* region (dominated by QCD-jets)
can be used to extract the background normalisation andpotate the number of background
events into the signal regiorJfss > 25 GeV). By contrast events from top pair production
are kinematically very similar to the signak’*** does not provide a good separation power
betweenlV — ev + jets andtt, but if templates for both signal and background are avilab

the relative normalisations can be extracted, as will bevaha this section.

Data-driven estimation of QCD background

A pure QCD multi-jet control sample can be selected by inmgrdome electron identification
requirements. For example, a photon, rather than an efesample, can be selected both at
trigger and offline level. This is equivalent to vetoing thegence of an inner detector track
pointing to the EM cluster, while maintaining all other kimatic and calorimeter quality cuts.
The sample obtained is dominated by QCD multi-jets that f@lttacking requirement but pass
the EM cluster criteriall — ev + jets events are largely removed from QCD-jet control region
but a small contamination at the level ©f3% remains from events where no inner detector
track (matching to the electron EM cluster) is found. Suctffiniencies (wherV — ev +
jets events fail the signal selection and satisfy the bamkgs control sample selection) are
mainly due to large amount of material in the inner detectioictv affects track reconstruction
and have to be accounted for using MC. This control sampler egémoval of anyy/ — ev
contamination, can be used to extract i shape of QCD multi-jets. The normalisation of
QCD multi-jet background is then extracted by fitting the pimaiemplate (for QCD multi-jets)
and a MCIV — ev + jets template to the signal sample. Figbr&4shows the template fit to
the data, using a maximum likelihood formalism. It was shawf8] that the estimated number

of QCD multi-jet events is consistent with the truth withiatstical uncertainties.
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Figure 5.14: Data driven estimation of QCD multi-jet backgrd using the photon selection:
the E3ss distributions for the QCD multi-jet control sample and tfie— e MC are fitted to
the pseudo-data sample. The results of the maximum likaditid is shown in the grey band.
The two dashed lines indicate the range used for thesjit. [

The assumption in this method is that the transverse missieggy distribution of QCD
multi-jet events in the photon and electron samples is theesarhis, however, is not obvi-
ous. Both samples are dominated by hadronic jets fakingrelesor photons, but the electron
sample (after medium PID) contains a non-negligible facof heavy flavour jets where the
heavy flavour quark has decayed into an electron. Such ementaore likely to pass medium
PID cuts, since they contain real electrons. Additiondéptonic heavy flavour quark decays
contain additionalE* and they could therefore modify thE' distribution. Given the
available MC statistics, no significant difference was obseé between the photon and electron
QCD multi-jet samples, but further investigations are ndedéis and alternative approaches
for estimating the background from QCD-jets investigatedh®yATLAS W/Z+ jets group are

documented inJ].

Data-driven estimation of t¢ background

A purett control sample is selected using the so called b-taggingh&identification of jets
stemming from the hadronization of b quarks. In facgvents always contain two b-jets orig-

inating from thet — Wb decay. b-tagging algorithms make use of several propetibgets,
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Figure 5.15: B-tagging weight of light, b and c-quark jetshgsiwo different b-tagging algo-
rithms: IP2D (left), which uses information on the transesimpact parameter and a combined
algorithm CMB (right), which uses a combination of transeesiad longitudinal impact param-
eter and secondary vertex information.

such as for example the long lifetifigto distinguish them from light jets. A likelihood method
is used to assign a weight to each jet, based on some disatingrvariables, such as for ex-
ample the impact parameter. Requiring that there are at t@asets in the event with high
b-tagging weight, a relatively pure control sample can be obtained. Two different b-tagging
algorithms are considered (s& for a detailed description): IP2D (which uses informatemn
the transverse impact parameter) and a combined algorithl@ @ich uses a combination
of transverse and longitudinal impact parameter and seggnaertex information). The dis-
crimination power of these algorithms in distinguishingvixeen jets containing a b-quark from

those containing c or light quarks is shown in Fagla
Considering, for the moment, only events from top pair préidacandV — ev + jets

and ignoring all other sources of background, the stepssfiimating thett background are the

following:

e Start from a pseudo-data sample where all analysis cuts e applied with the ex-

ception of the cut on transverse missing energy. We willrrgf¢his as thesignal sample,

8A hadron containing a b-quark has a lifetime of the order &fds. A b-jet withpy = 50 GeV will travel
on average 3mm in the transverse plane before decag]ngpich a displaced vertex can be identified by mea-
suring the impact parameters of the tracks from b-hadroaydpooducts, which tend to be larger than for tracks
originating from the primary vertex.
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since it is obtained using the signal selection éuts

e Select a pure sample of events requiring at least two b-tagged jets in the event. We w
refer to this as theontrol sample. It should be stressed that, contrary to the QCD back-
ground estimation method, the control sample is not orthogonal to the signal sample,

but is a subset of it.

e Extract theE** shape oft events by fitting a non-parametric probability density func
tion (Pdf) 1° to the control sample using the RooFit packatf [see Fig5.16left). The

EXiss shape folV — ev is taken from Monte Carlo.

e Determine the signal and background normalisation in theadisample by a global fit
in Ems. The extended maximum likelihood method on binned dataseséd for the
minimisation. The shapes & + jets andit have been fixed from MC or the control

sample, respectively. An example of the global fit is showhig 5.16right.

e Extract the number oft events in the signal region fdr»ss > 25 GeV from the pre-

determined normalisation arfelif.

The only assumptions in this technique are the absence célabon between b-tagging
weight andERss (such that theZss spectrum iniz events is not biased by the b-tagging cuts)
and negligiblel — ev +jets contamination in th& control sample. The first assumption was
checked on MC by comparing thg~ss distribution int¢t events in the signal region, ie. before
b-tagging, and control region, ie. after b-tagging. Figbu¥7 shows the two distributions over-
laid (top) and their ratio (bottom) fav,.,, = 2 (left) and N,.,; = 3 (right). In this case, the
tt control sample has been selected requiring two jets withgigig weight (CMB algorithm)

wp > 0.6. A x? and Kolmogorov-Smirnov test have also been performed (tblegbilities re-

9This sample will contaifV — ev + jets events as well as background events, suctt.asn data other
background processes, such as QCD-jets, will also be graSenthe moment these are ignored but will need to
be considered in future work.

10This is a continuous probability density function built asuperposition of Gaussians. The algorithm used is
documented in72).
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Figure 5.16: Example aft background data-driven estimation method &¢:; > 3. (Left) ¢t
background control sample fitted to a gendfiéf. (Right) global fit of signalPdf (extracted
from MC) and backgrounédf (extracted from the control sample)##§*'** to extract the signal
and background normalisations.
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Figure 5.17: Comparison df}*s shape intt events exclusively, before (signal sample) and
after (control sample) a cut on b-tagging weight (requirttideast two jets in the event with
wy(C'M B) > 6.0). Shown is also the result ofy@ and a Kolmogorov-Smirnov test of compat-
ibility between the two distributions. The bottom plot sksthe ratio of the two distributions.
Left: Njes = 2, right: N, = 3.

turned by the tests are shown on the plot) and confirm the ctipilig of the two distributions.

Similar results were found for tighter/looser cuts on théghtand using the IP2D algorithm.

Signal contamination into the control sample is likely tsafromW — ev + bb jet events
or from W — ev + light jets, where the light jets have been mis-taggld.— ev + bb jet
production, however, has a small production rate (abou@QHf the totalll — ev + jets
cross-section) and light jet contamination can be redugenhdreasing the threshold on the
weightwp, at the expenses of statistics. This is illustrated in Fi§.18 where the expected

efficiency and control sample purity are plotted as a fumctibthe b-tagging weight for both
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Figure 5.18: Performance of the Combined and IP2D B-Taggiggrithm in selecting a pure
tt control sample. The efficiency (left) in selectitigevents and the purity (right) of the control
sample %) are considerediWbb + jets events are included in the purity calculation,

whereas processes other tHéin— ev + jets andit are not.

CMB and IP2D algorithms in the two jet bin. Only contaminatioom W — ev + jets is
considered?. The choice of the threshold ang for the control sample selection must be a
trade off between purity and efficiency. For the two jet bimuaity greater tha90% can be
achieved with the IP2D algorithm cutting an; > 5, but the corresponding efficiency is smaller
than15%. Given that, after the full selection, approximaté§00 ¢ events are expected for
100pb~—* of data (see Tabl&.1), the control sample would result in a few hundred eventstiaad
background template would therefore be statisticallytihi This issue is the main limitation
to the application of the method to low multiplicity bins. rHagh multiplicities, where thet
contribution is much larger, it is less problematic since shatistics are high and th& — ev

+ jets contamination is smaller. As default, it was chosead®e the CMB algorithm, since it
yields higher efficiency for the same purity, with a threshoh the weight ofvp = 6. Results
for Nj..s = 2, 3 and> 3 are summarised in Tab®7. The deviation of the predicted number

of events (using the data-driven method) from the MC truthei®w 10%.

Systematic Uncertainties ontt background estimation
Systematic uncertainties on the background estimatioevaieated by using the full MC statis-

tics available and varying:

1The signallV — ev + jets ALPGEN samples used throughout the analysis contajnlight jets. Therefore,
in order to check the contamination froii — ev +jets into the control sample, a samplelf — ev + bb jets
was added to thB” — ev +jets sample.
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N%/Tiiu Nggrue Nt]{DTEd ANtf/Ngt_“rue(%)
2 15271 170 963 921 £ 126 —4.4
3 4067 + 68 1666 1517 £ 123 —8.9
> 5385 + 73 5269 5281 4+ 1134 0.2

Table 5.7: Number of signal events and MC true/predictethquthe data-driven estimate)
number oftt events after full selection (including &% cut of 25 GeV) for different multi-
plicity bins. The last column shows the deviatidn)(of the predicted number of events from
the MC truth. Theit control sample was selected requiring at least two b-jetls stagging
weightsw,(C M B) > 6.

e B-tagging algorithm and threshold on the b-tagging weigletdu®r the control sample
selection: this effectively corresponds to changing thetypwof the control sample and
the available statistics for extracting thetemplate. As an example, let us consider the
bin Nj.s > 3: in Table5.8the number of¢ events and the contamination bf — ev

+ jets in the control sample are reported for different kgtag selections. In this case,
the contamination varies by a factor of three and the sizgibly a factor of four, but for
Njes = 2, the variation in theV — ev + jets contamination is even more dramatic,
as already shown in Fih.18 This is one of the reasons (together with the statistical
limitation discussed above) why this data-driven techaigannot be applied for such
low multiplicities. The deviation of the predicted numbdrewents from the MC truth

and from the default cut value (using; (C'M B) > 6) are shown in the last two columns.

Template extraction: a histogram is used, rather than apaoametricPdf fit to the

control sample (MC sample) for (W — ev + jets).

e Binning: the number of bins is halved/doubled.

Systematic uncertainties for each multiplicity bin are suwemised in Tablé.9. For the

uncertainty on the b-tagging threshold/algorithm usedtlier control sample selection, only

the average deviation from the default value (last colummatifie5.8) is shown. Considering

these sources of uncertainty as independent, the ovestéiraatic uncertainty is given by the

guadrature sum of the average values:
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Njets 2 3

Algo Cut N(CS)-103 Cont (CS) ANTruth (%) ANFred(%)
wg > 9 4.9 1.5+0.1 +0.7 +0.4
wg > 8 5.8 1.7+ 0.2 —24 —2.6

CMB wg > T 6.8 1.7+ 0.2 —0.1 —-04
wg > 6 7.8 2.04+0.2 +0.2 n/a
wg > 5 8.9 24+0.2 +0.9 +0.61
wg > 4 10.2 2.94+0.2 +4.0 +3.8
wg > 6 2.4 1.4+£0.2 —11.4 ~11.6
wg > 5 3.6 1.74£0.2 +3.8 +3.6

IP2D wg > 4 49 2.14+0.2 —3.8 —4.0
wg > 3 6.9 3.0+04 —10.5 —-10.7
wg > 2 9.8 4.4+04 +0.5 +0.22

Table 5.8: Systematic uncertainties on the determinatiddaokground from top pair produc-
tiontoW — ev+ > 3 jets arising from different control sample selections. Daegging
algorithm and the threshold on the b-tagging weights aredaresulting in different numbers

of events (V(C'S), second column) and level ¥ — ev + jets contamination({ont(CS),
third column) in the' control sample. The last two columns show the deviatiofi(jfrom the

true number of events\N7"“*") and from the number of events predicted using default cuts
(ANPTed).

ANt5<%> = \/< AB—taggmg >2 + < ATem;z)late >2 + < ABz'nm'ng >2-
One source of systematic uncertainty which has not beeridemesl is the input MC tem-

plate for thell’ — ev + jets, which is sensitive to the theoretical model used hadgimulation

of Eiss scale and resolution. This should be subject of further work

The overall uncertainty is very large- (35%) for the two jet bin. For higher multiplicities,
as statistics and purity of the control sample improve, ty&esnatic uncertainty decreases
significantly and the predicted number of events is in agesgmwith the truth (see last column

of Table5.7) within errors.

Conclusions and Further Work
It can be concluded that this data-driven method of estitgati background is a promising
technique for high jet multiplicities (three or more jetsSince top pair production can even
dominate the signal for such multiplicities, it will be ofumial importance to have alternative

methods like this one, which have a reduced dependence on kl@e\ér for early data, when
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Systematics ~ Variation |ANPred| (%)
Njets =2 Njets =3 Njets >3
B-tagging Vary algorithm or cut on weight 14.4 9.7 3.8
(default:wg(CMB) > 6)
Template Use histogram template 30.9 5.8 2.2
(default: generid?df)
Binning Double number of bins 14.8 29 1.3
Halve number of bins 9.8 4.1 0.2
Overall Sum in quadrature 36.2 11.8 4.4

Table 5.9: Systematic uncertainties on thbackground estimation 8" — ev + 2, 3 and> 3
jets from different sources, as explained in the text. Theeuminty from b-tagging (first line)
is calculated as the average deviation obtained by varpim@tagging algorithm and threshold
cuts (see Tablg.d).

limited statistics are available and therefore only low tiplitities are accessible, this method
is not accurate enough to be competitive with a MC estimatee féllowing points deserve

further studies:

¢ It was observed that the main limitation to the method is #uk lof statistics for low
multiplicities, since the control sample is a subset of tigga sample. To overcome
this limitation, alternative control sample selectionsiiddbe investigated and ideally an
orthogonal sample should be selected. Defining an orthdgamaple without biasing a
variable which depends on event topology, sucliz@s, is very difficult. For example,
an orthogonal sample to the 2-jet bin with much higher gtesi<ould be a sample of
events with 3-jets, of which at least two from b-quarks. Hegrethis selection biases
EXiss: the relative contamination of different decay modes (fully and semi-leptonic)
varies with jet multiplicities (see Tabl2) and this results in a differedt'ss spectrum
due to number of real neutrinos in the event. This desentbduinvestigations and the

possibility of using different observables froRj*** should also be considered.

e The studies described in this section considered exclysiVe— ev +jets and:t events.
The contamination from other processes intthntrol sample, in particular QCD multi-

jets, should also be investigated. If the contaminationfeasd to be significant, a QCD



5.4 Conclusions 89

multi-jet background template should be used to subtrdicirin thett control sample, in

a similar way to the QCD multi-jet background subtractiomirthe signal sample.

e Other sources of background have to be considered also sighal sample, when ex-
tracting the overall normalisation. This implies that tamplates for QCD multi-jets and
tt (extracted from the relative control samples) should beditbgether to the signal sam-
ple. In addition, templates far — ¢/ andWW — 7v should also be added, with shape
and normalisation fixed from MC (the normalisation f6r— ¢/ andWW — 7v can be

determined as explained in Sectis13.1).

5.4 Conclusions

This chapter described how different processes can miraidécay of &1 — er accompanied

by jets and proposed methodologies for reducing and estighditese backgrounds.

QCD multi-jets are the most significant background but alsol¢last known. Data-driven
estimations of this background are therefore mandatory.atd-driven method which uses a
photon sample to extract a QCD-jet template for &> spectrum was described. Although
the techniqgue seems promising, present studies are lihytetlie scarce MC statistics. One
of the possible shortcomings is the potential bias intreduen £ by the photon selection
with respect to the electron selection. Validation of tl@shnique with data and identifying
potential biases will therefore be necessary. A rigoroaduation of systematic uncertainties
by comparison with alternative data-driven methods is glsing to be crucial for a reliable

estimation of this background.

Other important sources of backgrounds are processes wbitain real leptons and are
going to be estimated using MC. For processes sudi as 7v andZ — ¢/, the well known
ratios to thell’ — er production cross-section can be exploited to decreaseystersatic

uncertainties on the background estimation. A consistéestywas performed, showing that
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the procedure for leptonic background estimation is coasisvithin statistical uncertainties.
Systematic uncertainties remain to be evaluated and shewddbject of further work. This will
require assessing the accuracy of the detector simulatitich can be achieved comparing data

to MC or running the analysis on samples simulated with bffié experimental conditions.

Leptonic backgrounds can be partially reduced by vetoiegptiesence of an extra lepton.
Two lepton vetos were investigated, one using tracking aadther calorimetry information.
It was discussed what factor should drive the decision ortheneor not to apply these vetos.
Based on the available MC simulation and on the assumptidngptonic backgrounds can
be known with an accuracy of 20%, it was suggested that it dvbel favourable applying a
track veto to the 2-jet bin. This would decrease the overatlkiground contamination from
26% to 20% and would lead to an overall reduction of the syatenuncertainty on a cross-
section measurement. This discussion should serve as nbaee future studies. When the
real background conditions will be known and systematiceutainties on lepton background

estimations will be available, a similar assessment coelchbde.

Among leptonic backgrounds, top pair production is the nmimgtortant source of signal
contamination, particularly at high multiplicities. Atthigh this background is much better
understood than QCD-jets, its large impact on measuremetitdigh numbers of jets makes
it desirable to have alternative data-driven techniquest$oestimation. An in-situ method
that uses b-quark tagging to extract a ptireontrol sample was developed. Similarly to the
QCD-jet background estimation, the backgrougjg* distribution is extracted from the control
sample and normalised to signal sample. It was shown theatabhnique is applicable for high
multiplicity bins (V,.;s > 3), where it predicts the number of background events within an
accuracy oft 0%. At low multiplicities (1, 2 jets) it is limited by the pooratistics of the control
sample and suffers from unacceptable large systematiatantees. Suggestions for further
work were given in the dedicated section. Given thidtecomes a dominant background for
Njes > 3, this method should therefore be considered as a powetéuhative to MC estimates

for measurements at high multiplicities.



Chapter 6

In-situ Determination of Electron

Efficiencies

Early data from the LHC is going to be of crucial importance tltee commissioning of the
ATLAS detector. Within 10-100 pb' it will be possible to have first data-driven estimates of
electron trigger and offline reconstruction efficienciesl &am compare these to MC expecta-
tions. Such studies will be important to understand theaietgerformance and validate the
MC tools. Furthermore, an accurate knowledge of leptonieffazes will allow to control the

systematic uncertainties on electroweak boson crosg@eaokasurements.

This chapter describes the so called Tag-and-Probe taghifag the in-situ determination
of electron efficiencies exploiting — ce events. After a brief introduction to define what is
meant by the term efficiency (Sectiéti), the principles behind the Tag-and-Probe method, in-
cluding the mathematical formalism, are described in 8a&i2 The second part of the chap-
ter is dedicated to the application of the Tag-and-Probé&atetoZ — ee events in the context
of electron identification efficiencies. After a summary loé signal selection cuts, global and
differential efficiencies are discussed. Systematic uaggres on the data-driven technique are
also covered, with particular emphasis on the backgroubttattion. Finally, prospects for

early data measurements with different assumptions oruthabsity are discussed. The next

91
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chapter will show how Tag-and-Probe efficiencies can beiagpb the cross-section measure-

ment of IV + jets.

6.1 Factorization of Efficiencies

The reconstruction efficiency for an electron typicallyludes offline reconstruction and some
identification criteria. If, in addition, the electron isagbto trigger the event, a trigger efficiency

is also needed. The overall efficiency can therefore beffiaetb as:

€ = €reco €id Etrig (61)

wheree,., iS the absolute offline reconstruction efficiency (ie. thelability that a true elec-
tron within the kinematic acceptance is reconstructednaJlic;q is the identification efficiency
relative to an offline reconstructed electron ane is the trigger efficiency relative to offline

identification cuts.

This chapter describes the Tag-and-Probe method for tiheotixin of the identification ef-
ficiency (q) exclusively, but the methodology can be easily extendesthier quantities (such
aSeeco ANdeyyi,). €q IS defined as the probability for an offline reconstructedtets to pass
the standard cut-based identification criteria, denotdd@as, medium andtight (see Chap-
ter 4, section4.1.2. Since thelV analysis requires a medium electron, only medium PID
efficiencies are discussed in this thesis. All studies ia thiapter have been performed with a
high statistics PYTHIA sample (equivalentto5 fb~!) which simulates the Drell-Yan process

pp — V)72 — ee.
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6.2 The Tag-and-Probe Method

The Tag-and-Probe (TP) method relies on double object fiatdsto extract the efficiency. In
this study,Z — ee events are used. One electron from théoson (the tag) is required to
satisfy a set of tight requirements, allowing separatiol @fvents from the background. The

efficiency of interest is then measured using the secondrefefrom theZ (the probe).

The approach adopted here to calculate the efficiency islmseounting the number of TP
pairs (rather than events) satisfying a certain selectiehus assume that the total numbetof
events in the data samplei&and that we want to extract the efficieneyfor a certain cut (C).
The observable is the number of electron pairs where thel¢atyen satisfies the requirement
C and the probe may or may not satisfy it. One can then defineuthder of pairs with at least

one (V;) or with exactly two electrons/\;) satisfying the cut:

N =e(l—e)N + (1—¢)eN + 2N =2¢N (6.2a)

N, =2€éN. (6.2b)

Note that events with two electrons satisfying the seleateguirement result in two TP pairs,
with tag and probe electrons interchanged. These pairsoassdered statistically independent
(since a different electron is probed in each case) and areftire counted twice in the effi-

ciency calculation. From equatiof<?, the efficiency can be easily extracted. It is the ratio of
electron pairs where both tag and probe electrons pass $iredeut to the pairs with at least

one electron passing the cut:

N2 2€2N

— =€ 6.3
N1 2e(l—¢)N + 22N ‘ (6.3)

In general, one might want to apply different selectioneci# to the tag and probe electrons.
This is desirable, in particular, if we are measuring thecefficy for a loose selection and

therefore need to apply tighter requirements on the tagheaeethe background. The efficiency
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for selecting a tag electron can then be factorized in terfrthe efficiency under studye)
and the efficiency of an additional tight requiremen).( Each electron can satisfy the probe

selection and, additionally, the tight criteria:

Selection ) Tight () Probability

O O (1—¢)
0 0 e(l—e)
O O € &

RedefiningNV; as the number of pairs with at least one tag aidas the number of pairs with

one tag and one probe passing the selection, &j).¢an be generalised as follows:

N =ee[(1—€) +e(l—e)]N +[(1—€) +ec(l—e)]eee N + 22N = 2ee N
(6.4a)

Ny =cee(l—e)]N + N[e(1—¢)]eeg N + 262N = 2€%¢ N. (6.4b)

It is straightforward to show that the ratio &%, and NV, in eqn. 6.4) gives the desired efficiency
e. Any additional event or object pre-selection cut (suchhastag pre-selection) only adds a

factore, to both N; and N, and therefore leaves the final result unchanged.

Differential efficiencies can be considered as a furtheregaisation. When probing the
efficiency in bini, we consider probe electrons only in binwhereas the tag electron can
fall in any bin. If both tag and probe electrons fall in the gabin and the probe also passes
the tag selection, then both electrons are probed (reguhito two TP pairs). The algebra
becomes more complicated, but it can be shown that this tmuntethod gives again the

desired efficiency for bin.

Statistical uncertainties on the efficienciese) are calculated adopting the binomial ap-

proach. The application of a cut can be considered as a batg@rocess with probability of
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success being equal to the true efficieagy,'. Given N, trials, the expectation value for the

number of successes(sV, ) = ¢ N; and the standard deviation is:

ONy, = \/UGT(NQ) = \/Etrue (1 - Etrue) N1~ (65)

Inserting in egn.&.5) the estimate, for thee,,.., yields the result:

el —¢)
Ae = —N1 . (6.6)

The binomial error approximation formula of eg6.€) has the limitation that it does not give
sensible results for = 0 ande = 1. In both cases the uncertainty on the efficiency is equal
to 0 independently of the number of trialg;. An alternative approach which solves this in-
consistency uses Bayes’ theorerd][ In this analysis, however, the binomial approximation is

adopted for simplicity.

6.3 7 — ee Event Selection

Z — ee events are particularly suitable for extracting electréitiencies for two main rea-

sons:

e High statistics:Z bosons are going to be produced at a very high rate at the LHTDQ0

Z's per pb per decay channel);

e Small backgroundZ bosons guarantee a clean sample and residual backgrowncsaar

tively easy to calculate thanks to tlleresonance.

It is of course desirable to apply efficiencies extractedftd — ee to other physics processes,
for example tol — ev events. However, the measured overall efficiency is theltresa

convolution of the true efficiency with the kinematic dibtrtion of the process under study.

1The number of events N2 passing the cuts is given by a Binatigaibution: P(Ny; e, Ny) = (%; ) €Nz (1—
e)N1=N2, with meanN, = eN; and variancd’ (N;) = A% = Ny e (1 —e).
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Figure 6.1: Distribution of true electrons fromzaas a function of transverse momentgm
(left) and the anglé\¢ between the two leptons (right). The histograms are nosadlio unity.

The global efficiency fronZ — ee events will therefore directly translate only to processes
which are kinematically very similar. Application to kinatrcally different physics processes
introduces the need for differential efficiencies, whidbwlunfolding the true efficiencies from

the measured ones.

The kinematic distributions of the electrons fron¥aboson are shown in Figg.1 The
transverse momentum spectrum peaks around 40 GeV, makegents good candidates for
the extraction of efficiencies in the transverse energye@tg100 GeV? Furthermore, thanks
to the massive boson, the two leptons tend to be producedtbdukck. The right-most plot
shows the anglé\¢ between the two electrons: about 85% of the lepton pairs rardesl at

angleAg greater thar} .
In this analysis, we focus on the measurement of electronume®ID efficiencies. The
following requirements are applied to select good TP ebecpairs:
e The single electron triggeR0_loose is passed by the tag electron.

e One electron satisfies the tag selection cuts and the setertdba satisfies the probe pre-

selection cuts, as described below.

e The invariant mass\(..) of the electron pair is in the window 80-100 GeV.

2Figure6.1was obtained from a PYTHIA inclusive sample, where #hiBoson is produced mainly at rest. The
statistics abover of 80 GeV are rather low. However, if events with a hjghjet are selected, where tlieboson
is boosted, a higher kinematic range can be achieved.
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¢ Additionally, one of these cuts can be applied to improvest@ple purity: tag and probe
electrons are separatedAw by at Ieast% 7 or have opposite charge. We will refer to these
as theA¢ and thet TP configurations. The absence of these cuts we will be exldar as

the Base T'P configuration.

e The sample obtained after the application of the aboverite theprobe collection and
represents the denominatdy of the efficiency calculation (see eq6.9) ). After requiring

the probe to also satisfy the medium PID cuts,itieeium probe collection (/Vs) is obtained.

The cuts applied to tag and probe are shown in Téble Both electrons have to satisfy an
acceptance cut in andpy. In addition, the tag is required to be outside the barrelcap
transition region (crack region), where the detector perénce is deteriorated. Finally, an
identification requirement (typically tight PID, but alscedium is foreseen if the background
is under control) is applied to the tag to reduce the backgtoA geometrical matching iA R
between offline tag electron and LVL1/LVL2/EF trigger oliecs also performed. The trigger
matching ensures that tle0_loose chain is fired by the tag, such that the probe is completely
unbiased with respect to the trigger. The effect of the giggas investigated using different
offline-trigger matching criteria (changing the matchirane radius and/or requiring a match
only between offline and EF, ignoring LVL1 and and LVL2). Jh — ec events, the trigger
efficiency with respect to a tight (medium) tag was found t®988% (99.7%) and independent
of the matching criteria used. The signal and backgrountiiyign the probe collection are
given in Tables.2 and6.3 for a medium and tight tag respectivelyNote that the number of
electron pairs rather that the number of events is congigsnece this is the quantity of interest
for the efficiency studies. Yields are normalised to 100'pdf data. Statistical errors due to the
size of the available MC samples are given. The QCD di-jet $ampparticular, suffers from
very large statistical errors. For this reason, the fullftaw table is only shown for the case of

a medium tag (Tablé.2). With a tight tag requirement only five events are left in @&D-jet

30nly the probe collection is shown because this is wheredrackid contamination is more significant. After
medium PID cuts on the probes, the background contaminggimruch lower (the jet rejection factor is increased
by a factor of~ 70).
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Tag/Probe Type Cut
Tag acceptance In| < 2.47
|n| outside cracksl(37 — 1.52)
pr > 25 GeV
trigger LVL1 match:AR < 0.2

LVL2 match: AR < 0.1
EF match:AR < 0.1

tight PID = Tight (Medium)
Probe acceptance In| < 2.47
pr > 25 GeV

Table 6.1: Cuts applied on tag and probe electrons.

Medium Tag
Cuts Nrp/Eff Signal Nrp Background S/B
Z — ee Di-jets W — ev
CO PID + Acceptance 65540 + 36 (30£6)-10> 2131432 2.0+04
Cl CO + Trigger (99.73 £0.0)% (28 +£5)-10% 21254+32 22404
C2 Cl+A¢ (89.43 £0.02)%  (20£5)-10% 1583 +28 2.7+0.6
C3 C1+ Opposite Charge (95.82 +£0.01)% (10 +£3)-10> 1240+24 54+1.5

Table 6.2: Number of signal and background pai¥s £) in the invariant mass window 80-100
GeV where the tag electron is required to pass the medium B® Events are normalised to
100 pb ! of integrated luminosity. The signal efficiency with respedaseline cut (CO) is also
shown. Errors are due to the MC statistics.

sample (first line of Tabl&.3), making it meaningless to investigate additional cutsr the
signal, the efficiency of each cut relative to the basic $ele¢CO0) is shown. This is calculated
in terms of selected electron pairs in the signal peak. Tgeasito background ratio is also
given in the last column. The sources of background consttlare QCD jets antd — ev.

Backgrounds fron¥ — 77 andWW — rv are negligible (below 1%) and therefore not shown.

The PID requirement on the tag keeps the background undéotomith a signal to back-
ground ratio(%) of 2 : 1 for a medium tag and larger than: 1 for a tight tag. The opposite
charge requirement further improves the purity of the predraple, whereas the minimusxy
separation does not significantly improve the signal to gemknd ratio. This is expected since

di-jets tend to be also produced back-to-back. Althoughvaot effective in reducing the back-



6.37 — ee Event Selection 99

Tight Tag
Cuts Np/Eff Signal Nrp Background S/B
7 — ee Di-jets W — ev
CO PID + Acceptance 55540 + 34 (6 +£2)-10° (5events) 1828 =30 7.9+2.6
Cl CO + Trigger (99.81 £0.01)% - 1826 + 30 -

Table 6.3: Number of signal and background paik¥s£) in the invariant mass window 80-
100 GeV where the tag electron is required to pass the tightcBt. Events are normalised to
100pb~! of integrated luminosity. Errors are due to the MC statistic
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Figure 6.2: Efficiency of thé\¢ separation cut between tag and probe electrons as a function
of probepy.

ground, this cut ensures that tag and probe are well sepasath that the efficiency is not
biased by the presence of a nearby electron. However, itf@ber drawback: it strongly sup-
presses probes with high transverse momenta, as shown i Eigy forcing theZ boson to be
produced at rest. This might not be a problem for inclusivayasis, but it is a significant bias
for measurements including boosted electrons, sudl @ ~ bosons produced in association

with jets. In such cases th®¢ cut should therefore be dropped.

The largest source of background is QCD jets. Thebackground contamination in the
Z mass window (80-100 GeV) is abogft, before a cut on the opposite charge. The invariant
mass distribution of signal and backgrounds for the fulekiratic range is shown in Fi§.3:
W — ev and QCD-jet backgrounds have different shapes, With— er peaking under the
mass peak. Later in this chapter, it will be shown that thekgpamind shape strongly depends

on the kinematic cuts applied and that also the QCD-jet iavnnass can peak below ttre
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Figure 6.3: Invariant mass of signal and background belefg énd after (right) an upper cut
on Exss of 25 GeV.

mass for a specific phase space. A method for subtractingablegbound is the subject of
Section6.5. For the moment it is worth noticing that th€ — er background can be reduced
to 0.8% applying an upper cut on transverse missing energy (se.Bigght) of 25 GeV, which

does not introduce any bias on the efficiency.

6.4 Medium PID Efficiency in Z — ee Events

In this section, the medium PID efficiency extracted with Tlag-and-Probe method is inves-
tigated in signal events exclusively. The aim is to evalymitential biases in the efficiency
measurement introduced by the Tag-and-Probe selectiorth@¢ or + configurations in

particular.

Probe Sample Composition inZ — ee Events

Before looking at the efficiencies, it is useful to considex tomposition of the probe sample
after the selection cuts described in Sec#od In fact, not all electrons in @ — ee sample
are genuine electrons from tt#eboson decay. In MC simulations, reconstructed electrons ca

be classified according to the type and origin of the elediracks*. We distinguish between:

4The truth matching procedure associates a reconstruetekitts a truth track, for which the generated particle
is known. Truth and reconstructed tracks are required tddse2én AR space, such thak R < 0.2.
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Fraction of Electrons%)

Probe Origin All e All Probes Medium Probes
7 — ee A¢ TP +TP A¢ TP + TP

Non Defined 2.14+0.01 0.8 £ 0.01 0.4+£0.01 0.1 £0.01 0.1 £0.01

Photon Conversion

- Mother =72 0.6 = 0.01 0.4+£0.01 0.3+ 0.01 < 0.001 < 0.001

- Mother = e fromZ 4.3 4+0.02 3.7+0.03 2.14+0.02 1.1 4+0.01 0.7+ 0.01
- Mother = other 0.4+0.01 0.1+0.01 0.1+0.01 < 0.001 < 0.001

Z Boson 926 £0.01 948+0.02 97.1£0.02 989+£0.01 99.2+0.01
Z Boson+efromZ 969+0.01 98.54+0.02 99.2+0.02 99.9+0.01 99.94+0.01

Table 6.4: Percentage of electrons of a specified originipgdsnematic selections, in all
Z — ee events (left) and those selected with the TP selection il\ihand opposite charge-
configuration (middle). Shown are also fractions of prolhed pass the medium identification
(right). The last raw is the sum of two contributions: eleos originating from a2 boson
decay, or from photon conversion where the photon parenicfga(Mother) is an electron
from Z boson decay (e fron). Note that photons with Mother Z are QED FSR photons,
but are classified as having as parent aather than an electron, to distinguish them from
bremsstrahlung photons (emitted by an electron showenitigei detector material).
non-defined origin (these are mainly fake electrons fronrdvag), background electrons from
photons converting in the detector material (where the goiistparent particle can be &
boson®, an electron fron¥ boson decay, or from other patrticles ) and electrons fgbhoson

decay.

In Table6.4such a classification is shown for the probe electrons ingieeZ — ee events
and in two versions of the TP selectiotk¢ separation and opposite charge)( The purity
of the probe sample improves as more cuts are applied, repaiout 97.1% forZ-boson-
matched electrons (origin £ Boson in Table5.4) with opposite charge selection. Including
also candidates from photon conversion due to interactiotise detector (origin = Boson +
e fromZ2), 99.2% of the electrons il — ce events are accounted for. The difference between
the A¢ and + selections is due to the opposite charge requirement mgjeabout 2.5% of
pairs where the probe electron is reconstructed from photowersion or has an undefined

origin. Large differences in the probe composition are destween barrel|f| < 1.37) and

5These are actually photons from QED final state radiatiofRjF&Ithough they are radiated by the final state
electron, PHOTOS (the package which models QED FSR), redbain as having & boson as parent.
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end-cap |7 > 1.52) regions, as a consequence of the different amount of rahtein the
end-caps, the fraction of electrons directly matched toAhleoson is 88.9% (with the\¢
configuration), almost 10% lower than in the barrel. When @rsg also electrons from
photon conversion which have as mother electrons origigdtom Z bosons showering in the
material of the detector, this fraction increases to 97.8%the difference between barrel and

end-caps reduces to about 1%.

After medium identification, the fraction of directly matath probes is abow9% and the
difference betweer\¢ and + configuration is below th®.5% level: electrons that are not

directly matched to & boson have lower quality and therefore tend to fail the PIi3.cu

Global Efficiencies

Electrons with different origins also have a different pbliity of passing the identification
cuts. Tables.5 shows the medium identification efficiency of electrons sifeexd according to
their origin. Again both the\¢ and+ configuration are shown. Fdf-boson matched candi-
dates the efficiency is 94.8%, but it is significantly lower ébectrons of different origins. The
efficiency of each specified origin is independent of the TIBcsi®n cuts. However, since the
composition of the probe sample varies with the selectids,¢he overall efficiency (consid-
ering all probes) is different in thA¢ and+ configuration. The difference is 1.2% globally,
but strongly depends on the electrepandr, as will be shown in the next section. What can
be measured with data strongly depends on whether or notinatohal background caused
by probes of different origins can be subtracted away wighQICD-jet background. Figuk4
shows the invariant mass distribution of the TP pairs fdiedént origins of the probe electron.
If the shape has a resonant structure, it will not be sulgdawith the background subtraction
procedure. This seems to be the case for electrons origghtbm photon conversions from
the Z boson. Even probes of hadron origin, however, do not showntiraeus falling distri-

bution. Background subtraction will be treated in Secdsand the question of combinatorial
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Probe Origin Medium Efficiency%) Medium Efficiency {0)
Ao TP + TP
Non Defined 1.2+0.1 1.3+0.2
Photon Conversion
- Mother =2 35.8+0.9 33.8+1.2
- Mother = e fromZ 50.7+ 0.3 49.8+ 0.5
- Mother = other 294+0.6 2.8+0.7
Z Boson 94.8 £0.03 94.8 £0.03
Z Boson + e fromZ 93.1 +0.01 93.8 +0.01
All 92.0 £ 0.04 93.2 £ 0.01
All (Barrel) 93.1 £0.04 94.0 £0.01
All (End-caps) 89.5 4 0.04 91.4 4+ 0.01

Table 6.5: Medium identification efficiency determined fr@m— ee events for specified origin
of the probes. Shown separately are efficiencies from TagPanbe applying thé ¢ (left) and
opposite charge (right) selection. The last rows also shevoverall efficiency (considering all
probes) in the barrel and end-cap regions separately.

background will be addressed. In any case, comparison bativeé and+ TP measurements

with data will give a handle on this combinatorial backgrdamd will provide important direct

check on the absolute prediction from MC simulations.

Differential Efficiencies

The medium identification efficiency, measured with the @agd-Probe method o4 — ee
events, is shown as a function of electron kinematic vaesin Fig.6.5. The top plots show
the efficiency as a function of electron pseudo-rapiditys@ine value) for probes matched to
a true electron from & boson (left) and all probes in the — ee sample (right), whereas
the bottom plots show the efficiency dependence on electrandp. Three Tag-and-Probe

configurations are considered: base ciis,and opposite charget].

Let us for the moment ignore the difference between conftgura and the effect of truth
matching to focus on the efficiency dependence on the detesgimn (), ¢) or electron kine-
matics (). The variation in) and¢ reflects the detector geometry. The efficiency is almost flat

in ¢ (with a modulation due to variation in the thickness of thegdee absorber), thanks to the



6.4 Medium PID Efficiency in Z — ee Events 104
E 006; T ‘ T T T T ‘ T T T T ‘. T T T T ‘ T T T T ‘ T T \7: g 0057— T ‘ T T T T ‘ T T \\‘ T T A\ ‘ T T T ‘ T T \i
S [ Mean89.80+0.003 Z Matched Probe S [ Mean88.15+0.025 Origin:y from e fromZ
§ 0-05; Sigma 2.87 + 0.004 E § 0.04f Sigma 3700036 ]
B ooab E s T ]
@ 0.04f . g r ]
= C ] < 0.03 I
€ 0.03 . - E . ]
S F 3 5] [ ]
z r . ] Z 0.02— ° ]

002 S E ; ; . ]
E S . ] 0.01- [ A .
i m—— ; i | ;—-P/ A E
- e RIS N - I @ Y PRI SRR ST S SRR S ’ -
%0 70 80 90 100 110 120 %O 70 80 90 100 110 120
M. (GeV) Mg, (GeV)
© Fr T T L R S BB c 0.02———F7T T 7T 7T =
(] E 3 ] C 3
E0.0SS; Mean 87.43 + 0.071 Origin: y from Z = (50.018; A Photon (mother other) =
% 0'03;, Sigma 3.48 + 0.093 ,; C0.0lG? Hadron E
o025 =R E
% E ' E % 0.012F {+ i ﬂm ﬁﬁ =
£ 002 # 4 E 0.01}+ m# ﬂ}#ﬁ# ﬁ =
] C ¢ 3 o E + 3
Z0.015 ™ - zo.oosa 4 =
0.01— ‘f“ 4 = 0'006; H“ﬁ& W ﬁkﬂ
E M’Q . ] 0.004F
0 005?'. v E 0002 ,;
C TN T IS ST TN N S S S N SO R S ony | Coov v b v b v b e b
%0 70 80 90 100 110 120 %O 70 80 90 100 110 120
Mee (GeV) Mee (GeV)

Figure 6.4: Invariant mass of tag-and-probe pairs (dfese 7' P selection) for probes of speci-
fied origins: directly matched to electrons frdgm— ee (top left), matched to converted photons
originating from electrons frol@ — ee (top right) or radiated from th& boson (bottom left)
and different origin (bottom right), ie. hadrons or coneerphotons not coming from & or

from an electron fron¥.

the complete azimuthal symmetry without any cracks of theA$ EM calorimeter. The struc-

ture inn depends both on the calorimeter/inner detector geometrpathe amount of material

in front of the calorimeter. In fact, PID cuts are optimisaddins ofr taking into account the

detector structur€. Low efficiencies correspond to either poorly instrumentegions of the
detector or to large contributions of non-active matemathie Inner Detector. The large Inner
Detector material budget, which is necessary to ensureigjretfacking performance require-
ments of ATLAS, is in fact critical for electron reconstriget. Interactions with the material
mean that many electrons lose a significant fraction of theargy by bremsstrahlung before
reaching the calorimeter and, similarly, most photons edarmto electron-positron pairs. The

correspondence between material in the Inner Detector fictercy can be seen comparing

Fig. 6.5 (top right) and Fig6.6. Some interesting features of th&lependence are:

The optimisation is done in the following bing;| = 0.0, 0.6, 0.8, 1.15, 1.37, 1.52, 1.81, 2.01, 2.37, 2.47.
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Figure 6.5: Medium electron identification efficiency detered fromZ — ce events as a
function of electron reconstructedtop plots),p andpr (bottom plots). Shown is the efficiency
extracted using the Tag-and-Probe method with differelecien cuts. The top left plot is for
probes directly matched to electrons frafmboson decay, whereas all other plots include all
probes in theZ — ee sample.
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Figure 6.6: Material distribution in units of radiation gh (X,) at the exit of the ID envelope,
including the services and thermal enclosure. The didtdbus shown as a function ¢f| and
averaged ovep [15].

e The drop atn| < 0.1 corresponds to a small gap between the two identical hatklsathat
make up the EM calorimeter barrel. This bin was not optimisdtle reconstruction release

used throughout this thesis, but is in more recent releases.
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e The region between 0.6 and 0.8 corresponds to the end of thdaRel and the beginning

of the TRT end-cap.

e The bin|p| =1.37-1.52 is the transition region between barrel andeapEM calorimeters.
At this interface, there is a large fraction of service amdcttral materials, such as cooling

and electrical connections for the Inner Detector.
e |n| = 1.8 corresponds to the end of the EM calorimeter pre-sampler.
e At |n| = 2.0 the TRT coverage ends.

e The drop in efficiency aroungh| = 2.2 corresponds to another peak in the material before

the calorimeter.

The identification efficiency also shows a strong dependendie electron transverse mo-
mentum, increasing with electrgn- and reaching a plateau at about 50 GeV. The fact that
the efficiency turn-on curve shows some stepg;at 30 and 40 GeV is due to the, bin

optimisation of the identification cufs

The difference in the efficiencies measured with differeRtcbnfigurations is further evi-
dence of what was discussed above. The effect of the selentits is a result of the modifi-
cation in the probe sample composition, with theconfiguration rejecting many probes from
photon conversion and fake electrons from hadronic jets. therefore not surprising that the
most significant differences between configurations existne the impact of detector material

is largest: in the end-caps and at lpy.

With data, it will be necessary to extract efficiencies inesal’dimensions, to be able to
apply Z — ee efficiencies to other processes. Since efficiencies styotgpend ory and
pr, these will be the two first dimensions to be probed. More disitns (such as calorimetry
isolation or jet multiplicity) might be necessary for busydi states (such d§ — ev +jets or

tt cross-section measurements).

"Forpy > 20 GeV, PID cuts are optimised in 10 GeV binsgin.
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6.5 Background Subtraction

In Section6.3 the background contamination to the signal sample was skecs Here the
subtraction of the background from QCD-jets is treated, as lity far the largest source of
contamination into the& — ee sample. Since efficiencies will have to be extracted diffeadly

in bins ofny andp, the background subtraction procedure was also testedfematit bins. The
signal to background ratios shown in Tab&8 and6.2 are relative to the entire probe sample
(ie. integrated ipy andn). However, the background percentage strongly dependseqmrobe

pr and, to a lesser extenj, Table6.6 shows the signal to background ratio in bins of probe
pr andn for an overall% = 7.9, as expected for a tight tag (see first line of Tabl® 8. The
background contamination is much worse at jowand decreases with- up to 40-45 GeV, to
then increase again above the Jacobian peak. This is a cmrsmgof the different; spectra

of QCD-jets (which is exponentially falling) with respect étectrons fromZ boson decays.
Furthermore, the kinematic cuts on the tag and probe electndroduce a bias in the invariant
mass (/..) distribution of the background. As a result, the backgbshape also depends
on thepr bin and cannot be described by a simple exponential funciagure6.7 shows the
backgroundV/.. for three different probe bins: 25-30 GeV, 35-40 GeV and 40-45 GeV. The
invariant mass peaks at some valdg. which depends on ther and is shifted towards higher
values as the cut on the probe electggnis increased. As a consequence, for high the
background will have a maximum below tlieboson mass peak, preventing the possibility of
subtracting the background using sidebands. An altem&ishnique, which involves a global

fit of signal plus background, is proposed.

8Given the lack of Monte Carlo statistics for the di-jet saeyghe background distribution imandp; was
taken before applying identification cuts on the tag. Thekheamund has then been scaled to the required overall
%. This method neglects any effect that a PID cut might havédneackground distribution ipy andr. The full
selection criteria, including the PID requirement, wasligoito the signal.
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Signal to Background Ratio

prBin | 0.00< |y <0.80 0.80< || <1.37 1.52< || <2.00 2.00< |y| < 2.47
25-30 GeV|  2.90 + 0.08 3.02 £ 0.10 3.63 +0.15 3.90 + 0.18
30-35GeV|  5.60 % 0.16 5.85+0.21 7.10+0.35 7.28 £ 0.39
35-40 GeV|  10.35+0.33 10.71 4 0.43 10.68 + 0.54 10.97 4 0.65
40-45 GeV|  15.82 4 0.57 16.20 £ 0.74 16.17 + 0.94 15.68 + 1.04
>45GeV | 8.49+0.21 747 +£0.22 8.08 & 0.32 7.94 + 0.36

Table 6.6: Signal over background ratio for the probe ctibbec(with a tight tag) in bins of
andpr in the invariant mass rang® GeV < M., < 100 GeV. The overall ratio, integrated in
n andpr, is 2 = 7.9. The statistical error is due to the available Monte Carltisttes.
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Figure 6.7: Invariant mass of TP pairs in the di-jets samptettiree differenpr bins. To
increase the statistics no PID cut is applied on the tag.

Global Fit of Signal and Background

Background toZ — ee can be subtracted by fitting simultaneously signal and backyl
invariant mass distributions in the range 60-200 GeV. Thbdgl probability density function

(Pdf) is the sum of two terms:

Pdf(Mee> - NSigmzl : Pdf(Mee)Sz’gnal + NBkg : Pdf(Mee)Bkg~ (67)
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Here Ng;gna and Ny, are the number of signal and background events respectvelythey
are constrained such that their sum is equal to the total pumievents in the data sample :
NSignal + NBkg = NTotal-

The Pdf s are:

o Pdf(M..)sr, is the background®df. Since the background/,. distribution cannot be
easily parametrised and its shape is largely uncertaini|liheve to be extracted from data
using control samples. Cut reversal of calorimetric or trats can be used, similar to the
extraction of a QCD-jet background template fola— ev analysis (see Chapté&). For
the purpose of this analysis, however, in the absence ofestatavith limited MC statistics,
the Pdf (M..) sk, is taken from MC using relaxed PID cuts. Therefore it is assdinhat
the background shape is perfectly known. This is a purelyl@wéc exercise and, once
sufficient data from the LHC is collected, plenty of QCD-jet®ts will be available for

the extraction of the background template.

o Pdf(M..)signa is the signalPdf. It is given by the convolution between a true sigialf

and a resolution function:

PAf M. )siat = (BW Mz, T2 M) - (172) ) @ CBlamwoiM.)  (68)
where the true signdPdf is the product of a Breit Wigner with a parton luminosity fuoat
and the resolution function is of Crystal Ball typeThe only fixed parameter is thewidth
(I'z) and the other are free. The parton luminosity factor, wigiarametrises the effect of
the parton density functions (PDFs) on thdineshape T5] affecting mainly the tails, can

be switched off by setting = 0.

Figure6.8shows fits to the invariant mass resolution and to the ges@eatd reconstructed

invariant mass using the functions described above. Thaereshould note that for the fits to

A Crystal Ball function consists of a Gaussian core and a pdawe tail which describes the energy loss due
to bremsstrahlung radiation. The paramejeendo are the Gaussian mean and width, whereasndn govern
the power-law tail.
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Figure 6.8: (Top Left) Fit to thé/,. resolution AM = Mpg.., — Mg.,) With a Crystal Ball
function. (Top Right) Fit to the generatéfl — ee invariant mass using a Breit Wigner multi-
plied by a parton luminosity factor plus an exponential tiorc (to account for the Drell-Yan
continuum). (Bottom) Fit to the reconstructed invariant snasing a convolution of a Breit
Wigner multiplied by a parton luminosity factor with Crysall function and in addition with
(left) or without (right) an exponential function.

the invariant mass, an exponential decay function was aiddée signalPdf. This is needed to
account for the Drell-Yapp — Z/~v+ — ee process which is included in the PYTHIA sample
used for the signal. However it is not included in the sigRdf, since it would introduce a
component extremely similar to the backgrouRdf, making it very difficult to distinguish
between signal and background. Therefore it is assumedhbddrell-Yan spectrum can be

subtracted away together with the QCD-jet background, d®wiliscussed later in this section.

Toy MC to Generate QCD-jet Events

The available MC statistics for QCD-jets is too low to testfitteng procedure irpr andn bins.

To overcome this problem, a toy MC was used. The backgrowagiant mass shape was taken
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from the MC sample with relaxed cuts and the rate was estahfaten the probability for a jet

to fake an electron. The full procedure is summarised in¢Hewing:

e The M., shape for the background was extracted by applying only th@dceptance cuts
(no PID and no trigger requirement were applied). THg was then fitted for eachy
bin to a non-parametri®df using the RooFit package (as shown in F&g7). The shape

dependence onwas ignored being negligible by comparison with thedependence.

e The non-parametri®df s were used to generate a high number of di-jet events in thgeran
60-200 GeV. The luminosity assumed was equivalent to thetatistics of theZ — eec MC
PYTHIA sample (approximately 5 fi3). Eachp,-n bin was populated with the number of
QCD-jet events required to obtain a given signal to backgilaatio. The sample obtained
represents the QCD-jet background to the electron probeatmh (denominatorV; in

eqgn. 6.3 ). The background contamination was assumed to be:

. % = 7.9: this is the expected signal to background ratio for a tiglgt without any

additional cut (likeA¢ or opposite charge), see first line in Tabl&.

e A fraction of background which is two or three times highersweed for studies of
systematic uncertainties. Such a background level coulelxpected using a medium

rather than a tight tag.

e Using the MC QCD-jet sample, the probability for a jet to fakmedium PID electron (the
so called fake rate) was extracted as a functiop;0f The number of jet probes satisfying
the medium PID cuts was estimated using these fake rates,ditwaining the QCD-jet

background to the medium probe collection (hnumeratpm eqn. 6.3) ).

Table 6.7 shows the total number of signal events and generated bagkgrevents in the
80-100 GeV mass window for the probe collection and the nmadhwobe collection with the

default assumption of.
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Ngin Ng S/B
Probes 300.4 - 10* 266.6 - 10* 7.9
Medium Probes 245.4 - 10* 245.0 - 10* 629.2

Table 6.7: Total number of signal and background events mmélsover background ratio for
the probe collection and the medium probe collection, initirariant mass ranggd GeV <
M., < 100 GeV, used to test the background subtraction procedure.

Fit Procedure

For the extraction of the efficiency, two fits need to be penied: one for the probe collection
(denominator) and one for the medium probe collection (matoe). An extended maximum
likelihood formalisms (MLL) on a binned dataset is used. Hiigciency is then computed
taking the ratio of the estimated number of signal eventeutiteZ peak in the two collections.
For binned efficiencies, in one or more dimensions, thisguaace has to be repeated for each
bin. We take as an example twe bins (25-30 GeV and 35-40 GeV), integrated oyer he fits
are shown in Fig6.9-6.10. Although the fits look rather good by eye, the pull distribos (the
difference between the bin content and the expected birengras predicted by the fit function,
divided by the statistical error in that bin) highlight sopreblems, which become more serious
for higherpr. Thex?/ndof and the result of a Kolmogorov-Smirnov test (results showthe
pull plots) are also poor. Th& peak region is not well described and the fit systematically
miss-estimates the data in the range 70-100 GeV. Forgidhins, the low mass regior<(70
GeV) is also poorly described. The high mass region, howewvleere the background is most

significant, is described rather well.

One problem identified was a number of correlated free paems)g/ielding similar effects,
and hence confusing the fit. The Crystal Ball resolution fuarctthe parton luminosity factor
and (in lowpr bins) the backgroundldf all cause a higher number of entries in the low mass
region with respect to the high mass region, resulting inpiesibility that one factor absorbs
the other. We may understand this by considering the botiots pf Fig.6.8, showing the fits

to the signalZ — ee sample only: in this case there is a small amount of backgroue to the
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Figure 6.9: Extended MLL fit to the probe collection (top Jeihd medium probe collection
(top right), for the probe bin 25-30 GeV. Markers show the input data. The result of the fi
shown by the continuous (tot&ldf = Pdf (M..)signa + Pdf (M) srg) and dotted lines (signal
and background components). The estimated number of sagabackground events and the
resulting efficiency are given in Tab&8. The bottom plots show the pull distributions of the
fits to the probe (left) and medium probe collections (rigfitie x> over number of degrees of
freedom fudof) and the probability obtained from a Kolmogorov-SmirnosttK-S p) are also
shown.

combinatorials and the Drell-Yan continuum. This backagibis correctly taken into account
by an exponential function (leftf, but when the exponential term is removed the Crystal Ball
parameter (which describes the power-law tail) absorbs part of thekgamund contribution
into the signal. This problem was already observedritj,[where it was also noted that con-
straining some parameters (for example setting 0) does not improve the goodness of the
fit. It was therefore decided to keep the Crystal Ball paransatdrthe parton luminosity factor
as free and to consider variations in the number of free patensias systematic uncertainties.
Two other competing parameters argand thes of the Crystal Ball resolution function. If the

Z width is let free, the fitted value is unphysically large @ritcalso accounts for the resolution.

101n this case an exponential decay function describes thiegbagnd because the full — ee sample is used
and is not binned in prober.
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Figure 6.10: Extended MLL fit to probe collection (top leffjdamedium probe collection (top
right), for the probepr bin 35-40 GeV. Markers show the input data. The result of thisfi
shown by the continuous (tot&ldf = Pdf (M..)signa + Pdf (M..) 5iy) and dotted lines (signal
and background components). Note that in the right hand(pietlium probe collection) the
fit predicts essentially zero background and the backgreontponent is therefore not visible.
The estimated number of signal and background events aneshéing efficiency are given
in Table6.9. The bottom plots shows the pull distributions of the fitshe probe (left) and
medium probe collections (right). The over number of degrees of freedomf f) and the
probability obtained from a Kolmogorov-Smirnov test (K-Bapoe also shown.

It was considered unnecessary to introduce another fregneder and thuk; was fixed to the

PDG value. The effect of letting it float was considered asua®of systematics.

Another problem was observed in the bias of fhe- ee invariant mass distribution intro-
duced by a cut on the probg-.. When looking at different probg, ranges, poor description
of signal in the tails becomes an issue, particularly forhigh p bins. Figure6.11 shows
how the generated and reconstructed invariant mass shapesdion the probe- bin even for
probes which are matched tdZzaboson. The tail in the low (high) mass region for low (high)
bins is due to the photon term of the Drell-Yajg (— v*/Z — ee) cross-section. The* — ee

process forms a continuum background which affects theisnvbmass distribution in different
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Figure 6.11: Generated (left) and reconstructed (righidriiant mass for probes matched to a
Z boson in differenp bins.

regions, depending on thg range. For the TP method, it does not matter whether thisophot
continuum is considered to be signal or background, sineélihot bias the final efficiency. In
fact, a tail in the high mass, like the one far > 45 GeV, will get absorbed into the background
which also has a falling exponential shape. It is howeverenaidficult to account for the varia-
tions in low mass region which introduce further complexayn already problematic fit. This
explains, for example, the bad description of the 60-70 Ga\ge in Fig.6.10 The best way
to account for the variation of the signgtlf with the pr bin is to use a template, rather than a
parametricPdf, which can be taken from MC. This approach has the drawbacé&lyhg on
simulations for theZ mass resolution and therefore is not foreseen as the dpfagkdure, but

is used to assess systematic uncertainties.

Despite such problems, this fit procedure was consideradideifor the efficiency mea-
surement?, since it yields stable results (see also the section oemspatc uncertainties). In
fact, what really matters is the correct prediction of theggiound and not a precise description
of the signal peak. The number gf — ee events in the range 80-100 GeV is then extracted
as the number of candidate events minus the number of peedietckground events. The

signal Pdf is used exclusively to find the correct background normatina

For aZ cross-section measurement, however, this fit would not tisfaetory.
12The procedure of extracting the number of signal events kipgahe signalPdf integral in the range 80-100
GeV was also tested and found to give less stable results.
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Bin pp = 25-30 GeV

rue 7 rue 7 NEit_NTrue
Nk NE# NI NE® e (%)
Probes 81492 89198 £ 192 260582 252876 + 615 —3.05£0.32
Medium Probes 1091 2061 + 73 230318 229348 + 487  —0.42 £0.30
6True(%> EFit(%) Ae(%)
Efficiency 88.39+£0.06 90.70 £0.16 2.31 +£0.17

Table 6.8: Example of efficiency extraction in the bin 25-30 GeV. Shown is the number
of true and predicted signalVs) and background/(g) events in theZ mass window 80-100

GeV, for both probe and medium probe collections, and theieffcy. Only statistical errors

(including the errors from the fit) are quoted.

Results and Comparison to MC Truth

The pr bins 25-30 GeV and 35-40 GeV are taken again as an example.rebhés of the
fits shown in Fig.6.9and6.10are reported in Table8.8 and6.9 respectively. Shown are the
input number ofZ — ee and QCD-jet events (in th& mass window 80-100 GeV) and the
predictions from the fit, together with the resulting effrisees. The deviation from the MC
truth is also reported. It should be noted that the referemeebers for the MC truth consider
all probes in theZ — ee sample, without any distinction regarding the probe origirhe
most significant point to notice is the overestimation of blaekground in the 25-30 GeV bin,
leading to an efficiency which is more thafc higher than in the MC truth. This is not a
real problem, but rather a (desired) feature of the backgt@ubtraction procedure. If one
recalls that theZ — ee sample contains poor quality probes not matched to electirom Z
bosons (such as probes from hadrons or photon conversidorm®ming from aZ, referred to
as combinatorial background), one can deduce that therrdasdhe difference is that such
combinatorial background is subtracted together with tk#Eet background. A further hint
to this hypothesis is the fact that after medium identifmatand in the highep; bin 35-40
GeV, the deviation from the truth is much smaller (the coratonal background is much more

significant at lowpr).

The hypothesis was tested using as input signal data the/fult ee sample or only TP
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Bin py = 35-40 GeV

rue 7 rue 7 NEit_NTrue
Nk NE# NI NE® SNSTUE(%)
Probes 56548 54240 + 243 581324 583632 4= 835 0.39 £0.19
Medium Probes 595 0.1+£1.7 534632 535227 4+ 732 0.11£0.19
6True(%> EFit(%) Ae(%)
Efficiency 91.97+0.04 91.71 £0.08 0.26 = 0.09

Table 6.9: Example of efficiency extraction in the bin 35-40 GeV. See Tablé.8 for more
details.

pairs with a probe matched tozaboson (origin =7 boson + e fromZ, as in the last line of
Table6.4). Figure6.12shows the fit to the probe collection (before medium ideratifan) in
the two cases, for thg, bin 25-30 GeV. In this bin the fraction of non-matched prolmethe
invariant mass range 80-100 GeV is 3.7%. When all probes argidered in theéZ — ee sam-
ple, the fit underestimates the signal in the high tail, stheehadron/photon conversion probe
component is absorbed into the background. The deviatam the MC truth (considering all
probes) is 3.05% (see last column in Tabl8). In contrast, the signaPdf describes very well
the Z matched probes and the deviation from the tetN is smaller than 0.1%. The difference
(ANAY Probes — ANyatched Probes) ~ 3% has to be compared with the fraction of non-matched
probes of 3.7 %. It can be concluded that combinatorial baxkgl gets subtracted with the
QCD-jet background within % precision. This is not obvious, since the invariant mass-spe
trum of these non-matched probes peaks belowAhmeak and is not described by the signal
Pdf or by the backgroun®df (see Fig6.13. However, the fraction of non-matched probes in
the Z — ee sample dominates in the highi,. region. This creates a high tail in thié,. signal
distribution which is absorbed into the background by the fit. It is interesting to notice that
theWW — ev background has a similar shape, as shown in&i3and it is therefore expected
that it will also be subtracted away.

A natural question would therefore be: what should be taletrgh MC reference for
the Tag-and-Probe measurement? There is no unique answeertise definition of the truth

is somewhat arbitrary. One could arguably consider asepéer all probes in th& — ee
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Figure 6.13: (Left) invariant mass distribution of tag-gmmdbe pairs in the signal, for the-
bin 25-30 GeV. Shown separately are probes with differeigires. (Right) Background con-

tamination from di-jets antl” — ev in the same bin.

sample, or matched probes, where truth matching can be defirdifferent ways. The MC

truth definition is only useful as a reference to which theadatasurement can be compared.

In the following discussion, in addition to the truth tradessification used previously in this

chapter, a geometrical matching AR is adopted.AR is defined as the geometrical distance

between the reconstructed electron and the closest tragaiefrom aZ boson decay. The

reason for introducing a geometrical matching is that thigiga will be used as reference in

the following chapter, in the context of tH& + jets cross-section measurement. The value

for the AR cut was set to 0.2, for reasons illustrated in Fegl4 The top plot shows the

normalised distribution imM\R for probes of different origins, according to the classtima

used in Tables.4. The class of hadron origin probes is a sub-set of the nometkftlass.
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Clearly, Z boson matched probes are closeA® to the true electron. Regarding electrons
from ~ conversion, only those reconstructed electrons which atearwAR < 0.2 from the
true electron show a clear resonance around4heass value. In all other cases thepeak

is shifted and smeared such that it would be no longer destiily the signalPdf 3 (see
bottom left plot). Similar conclusions can be drawn consitgall probes (bottom right plot),
independently of their origin: foA R > 0.2 theZ resonance is no longer visible. This definition
for truth matching is therefore a pragmatic approach tosghagprobes according to what can

be clearly discriminated against the background.

The TP results (after the background subtraction procgdueee compared to the TP ef-
ficiencies as extracted froti — ee events only, with or without truth matching. Figusel5
shows such a comparison for the efficiency as a function cfrelep. Three MC truth defini-
tions are shown: all probes ih — ee, probes geometrically matched to a true electron ftom
boson decayA k matched probes) and probes directly matched to an electwsond.Z boson
using the track classificatior¥(Matched Probes). The efficiency of thlematched probes can-
not be recovered, even after background subtraction. Tdsoreis that this excludes electrons
which have showered in the detector before reaching theicadter and which therefore have
a lower efficiency. It was shown in Fig.4that such electrons exhibit a clear resonance around
the Z mass value and hence cannot be subtracted away. In cormlissgreement between
pseudo-data anall Z — ee probesin the lowpr bins is evidence of the subtraction of com-
binatorial background. The extracted efficiency is, indf@a much better agreement withR?
matched probes, which include a large fraction of electebhrmsvering in the detector material,
but excludes combinatorial background from hadronic jeksnig an electron or from photon

conversion (where the photon is not originating from e

13Clearly, it would also not be described by the backgroinaid.
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Figure 6.14: (TopA R between true electron frotd boson decays and reconstructed electrons
of different origins. (Bottom) invariant mass distributioftag and probe electrons, for different
values ofA R between probe and true electron. Considered separatelyayesfrom photon
conversion, having as mother an electron frowl boson decay (left), and all probes (right).

Systematic Uncertainties From Background Subtraction

Systematic uncertainties on the background subtractioogpiure were evaluated by varying

the following (see Tablé.10):

e SignalPdf: the number of free parameters in the fit was varied. Thesaedad theZ width

'z, the parton luminosity factg# and the Crystal Ball function parameter. Tabl&0shows

the default values and the variation. The Crystal Ball pararsatere constrained according

to the values obtained from a fit to tiemass resolution plus and minus one sigma. The

signal Pdf was also varied taking a template (from an independent M(Emather than

using a parametrised function.

e Fit ranges: the default range used for the fit (60-200 GeV) veaged between 70-200,

60-180 and 60-160 GeV.
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Figure 6.15: Medium identification efficiency extractediwibhe Tag-and-Probe method after
background subtraction (including QCD-jet background)e Vbkllow band represents the sta-
tistical error. Extracted efficiencies are compared to tt@ tklith with different definitions: all
probes in theZ — ee sample, only probes directly matched t&aoson (origin =7 boson)
and only probes matched ivR to a true electron from & boson.

Label Explanation Default Variation

Sla Parametriseddf Template Histogram
S1b . I',=2.5GeVv I'; free

Slc Signal Pdf 3 free 3=0

Sid free CB parameters Constrain CB
S2a 70-200 GeV

S2b Fit Range 60-200 GeV 60-180 GeV

S2c 60-160 GeV

S3a S/B =7.9 (629.2) inV; (Ns) Bkg x 2

S3b Bkg Level Bkg X 3

Table 6.10: Sources of systematic uncertainties considerehe global fit of signal plus back-
ground.

e Background level: the amount of QCD-jet background was irsgedy a factor of 2 and 3.

The average variations in the measured efficiency from eawtcs (signalPdf, fit range,
background level) are shown in Taldellfor eachp; bin. Considering these sources as in-
dependent, the overall systematics are given by their qixadr sum. The overall systematic
uncertainty significantly decreases with the elecipgr(is ~0.5% forp; > 35 GeV). This is
to be expected since the background contamination is logyer ancreases. Although the sys-
tematics in the low bins are fairly large, this will have a limited effect on, fexample, dV’

or Z cross-section measurement, where the bulk of the statmstecabove 35 GeV.
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Probeps Bin
Source 25-30GeV  30-35GeV  35-40GeV  40-45GeV  45-50 GeV
Signal Pdf (S1) 0.57 0.48 0.16 0.27 0.17
Fit Range (S2) 0.79 0.31 0.14 0.23 0.43
Bkg Level (S3) 0.92 0.92 0.47 0.23 0.04
Total 1.34 1.08 0.52 0.42 0.46

Table 6.11: Systematic uncertainties{ifon the global fit of signal plus background evaluated
for different probepr bins.

6.6 Prospects for Early Data Measurements

As explained earlier in this chapter, electron efficiensiesuld be extracted as a function of the
kinematic variables they most strongly depend upon. Mopontantly, the TP method should
be applied to measure efficiencies versus elecfrandp, (and possibly other variables). The
number of bins obviously depends on the statistics avalabdeally, efficiencies should be
extracted in a fine grid of size 186 (nxpr), with n boundaries corresponding to the bins
used for the optimisation of the PID cuts (0.0, 0.6, 0.8, 11187, 1.52, 1.81, 2.01, 2.37, 2.47)
andpr bins of a standard width of 5 GeV, up to 50 GeV when the effigieeaches a plateau
(25, 30, 35, 40, 45, 50> 50 GeV). Positive || > 0) and negative|f)| < 0) regions should
be considered separately, since it cannot be assumed athabefficiency will be perfectly
symmetric inn. Differences in the amount of material between positive @eghativen would

in fact result in different efficiencies.

However, measuring efficiencies in such a fine grid will ongydwssible with~ 1 fb~! of
data. With less statistics, for example 100 plof data, it will be necessary to use a coarser
grid, considering for example only end-cap and bagnedgions (4x 6 bins), or folding together
positive and negative regions (2 6 bins).

Table 6.12lists the number of expectedd — ee TP pairs in amy-pr grid of size 4x 6,
expected with 100 ptt of data at 10 TeV centre of mass energy. The corresponditigtistal

error on the efficiency can be determined from e@n6)( to achieve 1% statistical error ap-
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nl pr \ 25-30 GeV  30-35GeV 35-40 GeV 40-45 GeV 45-50 Ge¥ 50 GeV

-247t0-1.52 921+4 1301 +£5 1716 =5 1963 =6 1194 +4 9314
-1.37t00.00 | 1634+£5 27194+7 3998+9  4704+9  2813£7 2418+ 7
0.00t01.37 | 16345 2724+7 39869 4706+9 28177 24207
1.52 to 2.47 920 £ 4 1296 £ 5 1712 £5 1974 £ 6 1174 £4 929 £ 4

Table 6.12: Number of TP pairs expected in a coarge grid with 100 pb* of data using
the Base T' P selection (n@A¢ nor opposite charge requirement) and before the medium iden
tification requirement on the probe. The crack region betwssarel and end-cap calorimeter
(1.37-1.52) has been excluded.

proximately 1300 probes per bin are requitéd Another limitation to the size of the bins is
imposed by the fit for background subtraction: at least a femdned events per bin are needed
to obtain a stable fit. Furthermore, with 7 TeV centre of mass gy, the number of events per
bin will be reduced by an additional 30%. From the numbers of Talel?2, it seems therefore
feasible to measure efficiencies iné4rid with 100 pb'! of data, within a statistical error of
1% in the barrel region and 1.5% in the end-cap region, evémiieV centre of mass energy.
With very early data, however, only global efficiencies camiieasured. For example, with 10

pb~! of data at 7 TeV, approximately 3400 to 3800 pairs are expegéte pr > 25 GeV and

In| < 2.47), depending on the selection cuts used.

A measurement of global efficiencies on a coarse grid willengneless be very valuable
for testing the MC simulations and will even allow to gain siéiity on the combinatorial
background. In Sectiof.5it was shown that the TP method cannot distinguish betweghm hi
quality probes directly coming from boson decay and lower quality probes from the shower
of Z boson electrons in the calorimeter. Since the fraction efl#tter in the probe sample
depends on the TP selection cuts (see Tab# it is expected that efficiency extracted from
data will also depend on the TP configuration. Cross-checksdasm MC expectations and
data-driven measurements will therefore give a handle esethower quality probes. Some

interesting measurements are:

14This simple estimate assumes an efficiency of 85%, whichwieldhan the global efficiency of 92-93%. This
value was chosen to account for the worst case scenario ®fifbithe end-caps and in the Igw- region which
have an efficiency as low as 85%.
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o Ae = epp—ex: CcOnsidering onlyZ matched probesq{Boson + e fron in Table6.5), 0.7%
difference is expected between global efficiencies obthingh the two configurations.
This difference increases when considering probes of attigins. Comparison between
AeP and AeM¢ would give a handle on combinatorial background subtrac®well as

on the reliability of the MC predictions for low quality preb.

e Modified TP selection: the relative fraction of hadron pelethe”Z — ce probe sam-
ple can also be altered by other means than those descriltkis ichapter. For example,
choosing pairs where the- of the lepton pair i95¢ < 20 GeV, the fraction of non-matched
probes (category other thahBoson matched + e fror#A) in the lowestp bin is reduced
from 2.6% to 0.8%. This selection is equivalent to requiringt theZ boson is produced
at rest and the presence of jets which contribute to the auatdiial background can be ef-
fectively vetoed. A measurement Af with respect to other configurations gives a handle

on hadron probe contamination in particular.

6.7 Conclusions

Electron efficiencies are an important aspect of the detgtdormance and are crucial for
many measurements, a typical example being a cross-satgtenmination. The Tag-and-
Probe method allows the extraction of electron efficienfiesn Z — ee events and could

be applied with the first- 100 pb* of data to measure PID efficiencies inx4 n-p; bins

with a statistical precision of 1-1.5%. A challenging taskl be the subtraction of QCD-jet
background. Despit& — ee being a very clean signature, background contaminatiotillis s
non-negligible and can bias the efficiency. The subtraadbbackground is complicated by
the fact that its shape strongly depends on the pygbbin. To achieve a measurement of
differential efficiencies in electrop, it was suggested to use a template for the background
shape and a parametrisation for the signal. Difficultiesavegrcountered in performing the fit,

which suffered from relatively largge? values, despite the large number of degrees of freedom.
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To achieve a higher precision, possibly a completely difePdf should be used for the signal.
Using a template from MC would be one option. Neverthelesgjas shown that with the

current proposal, systematic uncertainties from backgi@ubtraction are at the 0.5% level for
pr > 35 GeV and increase above 1% for lower bins where QCD-jet contamination is more

significant.

It was also discussed how the TP selection cuts vary the csitiggoof the probe sample,
in terms of quality of the probe or its kinematics, and thisum affects the measured efficien-
cies. Any data-to-MC comparison will only be meaningfulxgetly the same methodology is
applied on both. Measuring efficiencies with different Tifogurations, on the other hand, we
could gain sensitivity on combinatorial background or od Qaality probes. The bias of the TP
selection also has to be considered when efficiencies atkingecross-section measurement,

as will be shown in the next chapter.

This chapter was dedicated in particular to the measurepofegiectron PID efficiencies.
However, the TP method can also be applied to measure a nuwhléferent efficiencies:
absolute reconstruction and trigger efficiencies (see @nadjptand even track reconstruction
efficiencies. Furthermore, other signatures can be usad-fitu measurement of efficiencies.
Very similar toZ — ee is the.J /1) — ee, which would allow to extract efficiencies in the lower
kinematic region, ie. fopr from a few GeV to about 15-20 GeWW — er events are also good
candidates for these kind of studies. Covering the same ldhemange ag’ — ee events, they
have the advantage of offering higher statistics (abouim@g than forZ — ee), which is very
important in early data. On the other hamd,— ev processes suffer from larger backgrounds,

which are also more difficult to estimate.



Chapter 7

Acceptance and Efficiency Corrections

In a data analysis it is mandatory to apply a set of signattelecuts. Some cuts are needed to
constrain the measurement to the detector acceptancex@mpde, a fiducial cut on the electron
pseudo-rapidity), whereas others are necessary to retieceackground contamination (for
example, trigger and electron identification requiremenike application of these cuts causes
a loss of signal events which has to be corrected for in therghetation of the production cross-
section. This chapter describes hdWw — ev + jets events are corrected for acceptance and
efficiency losses. The terms acceptance and efficiency direeden Section/.1, which also
describes the general strategy adopted in this analysis. d€termination of the acceptance
factor is described in Section.2, whereas efficiencies are covered in Secfio® Finally,
Section7.4 shows how the individual factors are combined together terdene thell/ —

ev + jets production cross-section. A closure test is perfarteeverify that the correction
factors return the input yields and the impact of systenmfaiises is evaluated. Emphasis is
given to electron corrections. The Tag-and-Probe methadrideed in Chapte6 is used for
the determination of the efficiencies. Corrections on mgsiansverse energy are only briefly
discussed and are included in the final closure test for cet@péss. Jet corrections are not

covered, but their impact is discussed in the next chapter.

126
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7.1 Acceptance and Efficiencies

Losses of signal events due to selection cuts are corremtég the termsi-e in the equation for
the cross-section determination (see Chapteqgn. 8.2) ). In this thesis, the term acceptance
(A) refers to corrections for geometrical and kinematic cutsereas the term efficiency)(
accounts for losses due to reconstruction or quality reguénts. Corrections can then be
factorised into several terms, each accounting for selectuts on different objects:

A - (A . G)jet . (A)jet . (A . E)jetS-I—E;{liss' (71)

miss
EX ele

Each term in parenthesis represents a probability: thetérst (jet) is the probability that in
alV — ev event there are N jets satisfying the cuts described in &edtd.2 the second
term (E7*) represents the conditional probability that the everisBas theE s cut, given
that there are N reconstructed jets in the event; the last (elie) represents the conditional
probability that there is an electron passing the selectioren that the jet and’»* cuts are
satisfied. What really matters for the cross-section detetian is, for each term, the overall
productA - e. The individual factors A and can be redefined in different ways, as long as the
definition of acceptance is consistent with the definitiom#fitiency. It is therefore crucial to
define the break point between A aadh a consistent way. In this thesis, the break point is
chosen at reconstruction level, as to decouple factorshwigwe to be determined from MC
from factors which can be determined from data. Each termbearewritten as (from now on

the superscripts are dropped to simplify the notation):

(A ) E)jet = AGen[Njets] ) AGenﬂRec[Njets] * et (723.)
(A)E%niss = AGen [E%liss] : AGenﬂRec[E%iSS] (72b)

(A-e€) = Agenlele] - AGen—reclele] - €e (7.2¢)

ele
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Term Definition Cuts
A[Njets] Jet Acceptance Njets In event with:
|T]jet‘ <31
Prjer > 30 GeV
€reco jet Jet Reconstruction Eff. jet object
€ARej Eff. of ARej cut ARej > 0.6
€ARjj Eff. of ARjj cut ARjj > 0.6
A[Emiss] Eiss Acceptance Emiss > 25 GeV
Alele] Electron Acceptance Nete| < 2.46

outside cracks|f| = 1.37 — 1.52)
PTeie > 25 GeV

€reco Electron Reconstruction Eff. electron object
€id Electron Identification Eff. medium PID
Etrig Electron Trigger Eff. chair20_loose

Table 7.1: Definition of acceptance (A) and efficieneydorrection factors.

and we define:

ARec = AGen : AGenHRec (733.)
€jet = €reco jet - EARej * €EARjj (73b)
€ele = €reco ® €id * €trig- (73C)

The individual factors are defined in Tablel. Ac., is the acceptance at truth level (ie.
the fraction of events that pass the geometrical or kinentatis on generator-level quantities)
and must be determined from MQ@c..._. r.. IS @ correction factor which accounts for detector
smearing from generator to reconstruction level. Becaustetictor scale and resolution, a
cut on generator level quantities will lead to a slightlyfelient number of events than if it was
applied on reconstruction level quantities. This factar ba evaluated from MC or from data,
as will be discussed in Sectiah2.2 Ap.. is the acceptance at detector level and is simply the
product ofAg., and Aq..,— re.. Finally, the efficiency is relative to reconstruction quantities
exclusively. Electron efficiencies can be determined elytifrom data, using the TP method

(cf. Chaptes6). Jet cut efficiencies will be determined from MC.
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Since the aim of the analysis is to measure the cross-sefctio’ — er production in
association with jets, the factel.,,[N;..s] should not be included in the corrections, but rather
taken to the left hand side of equatiBr2 The final measurement will then be Agc,[Njets]
which will be compared to theoretical predictions. All thiner terms of egn.7.2) have to
be determined. Jets can be corrected back to the partiaé tlenough an unfolding proce-
dure which accounts both for efficiency and scale/resatgitects. Unfolding, however, is not
treated in this thesis. The objective, instead, is to cateuthe£s> and electron correction
terms. Throughout this chapter, jets are defined at reaarigin level, after all selections de-
scribed in Chapted, Section4.4.3 This is necessary to decouple any detector effect on the
measurement of hadronic jets from the corrections undelysteurthermore, as will be shown

later, acceptance, efficiencies and detector smearingofreh ande»** objects strongly de-

pend on the event topology, which in this case is charaeihiy the large hadronic activity.

7.2 Acceptance Corrections

The factorsAc., and Ag.,._ re. are calculated using the full statistical power of the ALRGE
W — ev + N partons samples, weighted according to their relative cross-sestiThe accep-

tance of a given cut for the jet multiplicity,.., is determined as:

. Events with Njes ‘and passing cut. (7.4)
Events with Njets

The fact that the number of jets enters in the denominator aftddduces a subtlety in the
acceptance calculation. The jet definition includes antedaget overlap removal which is
performed, in the measurement, at reconstruction level afgood quality electron has been
identified. In the acceptance calculation, however, a ga@dity reconstructed electron is not
yet available. The overlap removal is therefore performetivben reconstructed jets and true

electrons from th&” boson decay, using a procedure identical to that used omlps#ata. The
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Acceptance¥)

Definition Njers =0 Njers = 1 Njers =2

Agen[ EF™] 70.25 4 0.04 74.66 + 0.10 76.79 4+ 0.10
AGen B3] - Agenlele] 37.04 + 0.04 35.24 +0.11 39.37 £0.11
ARec[BF™) 71.14 £ 0.04 78.00 £ 0.09 79.43 4 0.10
Ageo[EE) - Agenlele] 37.99 + 0.04 37.69 + 0.11 41.32 +0.12
ApecEF™] - Agenlele + FSRA] 39.04 & 0.04 38.54 4 0.11 42.15 4 0.12
ARec| BF] - Apeclele + FSRA] 37.90 + 0.04 37.54+0.11 41.18 £0.11

Table 7.2: Acceptances foY — ev + 0, 1 and 2 jets estimated with ALPGEN. Only statistical
errors are quoted.

effect of using true rather than reconstructed electrorssimeestigated on the ALPGEN sample

after all selection cuts and found to be negligible with extpo the statistical errors.

7.2.1 Generator Level Acceptance

The acceptance at generator level includesAké® term Ac.,[EF=] and the electron term
AGen[Netes Prere] (Which will be abbreviated ad.,[Fle] ). The electron kinematic cuts are
applied on truth quantities after QED final state radiatiB8R). Corrections to the acceptance

to account for FSR photons clustered with the electron weiltreated in Sectioi.2.2

The acceptance, shown in the first two lines of Tah[® varies between jet multiplicities
by up to4%, being minimal forN,.,s = 1 and maximal forN,.,s = 2. Such differences can
be understood considering the distribution of thebosonp, (p}Y) for events with different

number of jets, as shown in Fig.L The following features are observed:

e The acceptance strongly depends onithiéosonpz (p¥), reaching a minimum at 40-
50 GeV, roughly in correspondence of half fiieboson mass¥/""), and steadily increasing
at higherp!¥'. This can be understood by simple kinematics: in the restdraf thelV/
boson, by momentum conservation, electron and neutrin@mitted back to back with
equal momentum magnitudggVirame| = MTW When moving to the laboratory frame, the

particles are boosted accordings. For small values of’’, one particlepr will increase
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while the other will decrease, causing a drop in the accepta\t a certain point, one
of the particles will stop completely (this correspondstie tninimum acceptance), after
which both electron and neutring- will increase. If, for example, electron and neutrino
are emitted at) = 0, for one of the particlepr = 0 will occur approximately when the
boostp}Y = M" /2. The overall acceptance is a convolution of e spectrum with the
differential acceptance as a functionygf. For N,.,s = 0, mostiW's decay at rest, resulting
in a rather large acceptance. In the presence of jet3)itson is boosted: faV.,; = 1

a higher number of events lie around the minimysy, = M" /2, explaining why the

acceptance drops with respect to the 0 and 2 jet bins (cfeTab).

e The acceptance is also affected by the requirement of aatgety which also forces the
W, and therefore the electron, to be produced centrally. Tesgnce of jets, therefore,
increases the probability that the electron will satisfg titeometrical requirement o
This explains why the acceptance as functiop¥fis systematically lower for the 0 jet bin

with respect to higher multiplicities.

Correlated withp!' and therefore also affecting the acceptance are jet vagahich as the
leading jetpr and HT. More energetic jets correspond in general to a moostbdil boson
and thus higher acceptance (see bottom plots of £iij. The correlation is not perfect since
jets can also recoil against each other and be accompaniaddiher softV. Therefore the

variables that determine the acceptance are the preseeoermfetic jets and/qr) .

Although the acceptance is derived from MC, it is always pedfte to use binned correc-
tions, rather than a global factor, to minimise the depeoedem the theoretical model used.
The choice of binning depends on the measurement. Idedilghould be chosen since it is the
driving variable for the acceptance. When measuring a @gesten as a function of leading jet
pr and HT, however, jet variables are preferable. In the closest described in Sectiahd, it
was chosen to bin the acceptance in hdth(four bins: p’¥ = 0-30, 30-70, 70-140; 140 GeV)

and leading jeps (for N;.s = 1) or HT (for N,.,s = 2) (three bins: leading jgt; = 0-80,
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Figure 7.1: (Top)W bosonps distribution for different jet multiplicities (left) andcaeptance
at generator level as a function 3f bosonp (right). Bottom: generator level acceptance as a
function of leading jep for the 1 jet bin (left) and HT for the 2 jet bin (right).

80-150,> 150 GeV; HT = 0-120, 120-200; 200 GeV).

7.2.2 Detector Level Acceptance

Detector effects on the acceptance can be estimated usingji@ations, simply applying the
kinematic requirements on reconstructed rather than-tevil quantities. However this ap-
proach relies completely on the correctness of the detettarlation. An alternative procedure
is to smear by hand truth-level quantities according toesaad resolutions measured in data.
This strategy was developed i1], where both electropr and EXs* smearing procedures
were studied. In this analysis detector effects€ji* are taken from MC, whereas a smearing

procedure is applied to electrgn for the specific measurementdf + jets.
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Figure 7.2: Gaussian fit tiss Reco - pmiss Truth jn events with 0 (left) and 2 (right) jets.

Detector effects onfEiriss

The EXiss measurement is affected by the calorimeter energy resalws well as by the
hadronic/EM energy calibration which can result iz&'s scale bias (that is, reconstructed
EXiss peing systematically mis-estimated). The net effecEgf* scale and resolution is to
increase the acceptance of thg*s cut (third line of Table7.2). The magnitude of the increase
varies with jet multiplicity, being less than 1% for the O f@h and~ 3% for 1 and 2 jets.
This is not surprising, sinc&* resolution depends on the hadronic activity in the everg (se
Section4.2 Chapterd) and is therefore expected to worsen with higher numbertsf jEhis is
also illustrated in Fig7.2 which shows the difference between reconstructed andHRi€ in
events with 0 and 2 jets, fitted to a Gaussian function. Thennaed sigma represent the scale
and resolution respectively. The distributions gets beoadth the number of jets (contrary to
the bias, which decreases wily.;;), suggesting that the resolution is the dominant effect on

the acceptance.

Another important factor is the position of tHg"*s cut with respect to the peak @fiiss
spectrum. Figur@.3overlays true and reconstructé&g*s distributions for the 0 and 2 jet bins.
For N;..s = 0, the 25 GeV cut removes the low side of the spectrum, whichnig weakly
affected by detector smearing. In contrast, /¢, = 2 (and similarly forN;.,; = 1), the
25 GeV cut happens nearer to the peak, where the smearimngisffeuch larger. The net effect

on the acceptance is therefore also more significant.
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Figure 7.4: Detector response on electpgr(left) andn (right).

Detector effects on electrons

Electron selection cuts include kinematic constraints oth lelectronp; and pseudo-rapidity.
The detector response on electrpandpy is described by the resolution (or smearing) func-
tions shown in Fig7.4. If fitted to a Gaussian, the meam)(@nd width ¢) of these distributions
represent the scale and detector resolution/ip;. From Fig.7.4 it can be noticed that the

71 resolution is completely negligible compared to the enegpplution. Although the) res-
olution also has a smearing effect on the electwpnthis is about ten times smaller than the
smearing due to thg, resolution itself. The) resolution can therefore be neglected. Detector

effects on electrop, in contrast, have to be accounted for.

A procedure for smearing the electrpp and determining the detector level acceptance is

briefly described here (the individual steps will be coveredhore detail later in this section):
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1. Determination of the detector response: the detectporse is represented by a smear-
ing function (f5<" ). When sufficient LHC data is collecteff;*" " will be derived
in-situ usingZ — ee events, comparing the reconstructed di-electron invanmass with
the well-knownZ boson line shape, as described %&][ In this analysis, however, the

smearing function is obtained from MC.

2. pr smearing: for a true electron in the ALPGEN — erv sample, a random number is

extracted from thefC«" "< distribution. The smeared electrpp is then given by:

pymeared — plruth pr@"—’R“ — GetRandom(). (7.5)

3. Acceptance calculation: the acceptance is then detethon the smeared electron

(and truen, since detector smearing a@ris negligible).

1. Determination of the detector response

The idea behind this smearing technique is to determine étectbr response in a data-
driven approach and propagate it into the acceptance. snay truth to detector-level cor-
rections can be determined without relying on the MC simaihatin the absence of sufficient
data, the smearing functiogfgen—’R“) is obtained from a MC sample &f — ee + jets events,
plotting the difference between reconstructed and trugtrglep, (pZec — pIruth), as shown in
Fig. 7.4 (left). This procedure requires truth matching betweecteders at generator and re-
construction level, which is performed requiring that tie®etrical distance between the two
ISAR < 0.2.

It is also important to notice from Fig..4 (left) that the energy resolution function is not well
described by a simple Gaussian, because of the energy logseemsstrahlung radiation of
electrons showering in the ID (exhibited in the low tail o#tturve). To avoid biases introduced
by a poor functional form, the smearing function is not pagttimed. Instead, the histogram

obtained from gfec — pIruth) is directly used to represey‘iﬁen*R@C. An example of a smearing
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function is given by the histogram shown in Fig§4 (left).

The detector response is extracted as a function of theblasi# mostly depends upon. The
pr resolution, as well as the, scale, is driven by thg; of the electron itself, as shown in the
top plots of Fig.7.5. However, also the detector region crossed by the elecasmah important
effect. The resolution varies acrogss a result of different amount of material in front of the
calorimeter and is particularly deteriorated in the craagion ¢ = 1.37-1.52), as illustrated in
the bottom plots of Fig7.5. The same figure also compares the detector resporige-n ev
andZ — ee events. The slightly worse resolution ifh— ee events (see plots as a function of
7n) is due to the harder electrgn- spectrum. The differences betwegn— ee andW — ev
events disappear when scale and resolutions are binnegd iSuch considerations drive the
choice of binning for the map of electron response. The simgdunction is determined in
bins of electrom andpr ( pG;"*ReC(pT,n) ), with 3 bins inn (|n| = 0.,0.6,1.37,1.52,2.46,
bin 1.37-1.52 excluded) and 9 binspi (5 GeV bins in the ranggr = 15-50 GeV and 10-20

GeV bins forpy > 50 GeV). Binning in jet multiplicity is not consider necessary, &nno

dependence on the hadronic activity in the event is observed

2. pr Smearing

The true electrop is smeared with a random number extracted from the smeanagion.
For the smearing procedure to work, it is essential to defiedrue electrop, correctly. As
mentioned above, true electrons used in the acceptanadatalo are taken after QED FSR
(also called internal bremsstrahlung). However, the detas not always able to resolve the
photon from internal bremsstrahlung from the parent ebectif the photon is emitted within a
small cone, it will be clustered together with the electrbnfact, in the majority of the cases,

the photon is at a small distance from the electron, as showigi 7.6 left.

The radius of this so called recombination codd......;) iS determined by the spatial reso-

lution of the calorimeter clustering algorithm, which isiested to be approximately 0.09To

1This number is estimated considering that the sliding windtgorithm starts by pre-clustering towers of size
5x 5 inunits of Anx A¢ = 0.025x0.025.
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Figure 7.5: Electrop scale (left) and resolution (right) as a function of elentpg (top) and
n (bottom), inWW — ev + jets andZ — ee + jets events.

check whether this is a sensible value, the distahéebetween thél -boson electron and the
Truthy i H H Rec
closest photon at truth levelN/"*"") is plotted against that at reconstruction levalr{y™ ).

This is illustrated on the right plot of Fig.6. a strong correlation is visible betweehRezjth

andA R/, down to approximatehA R7 """ = 0.09 (indicated by the dashed red line). Below
this value ofA R, the FSR photon cannot be resolved and the reconstructetdoziés matched
to another photon in the event, which is not the photon frarival bremsstrahlung. However,
not all photons at a distancgeR > 0.09 are resolved. In other words, the turn-on is not a sharp
step but (not surprisingly) rather a slow turn-on curve fram® = 0.08 up to AR = 0.16.
This is illustrated on the bottom plot of Fig.6, showing the distance between reconstructed
electrons and photong R .

The radius for FSR photon merging is chosemi?as,,., = 0.09, to be consistent with the

clustering algorithm resolution. Given the ambiguity ir tthoice of merging cut, the effect

of increasingR,...,» Up to a value of 0.16 is estimated as a systematic uncertamtihe
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Figure 7.6: Distance between true electrons fidnhboson decay and FSR photons at generator-
level (top left) and same variable plotted against the distabetween electrons and photon
objects at reconstruction level (top right). The bottont glwows the distributiod\ R between
reconstructed electrons and photons (same as x-axis oigioptot).

acceptance. In order to correctly mimic the response of #teatlor, any FSR photon emitted
within the recombination conAR,....., = 0.09 has to be merged with the true electron by
adding their 4-momenta. As a result of this merging, the geoelevel acceptance is increased
by approximately 1% (see Table2). The smearing procedure therefore has to be applied on
the combineg+ of electron and FSR photon, since this is the quantity whithoe measured.
From now on, when referring to true electrpn, this will imply that photon merging has been

performed.

As a result of the smearing, electrons wjth < 25 GeV atgenerator level could still
contribute to the sub-sample of events with one electromigay- > 25 GeV atreconstruction
level. Vice-versa, electrons with tryg- above 25 GeV, might not satisfy the kinematic cut at
reconstruction level. The latter case is more likely to happen, given thenfof the smearing

function being non-symmetric about zero (see Fid.left). Furthermore, it was observed that
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Figure 7.7: (Left)pr distribution of the true electron from” boson decay before (black) and
after (red) smearing. (Right) Smeared electpgndistribution folded with reconstruction ef-

ficiency (red) compared with ther distribution of reconstructed electrons obtained fronh ful
MC simulation (black). The ratio between MC and smearedibligion is also shown.

less than 0.06% of the reconstructed electrons wiith- 25 GeV originates from a true electron
with pr < 15 GeV. It was considered safe to apply the smearing procecuyeto electrons

above the threshold of 15 GeV, as was also suggested’iih, $ince the resolution of low
pr objects is poorly understood. It was checked that the impadhe acceptance is totally

negligible with respect to the statistical error.

3. Acceptance calculation

The effect of detector smearing on the electggndistribution is illustrated in Fig7.7.
It tends to flatten the peak shifting events preferably tolthe p; side. The detector-level
acceptance for the electron term is calculated on this sdedistribution. The results are
shown in the last line of Tablé.2 the acceptance is decreased by approximately 1%. The
effect of FSR photon merging and detector smearing act, erage, in an opposite direction

but the fact that they almost cancel each other is purelycodémtal.

This procedure was validated by comparing the smeagelistribution with the reconstructed-
level pr distribution obtained from fully simulated MC. The accemtarobtained from the
smearing technique is also compared to that obtained from $M@e, in this analysis, the
smearing functions are also obtained from MC, any differeincthe estimated acceptance

would be due to the smearing technique. This would includesds introduced by the FSR
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photon merging (since no merging is needed when relyingenton fully simulated MC)

or from event topology (ie. deriving"f;”—ﬂ“ from Z — ce rather thanlV. — ev). There

is however one additional complication in the comparisdre acceptance from MC has to
be calculated on electron objects and therefore folds irelbdetron reconstruction efficiency.
The smearing technique, in contrast, accounts for scaleeswdution exclusively. In order to
compare like with like, the smeared electrpn distribution is folded with the reconstruction
efficiency (extracted from MC) and the acceptance is re-caethpuNote that this is a purely
academic exercise, and this is not the final number useddatiss-section measurement. The
comparison of the electrom distribution at reconstruction level between MC and snmegri
procedure (plus efficiency) is shown in Fig7right. Very good agreement is observed, as also
demonstrated by the ratio (lower plot) being constant agddunover the full spectrum. The ac-
ceptance was also found to be in agreement with the one fromAMKin statistical errors. The
smearing technique was therefore considered suitableston&ting detector-level corrections

on electrons.

7.2.3 Systematic Uncertainties on Acceptance

Systematic uncertainties on the acceptance can be cldssifieo different categories: theo-
retical uncertainties due to the input model, which afféet generator level acceptande.,,
and uncertainties on the detector response, which affeetfattorAq., .r... Only the latter

are discussed here.

Uncertainties on Detector Response

The systematic uncertainties on the acceptance arising g™ detector response were taken
from [71]. Although in this thesis, the correction factdg,.,, . z..[ E+*] was taken from MC,
in data a similar procedure to the electron smearing tecienwgll be applied. The expected

relative systematic uncertainty is 0.8% and this includesexperimental uncertainty on the
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determination of£ss scale and resolution from data (14.9% and 9.7% respec}ieelg the

uncertainties from the smearing procedure.

Systematic uncertainties on the electron detector regpoage evaluated as follows:

1. The radius of the recombination coRg..,.., used for FSR photon merging were varied
between 0.08 and 1.6, which are the limits of the FSR photsalu&on turn-on curve
(see bottom plot of Figr.6). The maximum variation in the acceptance (after smearing)
with respect to the defauR,......, value of 0.09 was taken as the systematic uncertainty.
This is a very conservative estimate, since in reality theaer will not miss/or resolve

all FSR photons in the range 0.08-1.6, but only a fractiorhef.

2. The smearing functiofi"—# was extracted frorfil’ — ev + jets rather thay — ee +
jets ALPGEN samples. This would account for variations mdletector response due to

event topology, which should in any case be negligible ifdbeect binning was chosen.

3. Inthis analysis the detector response for electrons edsqily known, since it was taken
from MC. Ultimately, scale and resolution will be determirfeain data with an expected
precision 0f0.2% (scale) and).7% (resolution) P]. It was shown in 71] that such uncer-

tainties have a negligible effect on the acceptance andhearfore be neglected.

The systematic uncertainties on the acceptance from tleetdetresponse are reported in
Table7.3. The total (absolute) uncertainty, given by the sum in qaade of the above, is
~ 0.3% and is dominated by the uncertainty on thA&*s corrections. The overall effect of
EXss and electron scale and resolution on the acceptance is racgér ithan this uncertainty

for all multiplicity bins: Agr.. — Agen, =0.86 (0 jets), 2.30 (1 jet), 1.81 (3 jets).

7.3 Electron Efficiency Corrections

Electron efficiencies are determined using the Tag-ant#d>(®P) method oY — ce + jets

ALPGEN samples. A detailed study of the TP method in the carkidentification efficien-
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Systematic uncertainties on A (%)
Njets A+ AAyq AA ies AATY AAZ=  Tot AAgq

ele

0 37.90 £ 0.04 0.30 0.09 0.01 0.31
1 37.54 £0.11 0.30 0.02 0.06 0.31
2 41.18 £0.11 0.33 0.06 0.05 0.34

Table 7.3: Acceptance (in %) with statistical 4.;,;) and systematic uncertainties from cor-
rections forE®s and electron smearing. Uncertainties on correctiongdpf* scale and res-
olution (AA ) were taken from T1]. Uncertainties on electron detector response are eval-
uated by varying the radius of the recombination cone for p8&tons (A’ ), and by using

W — ev + jets events rather thaih — ce + jets to extract the smearing functiai f1_¢).

ele

cies determination was given in ChapérThe same technique is applied here with minimal
variations to extract three efficiencies..., €. andei,. Special care is given to the effect of
hadronic activity on the efficiencies. Differences betwe#itiencies inlW — ev andZ — ee
events are also investigated to assess any systematid¢aintearising from using TP efficien-

cies in thell — ev + jets cross-section measurement.

The TP selection o¥ — ee events is adapted to this analysis as follows:

e Jet counting is performed with the same selection cuts d®ilit — cv + jets analysis, as

described in Chaptet.
e The tag electron selection is identical to that describethinie6.1 (with Tight PID).

e The probe definition varies depending on the efficiency ustiety (see Tabl&.4): it is an
EM cluster in the case aof..., measurement, or an electron (medium PID electron) in the
case Ofeiq (e4ig) Measurement. The kinematic cuts on the prglandp, are consistent

with the acceptance definition.

e The invariant mass of the TP pair is required to be in the wn&0-100 GeV. Two TP
configurations are tested3ase TP and+T'P. No additionalA¢ separation between tag

and probe is applied, to avoid introducing any bias in thderkinematic distribution.
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Efficiency Probe (Den) Probe (Num)

€reco EM cluster matched to electron

€id electron passes medium PID cuts
Etrig medium PID electron match to trigge20 _loose

LVL1 match: AR < 0.2
LVL2 match: AR < 0.1
EF match:AR < 0.1

Table 7.4: Probe definition for extracting electron recargton (,..,), medium identification
(eiq) and trigger €. efficiency. At the denominator of the efficiency (N1), thelpe is a cluster
or an electron object (see middle column) which satisfy theeptance cutspr > 25 GeV,
In| < 2.46 (cracks excluded). The last column specifies the additimwalirements that have
to be satisfied at the numerator (N2) of the efficiency.

7.3.1 Dependence of Efficiencies on Jet Variables

When choosing the binning for the efficiency maps it is neggdsatake into account all the
variables the efficiency could depend upon. In Chaptémas already noted that the driving
variables for the electron identification efficiencies (theé same is true fof,.., ande,,) are
electron kinematics, namelyandpr. In a measurement involving jets, it is also important to

check whether efficiencies exhibit any dependence on jahias.

The identification efficiency is the quantity which is mostsigive to hadronic activity since
shower shape variables used in the definition of medium PIS, much as hadronic leakage
and lateral shower shape, are affected by the presence ddyngds. This is illustrated in
Fig. 7.8left, which shows the medium PID efficiency as a function staince between the true
electron fromi?” boson decay and the closest jet. For comparison, mediumfitizecy with
an additional calorimeter isolation requirement is owath (although this is not used in the
analysis). The efficiency clearly falls at small values\ak.; and the drop is more pronounced
with an explicit isolation requirement. However, ffz.; > 0.6 the efficiency is reasonably flat
(with variations within 0.2%) and above 90%. Therefore,iaimum electron-jet separation
imposed in the analysis (cf. ChaptrSectiond.4.2 ensures that the selected electrons all lie

in the high efficiency region. The dependence on jet mutlifyli(see right plot) is completely
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Figure 7.8: Medium PID efficiencies with and without an igima requirement as a function of
distance between electron and closest jet (left) and jetijptiaity (right).

negligible up toN,., = 3 if no explicit isolation cut is applied. Efficiencies as a €tion of
leading jetp; and HT were also studied, but no significant dependence waslfe. efficiency

is flat within 0.2%), beside that due to the a harder electrospectrum.

It was therefore concluded that for this analysis no expjettdependent corrections are
needed. It is sufficient to extract TP efficiencies as a famctf electron kinematics;(and
pr). Minimising the number of variables (and hence bins) nddde the efficiency maps is
advantageous especially if one is limited by statisticisake case for TP efficiencies from

7 — ee.

7.3.2 Efficiency Maps for the Cross-Section Measurement

Efficiencies extracted with the TP method are binned in anZedisional grid of size 4x6 in
electronn andpr, as discussed in Chaptér(see Table.12). The statistical errors are within
1% in all bins, with the exception of the loy end-cap bins where they reach 1.1%. TP
efficiencies for reconstruction, identification and triggee compared as a functiongpandpr

in Fig. 7.9. €00 ande,i, are above 97%, with the trigger efficiency approaching 1009
pr. The largest source of inefficiency arises from electromtifieation. In fact, the electron
reconstruction algorithm is designed to yield a very hidiicieincy by requiring only a loose

match between EM cluster and ID track. Rejection of backgilduom QCD-jets, instead, is
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Figure 7.9: Efficiencies measured with the TP method. Lefia function of electrop;, for a
barrel bin. Right: as a function of electrgnfor 35 < pr < 40 GeV.

ensured by the identification cut, inevitably leading to samefficiencies. The trigger chain
e20_loose is also optimised with respect to offline cuts and alreadghea the plateau at 25-30

GeV.

Systematic errors on the TP method arising from backgrouldraction were discussed
in Chapter6 in the context of the extraction of electron identificatidficeencies. The sys-
tematic error estimations shown in Taléld 1are extended te,.., ande,;, with the following

assumptions:

e The same systematics are assigned Q. This assumes that the larger background level
in the denominator of,.., (the probe is an EM cluster, rather than an electron objexts d
not significantly affect the invariant mass fit. This is jfistl by the fact that the systematic
errors evaluated in Chaptérlready included variations for a background level threeet
higher than expected (this was a conservative estimatg;joMoreover, if the background
contamination in data was too high, tighter selections enaly electron (for example, the

addition of an isolation requirement) could be applied tprave the purity.

e c,ig IS assigned systematic errors from variation of the sighél and the fit range, but not
of the background level. In fact, the denominatok;gfalready contains a probe satisfying
the medium identification cuts, therefore the level of baiokgd is expected to be very low.

The background level assumed for tHemass fit studies shown in Chap#is therefore
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Tag-and-Probe Efficiencie®@se T'P Configuration) (%)

(%) A€giar Ae]fyksgt AeV Tot Ae
€reco 98.61 0.05 0.59 +0.54 0.80
€id 92.52 0.10 0.59 + 0.66 0.96
Etrig 99.07 0.04 0.43 -0.19 0.47
€ele 90.39 0.12 0.89 +0.98 1.33

Table 7.5: Global reconstruction,{.,), medium identificatione4) and trigger ¢.;;) efficien-

cies extracted with the Tag-and-Probe methB&d e 7P Configuration) with statistical and
systematic errors. The last line shows the overall eleatfioiency, given by the product of
€recos €id ANdegi,. Shown separately are systematic errors arising from aokg subtraction

(Aefyﬁi) and from the difference between TP and tilieefficiencies (\e"). The last column

shows the overall error (Take), quadrature sum of statistical and systematic errors.

already an overestimation.

The global efficiencies (integrated ovelandpr, weighted by the number &f — ee probes

in each bin) are shown in Tablke5with statistical and systematic errors. The systematiargrr

Bkg

shown in the second columiA€;,

) arising from background subtraction, are inherent to the
TP method itself. However, when applying these efficientiea different process, such as
W — ev + jets, other biases have to be accounted for (shown in the: ¢biumnAeW). This

is the subject of the next section.

7.3.3 Systematic biases from Tag-and-Probe

Electrons fromZ andW boson decays are very similar objects, isolated higklectrons, and
therefore there is no reason why they should have differifistesncies. However, because of
the slightly different masses betwe&nand ¥V boson, and because of production mechanisms
involving different partonsZ and eveniW+ and W~ exhibit differentpr andn spectra (see
Fig. 7.10. Convoluted with efficiencies that depend@andp; (and potentially charge), this
will result in differentglobal efficiencies. This is the main reason why efficiencies havgeto
extracted differentially. If the binning is fine enough, niffetence betweer? and W true

electron efficiencies should be visible. In practice, gitlea statistical limitations, very fine
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Figure 7.10p (left) andn (right) spectra of} andZ bosons.

binning is not feasible and some residual differencesratitiain. W production asymmetry is
already taken care of by extracting efficiencies as a funatioelectrony, provided that they
are not charge sensitive. Efficiencies frém— ee are symmetric in charge, thus no distinction

is made betweea™ ande~ when extracting TP efficiencies.

Additional biases can arise from the TP method itself. It didsussed in Chapté&; how
the TP selection tends to purify the — ee sample and select better quality probes. Many
of the rejected probes are background, but some areZrémlson electrons showering in the
ID material. Any difference in the composition of the elects in thell/ — ev signal sam-
ple with respect to the probe samplein— ee will therefore lead to different efficiencies.
Fig. 7.11 comparedV true identification efficiencies with two different configiions of the
TP efficiencies (theBase T'P and the+T P configurations, see Sectidh3). TP efficiencies
are systematically higher thd# true efficiencies, particularly using tRel’ P configurations
which selects a sample with too high purity with respect ®ih — er sample. Adopting
2-dimensional binning im andp; accounts for kinematic differences between electrons from

Z andW boson decays, but not for selection biases.

An additional systematic uncertainty is therefore assigoesed on the difference between
true W and TP efficienciesAeV = eLF — M. True efficiencies are calculated matching
the truelW” boson electron to a cluster/electron and then calculating €iq, €.ig relative to

this object, in a similar way to the TP efficiencies. The résglsystematic uncertainties are
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Figure 7.11: Comparison of MC efficiencieg extracted fromil/ — ev events with Tag-and-
Probe efficiencies fror@ — ee events as a function of electrgrandpr.

estimated on the global efficiency and are shown, forBhee T'P configuration and inclusive
number of jet&, in the third column of Tabl&.5. Medium PID and reconstruction efficiencies
are the largest source of uncertainties, since they aretlaésoost sensitive to the electron
sample composition. Since the trigger efficiency is comgafter medium PID cuts, most bad
quality electrons are rejected and thasand 1V boson electron samples are very similar. The
+ T'P configuration yieldd % highere;q4 efficiencies while leaving,,;, unchanged and would
therefore lead to an overestimation of the overall efficjaafcA ¢V = 1.89%, to be compared to
the value 0).98% for the Base T'P (see last line of Tabl&.5). For this reason in this particular

analysis, theBase T'P configuration is preferred over thel" P configuration.

For ¢..o, there is one additional detail to be considered;, is computed with respect to
cluster level and therefore it is equivalent to the offlinecélon reconstruction efficiency only
if an electron is always reconstructed as a cluster. Theiegffty for a true electron within
the acceptance to be reconstructed as a cluster is found(89 1968 + 0.001)%, therefore no

additional correction is needed to account for clustermstroction inefficiencies.

2AeW is also estimated separately for each jet multiplicity.sTjet-multiplicity-dependent uncertainty is used
in Section7.4.
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7.4 Closure Test onA and € Corrections

This section describes how the A aadorrection factors calculated in previous sections are
used to extract the cross-section. We assume at first no tmackdjcontamination and compare
production rates after all jet selection cuts have beeniegplSpecifically, we calculated the
following term:

N-B(=0) N
(A)jet ] (A ] e)jets-ﬁ-E?iss - A€

miss 1
ED ele

NW+Njets =0ow - BR(W - ey) L (A : E)jets = (7.6)

where Ny vjeis are the true number of signal events aNd— B (= 0) are the measured
number of events.A and e are redefined as the acceptance and efficiency factosytn
and electrons with respect to reconstructed jets, as disdubhiroughout this chapter. This is
a purely academic exercise to verify that A anbave been correctly factorised and identify
potential biases. Performing such a closure test on MC engis$to ensure that the procedure
is self-consistent and can be safely applied to LHC data tisrwill be available. To extract
the final cross-section, jet corrections will have to be egabdnd the final yield then divided by

the integrated luminosity.

In the case of this measurement, with multi-dimensionatiefficy and/or acceptance maps,

the formula in eqn.4.6) is generalised as:

Na Ne

5 Ny

NW+Njets - A ']E‘ (77)
ioj v

where A ande are binned in different dimensions (eg: 7, pse; A = piV, @97 1 gT)

and the indices, j run overN 4 (number ofA bins) andN, (number ofe bins) respectively.
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The statistical uncertainties are:

Ny Ne ..
A2Nij
2 — E E
Astat - - (Az . Ej)2 (78)

i

Nar Ne v o N2 Ne r Na a1 (2 €N 2
st = Y[ GO () (Y] o

(2

where the first term4,;,;) accounts for the statistical errors on the number of signahts
and the second ternﬁ@jt) for the statistical errors oA ande. The latter is propagated as a
systematic uncertainty on the cross-section and is addgqdaddrature to the other sources of

systematic uncertainties which are estimated globalbee Table3.3-7.5):

Bkg 2

3= ()" (U3 2" (M) (52) L ()] o
t ]

The closure test is performed as follows:

e Reference: the full statistics of th& — ev + N partons ALPGEN sample is passed through
the jet selection cuts only and is divided into sub-sampfe¥ .. Yields are normalised
to 100 pb! of integrated luminosity. This will be the reference santple pseudo-data is

compared to.

e ¢. electron efficiencies are extracted using the TP methat figpseudo-data sample of
Z — ee + jets events equivalent to 100 phof data. A two dimensional efficiency map in

n- pr IS extracted.

e A: the full statistical power of the M@V — ev ALPGEN sample is used to derive the
Emiss and electron acceptance factors binneghin leading jetpr/ HT (for N, = 0 a
single dimensiony!’, is used).

e Pseudo-experiment: a pseudo-data samplé& of> ev + jets equivalent to 100 pB of lu-

minosity is passed through the full selection cuts and igldiy into sub-samples according

3The systematic uncertainty on the acceptance fE#f* corrections is not considered for this test as it is not
relevant, given that th&iss correction factor is taken from MC.
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to the jet multiplicity. For aN;..; sub-sample, a multidimensional histogram, with dimen-
sions and binning determined by theand A maps, is filled. Each bin is then weighted
by the corresponding’- and the sum over the bins gives the overall yield for the given

NW—I—Njets .

Results and Discussion

The corrected yields for 100 pb of integrated luminosity are reported in Talfles. Shown
are the MC reference and the pseudo-data corrected foraieand £ acceptance and
efficiencies, using two dimensional maps. THeseT'P configuration is used for extracting

the efficiencies and the systematic error therefore incdlbdéermAc'.

The deviation from the MC truth is less than 1% and within ttegistical plus system-
atic errors, demonstrating that the procedure is selfistere. Typically, corrected yields are
underestimated (with the exception of the 0 jet bin), as etqueby the fact that data-driven
efficiencies are larger than MC efficiencies. The measurémeatominated by the systematic
uncertainties, particularly for the 0-jet bin where stite errors are below the 0.2% level.

Electron efficienciese(y ande,.., in particular) are the largest sources of uncertainty.
To check the stability of the results, two variations areestigated:
e Global rather then binned acceptance and efficiency caorecare applied. Acceptances
are determined separately for each jet multiplicity bin.
e The+ TP (rather than thé3ase T'P) configuration is used to extract the efficiencies.
Table7.7 summarises the results by comparing the deviation from tB8amith using global

factors and the two TP configurations. The difference betwglebal data-driven and true

efficiencies (\¢"V) is also shown in each case. It is observed that:

e Using binned rather than global factors improves the ages¢mith the MC truth. This is

particularly visible in the O-jet and 1-jet bins, where thlewidtions from MC are significantly
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reduced.

e Using the+ TP configuration, predicted yields are systematically unskareated byl —
2%. This is expected since the T'P efficiencies are systematically higher than the true
efficiencies, therefore leading to an under-correctiorhefriumber of events. The bias is
still present even using 2-dimensional efficiency maps, alestrating that it is not caused
by differences in thél and Z bosons) andpr spectra, but rather due to the quality of the
electron sample. To account for this bias it is thereforeessary to include the systematic

uncertaintyAeW.

e The systematic uncertaintixe" is significantly lower in the 1 and 2-jet bins with respect
to the O-jet bin for botht- TP and Base T'P configurations. In fact, as thé” boson is
boosted, the electragn- spectrum is shifted to higher- bins and the kinematic differences

between electrons fro” andZ bosons are less important.

e Even for global efficiencies, the shifty,.,_nc is typically smaller than the value afe".
The reason is that a small correction factor in the triggéciehcy is missing and this
counterbalances to a certain extend the fact¢hat> €. In fact, the efficiency for an
event to pass the trigger is slightly higher than the objagger efficiency*. The factor
ewig ONly calculates the probability that the candidHteelectron fires the trigger, but other
poorer quality electrons or jets in the event could fire tiggr too (although this is much
less likely). The difference between object and event-tharsgger efficiency is estimated to
be~ 0.3%. Since this factor is much smaller than the total systematéertainty & 1%),

it can be neglected for the time being.

4The object trigger efficiency is the probability that oneemitj such as an electron, fires the trigger and is
computed requiring matching between trigger and offlinechj
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Nje.ts MC Reference Pseudo-Date . + Agyst  Astar (%) Asyst (%) Adata—nic(%)

0 1186050 += 953 1188751 £ 1871 4 18005 0.16 1.51 0.23
1 107837 £ 245 107735 £ 565 £ 1200 0.52 1.11 -0.09
2 22066 £ 52 21898 + 244 £+ 250 1.11 1.14 -0.76

Table 7.6: Corrected yields for 100 pbof data forlW — ev + 0, 1, 2 jets. Shown is the
MC reference, obtained using the full ALPGEN sample, andpeudo-data afteb=s* and
electron acceptance and efficiency corrections. The emorthe MC reference are purely
statistical. For pseudo-data, both statistical and syetienerrors are shown in their absolute
and relative (fourth and fifth columns) valued.c_qata (last column) is the deviation of the
predicted value from the MC truth.

BaseT P Config. +T P Config.
Njets Adata—Mc(%) AGW(%) Adata—MC(%) AGW(%)
0 -0.57 1.12 -1.57 1.81
1 0.36 0.39 -0.65 0.97
2 -0.08 0.45 -1.09 1.04

Table 7.7: Closure test using global correction factors éoegtance and efficiencies, using two
different TP configurations for the extraction of data-dn\efficiencies: the defauBase T'P
(left) and+T'P (right). For each of them the relative deviation (i) between true and cor-
rected number of eventa(..._wc) is shown, as well as the difference between TP andifrue
efficiencies \e™).

7.5 Conclusions

This chapter showed how event selection cuts are correotduyfacceptance and efficiencies
when performing a measurement. The approach adopted wase ttata-driven methods when-
ever possible to minimise the dependence on MC. Factors #émabe entirely extracted from
data (efficiencies) were decoupled from the correctionkifeematic cuts that must be extracted
from MC (generator-level acceptance). Corrections for ggneto-detector-level acceptance
were estimated using a smearing technique, relying on thetfat electron and’** scale and

resolution will also be determined in-situ.

Experimental systematic uncertainties on the acceptaece evaluated. Uncertainties on
smearing corrections on electrons were observed to begiteglicompared to those afiss.

Theoretical uncertainties on the generator-level acoeptavere not considered but should be
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studied in the future. Systematic uncertainties on theieffaes were found to be at the 1.5%
level (relative), larger than experimental uncertainbeghe acceptance (0.8%, relative error).
Uncertainties on the efficiency are dominated by the unicgytan ¢,.., ande;q. A significant

contribution to this uncertainty is due to the differencénAmen TP and true efficiencies and is

therefore intrinsic to the TP method.

A closure test for acceptance and efficiency correctionspea®rmed. It was shown that
the full procedure is consistent and that the true numbepwoected events can be recovered

within uncertainties. Some conditions were crucial fordlkseuracy of the result:

e All correction factors should be binned in the variableytimstly depend upon. Applying
global rather than binned correction factors leads to ladggerepancies between truth and

corrected yields.

e Each step (acceptance at generator, detector level aniéediies) should be factorised in a
consistent way. Furthermore, in order to account for detesthearing on the electrgn-,

a merging between final state electrons and QED photons Heesgerformed.

e When applying efficiencies extracted froith — ee events tol — ev events, care has
to be taken on the TP configuration to be used. A selectioniwt@quires tag and probe
electrons to have opposite charge, for example, leads tonglsavhich is too pure and

therefore overestimates the efficiencylsf — ev events by 1-2%.

It has been shown that differences between TP and MC effieiemesult in an additional
systematic uncertainty, which would be then propagatedhéoctoss-section. Choosing the
optimal TP configuration is therefore important to minimilse overall systematic uncertainty
on the cross-section. An alternative solution would be &R efficiencies only to validate the
MC and, if needed, extract a data-derived correction fa€wor the cross-section measurement,
MC efficiencies could be used, with this correction factonisTapproach should be preferred

when TP efficiencies are significantly different from truaééncies.



Chapter 8

Prospects for the Measurement of the

W + Njets Cross-Section and Ratios

The previous chapters described techniques for eventtegiebackground estimation and ex-
traction of efficiency and acceptance corrections in thdecdrof thelW — ev + jets cross-
section measurement. Several topics were covered, witicplar emphasis on electron related
issued (from backgrounds, to efficiencies and detector sngga This chapter brings all those
topics together. The objective is to assess the feasilafithe measurement of the absolute
W — ev + N, cross-section for the 1-2 jet bins with the first 100 plof ATLAS data, as
well as to identify ratio measurements of vector boson V $ jehich are robust against the
largest sources of systematic uncertainties. The firstqdaie chapter (Sectio8.l) is dedi-
cated to the absolute cross-section measurement. Thetedmsstematic uncertainties arising
from the sources considered in previous chapters and aiberes (such as jet scale and resolu-
tion) are discussed. In the second part (Sed@i@ two ratio measurements are presentg (

andR,.;;) and the advantages of measuring ratios over absolute-sea$i®ns are described.

155
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8.1 Measuring theW — ev 4 Nj.ts Cross-Section

The absolute cross-section fidf — er produced in association witN hadronic jets€,) can

be calculated as:

1 Nn_Bn

on =0(W — ev+ Njgs) = — - , .
’ L AGenﬁRec[Njets] : 6jet : ARec[E%HSS + 6[6] * €ele * 626{)‘/0

(8.1)

whereN,, and B,, are the number of candidate and background eventsmwith V., recon-
structed jets and is the integrated luminosity. The efficiency/acceptancensewere defined

in Chapter7, egn. {.2), and the variable'?,

veto

is the efficiency of the lepton veto cuts (track veto

and/or EM fraction veto, see Sectibr.]), if applied. It should be noted that the cross-section

is for jets in the phase-spacpy;.;| < 3.1 andpr;., > 30 GeV (see Sectior?.1in Chapter7).

The cross-sectionyy is extracted as follows:

e |V candidate events are selected as described in Chépted divided in sub-samples

according to the number of jets, thus giving.

e The number ofV + N,.,, events after background subtraction is determinéd+{ 5,,),
according to eqn5.11) in Chapters: first background from QCD-jets is estimated using
data-driven techniques, then contributions from singte tband dibosons are subtracted
(based on MC estimates) and the final yield is correctedZfor~ ¢/ andW — Tv

contaminations.

e Yields are corrected for all inefficiencies due to eventc@das on electrons angis

(termsApg.[ERs +ele] - €..). Efficiencies and acceptance are extracted from data or MC

as described in the Chapté&snd 7. An example of how to apply such corrections was
also given in Chapter. If lepton veto cuts are applied to reduce the backgroureseh

also have to be corrected for by an efficiene§f() which can be estimated from MC.

e Jet corrections have to be applied. Jet reconstructionesfties, jet energy scale and



8.1Measuring the W — ev + N,..s Cross-Section 157

< \ \ - —
I - —

F 3 046 CH 30 53 H
z T b
2 B4 25 60 12 -
1- i 20 67 13 01—
o 8 i 16! 0.041 0.00012

| : | | |

0 1 2 3
N Reco

jets

Figure 8.1: Migration matrix mapping/ + N true jets to W + N reconstructed jets events.

Events are normalised to the number of truth jets, ie. eastofdhe matrix is normalised to

100% if the bin N;..s Reco > 4 (overflow bin) is considered.
resolution cause migrations between jet multiplicity biag event withn true jets can
be reconstructed as an-jet event withm # n. Figure 8.1 shows an example of a
migration matrix obtained with fully simulated ALPGEN saleg thez- andy-axis are
the number of reconstructed and true (particle level) gtpectively and each row of the
matrix is normalised to 100%. Although most events lie ordiagonal, less than 70% of
events with\V > 0 truth-jets have the same number of reconstructed jets. Bynations
are more significant to lower multiplicity bins and are mgidue to jet energy scale
and resolutiont. In order to unfold reconstructed- to truth-level jets (i@ccount for
the termsAcen— rec[Njets) * €reco jet 2), the migration matrix has to be inverted. Methods
for unfolding W and Z + jets events with matrix inversion were investigated3hdnd
have shown that true jet multiplicity distributions can leeavered within 2% precision.
After unfolding, event-level inefficiencies due to theR.; and AR;; requirements, are

corrected for by event weights (egedhej, 1lear;;)-

The cross-section obtained would be defined at truth-l@tsl(hadron level) and could there-

fore be compared to predictions provided by MC generatées ALPGEN (interfaced with

1The jet reconstruction efficiency is around 99.5 % and carefbee not explain migrations of the order of
30-40%

2Recall from Chapte? thatejer = €reco jet - €ARej - €arjj- UNfolding accounts only for the jet reconstruction
efficiencye eco jet -
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Relative Uncertainties omy (%)

Quantity Njets =1 Njas =2 Comment

Statistical

N, — B, 0.52 1.27 n/a

Systematics

N, — B, 0.27 1.52 Background from QCD-jets excluded

ARec| BFS + ele] 0.88 0.88 Experimental uncertaintis{*> and ele smearing)
€ele 1.07 1.09 From TP efficiencies

L 10 10 Expected uncertainty for early data

Table 8.1: Statistical and systematic uncertainties oratisolutell’ + 1, 2 jets cross-section
measurement from the sources considered in previous ¢hapte

HERWIG/JIMMY) and PYTHIA. For comparisons with NLO theoredi predictions at parton
level provided by MCFM, additional corrections for non-petative effects (fragmentation and

underlying event) should also be applied.

In preparation for the measurements which will take placéaécoming months or years,
we investigate the experimental prospects for measuring The focus is on sources of ex-
perimental systematic uncertainties. For comparison,abribe largest sources of theoretical

systematic uncertainties, parton distribution functi@BFs), is also investigated.

8.1.1 Experimental Systematic Uncertainties

Each term in equatio.1 has an associated uncertainty, which contributes to thetatatis-
tical/systematic uncertainty as shown in edgh3). Table8.1summarises the relative uncertain-

ties (in%) from the sources considered in the previous chapters:

e N, — B,: this term contributes to the statistical, as well as to §stesnatic uncertainty.
The systematic uncertainty is determined by the unceytairthe background estimation,
which includes here only EW backgrounds. For the 2-jet bimet® on isolated tracks
is applied. Given the poor MC statistics, background from Q€ is not included.
Furthermore, no uncertainty on the detector simulatiométuded, since this has yet to

be assessed. Therefore, although the values shown in abée comparable to the



8.1Measuring the W — ev + N,..s Cross-Section 159

statistical uncertainty, in data the impact of the backgrbis expected to be much larger,

depending on the contamination of QCD-jets and the religtoli the MC simulation.

o Ag..|ER= + ele]: the overall systematic uncertainty on the acceptancesstiar).9%,
considering only sources of experimental uncertainty. €uions for EX*5 smearing

(see [1] and Sectiorv.2.3 have the largest impact (0.8%).

e .. uncertainties from electron efficiencies are at the le¥el% and are the largest
source of uncertainties considered so far for the 1-jet birey are dominated by uncer-

tainties org;y.

e L: the luminosity is measured at ATLAS with several forwaetettors (LUCID, ALFA
Roman Pots, ZDCI1J]), which, however need to be calibrated. As of June 2010, the
luminosity was measured with an uncertaintyl ®¥ [76], but this is expected to improve

in the future. In this thesis B0% uncertainty is assumed on the integrated luminosity.

Uncertainties from Jet Energy Scale and Resolution

We now turn our attention to the effects of jet energy resotuaind scale on the cross-section
measurement. In this section we treat each source of uirdgrés an unknown bias and evalu-
ate its impact on the cross-section assuming that no cansaotsuch as unfolding) are applied.
Although from previous discussions (see Figl), it is expected that the effect will be large,
this is still a useful exercise to isolate potentially lasgirces of uncertainty. The following

are considered:

¢ Jet Energy Resolution (JER) the energy of a jet, as measured in the calorimeter, fluctu-

ates on a jet-by-jet basis with respect to the true energg.Witlth of this fluctuations is

the energy resolution(£), which can be parametrised é@ = —— + b+ & where:

V(E)

a, called the stochastic term, is the calorimeter intringisotution due to fluctuations

of the showers in different samplings;is the constant term and reflects the effect of
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the calorimeter non-compensation and non-uniformitigh@energy measurementis
the noise term and parametrises electronic noise from #w-oat chain.c dominates
at very low energied at high energies and at middle energies. The ATLAS hadronic

calorimeter (neglecting) has:% = % + 3% (the units forE are in GeV).

e Jet Energy Scale (JES)the measured energy of a jet can also be systematicallgghif
with respect to the true energy. The absolute jet energye szl be restored by proper
calibration and corrections as described in ChagteBection4.4.1 Such corrections,
however, are affected by an uncertainty which will be relddh an uncertainty on the
cross-section. Although the ATLAS goal is to achieifé precision on the jet energy

scale, with early data this uncertainty is likely to be ambén- 10% 3.

The impact of scale and resolution are evaluated indepdydsnshifting or smearing the true
energy of a jet. For the resolution, the jet energy is obthinem a random number generated
from a Gaussian distribution with mean at the true jet enengg a width of 0.10. This is
equivalent to assuming a constant tefm= 10%, which is a very conservative estimate and
dominates the energy dependence of the resolution for jgtspw > 30 GeV. For the energy
scale, the energies of all jets are shifted by a given vahie £10%), which corresponds to the
experimental uncertainty on the JES. In each case, thg jistrecomputed and jet counting is
performed again. The relative uncertainty on the crosiesets given by the difference in the
number of signal events befor& [V (Ref)) and after the shift or smearing/{’ (JER/JES)):

Aoy  NY(JER/JES) — NY (Ref)
oN NY (Ref) ‘

(8.2)

Table 8.2 shows the impact on of scale and resolution on the absélutes ev + 1 and 2
jets cross-section. In Figu@&?2, the effect of a 5% and 10% shift in the jet energy scale are

compared. The resulting uncertainties are significantigdathan any source of uncertainty

SRecent studies?[7] have estimated the jet energy scale uncertainty to be @@t} % for jets withpy >
20(60) GeV and|n| < 2.8. These results have been obtained for inclusive jets ub@glgorithm antik; with
parameter D=0.4.
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Systematic Uncertainties ary (%)

Sources of systematics Njers =1 Njers =2
Jet energy resolutioi0% 0.8 5.0
Jet energy scalg’ 6.0 8.0
Jet energy scale0% 12.0 16.0

Table 8.2: Systematic uncertainties from jet energy scaterasolution on thél” + 1, 2 jets
cross-section measurement, obtained by smearing/ghifiemjet energy.
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Figure 8.2: (Left)li/ + jets cross-section as a function of jet multiplicity witysgematic uncer-
tainties arising from 5 and 10 % uncertainty on the jet enemate (JES). The right plot shows
the relative uncertainties on the cross-section.

considered in Tabl8&.1 (excluding the luminosity). In particular, an uncertairy the jet
energy scale 0of0% has an effect ooy (V,.s = 2) as large as 16%. This uncertainty cannot
be reduced by further corrections (such as unfolding), blytloy improving calibrations which
will require time. This is therefore expected to be the latg®urce of experimental systematic
uncertainty in early data.

Smearing due to energy resolution (which, if uncorrectedmuld result in the uncertainty
reported in the first line of Tabl8.2) can be corrected for by unfolding, provided that the
detector resolution function is known. The unfolding prdwes, however, will also be affected
by an uncertainty and, in addition, any uncertainty on thergyresolution function itself will
result in an uncertainty on the measured cross-section.eflefess, even a 10% uncertainty
on a resolution of 10% will have a negligible impact compawveth the effect of a 5-10%

uncertainty on jet energy scale.
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8.1.2 Theoretical Uncertainties on Parton Distribution Functions

An important source of theoretical systematic uncertamét the LHC are the Parton Distribu-
tion Functions (PDFs). PDFs are part of predictions for angs-section at hadronic colliders.
Thus, assessing the level of PDF uncertainties is cruciattalying both processes within and

beyond the SM.

The CTEQ and MRST groups provide PDF errors estimated with aibdesechniqueqg],
whereby a matrix of dimension N x N (where N is the number oé fparameters used in the
PDF fits) is diagonalized, resulting in a basis of N eigenwect By varying each eigenvector
along the positive/negative direction a PDF error set isioled. The CTEQ group provides 40
PDF error sets (for 20 free parameters in the fit) for the NLG-RBt CTEQ6M. A rigorous
estimation of PDF uncertainties would require generatingrge number of events for each
PDF set, ie. 41 times for the 40 PDF errors plus the centralevallhis is a very expensive
process in terms of CPU time and storage space. PDF rewejgistia powerful technique
which overcomes this problem, allowing to estimate unaatitss using only one sample of
events generated with a conventional PDF set. Predictamany other PDF set are calculated
by applying a weight to the hard process on an event-by-ds&sis. The event weight (EW)
is a function of momentum fractiom of the two incoming partons and the sc&)é of the

interaction:

Jodr (21, Q%) fpap, (22, Q%)

EW = fpdfl (Ila Q2> fpdfl <x27 Q2)

(8.3)

where the scal®? should be chosen consistently with the definition used imytheeratiort.

In this thesis PDF reweighting is applied to the ALPGHEN+ jets samples to investigate the
effect of PDF uncertainties on physical distributions. Fhelies presented in this section were
performed with samples generated with a centre of masserérg 14 TeV, but no significant

variations are expected for a lower centre of mass energQ oe¥ [79]. As mentioned above,

“For the ALPGENIV + jets samples used in this studies, the scale was calcdtatedthe mass /") and
transverse momenturp’) of the W boson ag)? = (M")? + (p}¥)2.
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Figure 8.3: (Left) Test of PDF reweighting technique: congzn between th&l” boson rapid-

ity (y) distribution obtained by directly generating eventith the PDF set MRST2001NLO and
by reweighting events generated with CTEQG6LL. The lower ghaiws the ratio of the distribu-
tions. (Right) Relative error on tH&” + jets cross-section arising from PDF uncertainties given
by the CTEQ6M set. The upper (+ PDF unc.) and lower (- PDF uncitainties are obtained
by combining the positive/negative variations of the 2@eaigctors, as described i2q).

the CTEQ group provides error sets for the NLO PDF CTEQ6M, wdetee ALPGEN data-
sets were generated with the LO PDF set CTEQGLL. It is theeef@cessary to reweight the

sample from a LO to a NLO PDF.

The accuracy of PDF reweighting on kinematic distributidos events generated with
HERWIG was investigated in previous studi&][and found to be better that% (see be-
low). A similar analysis was performed on ALPGEN events &t the accuracy of reweight-
ing from a LO to a NLO PDF set. Two samples of 500,000+3 parton events were gen-
erated with two different PDF sets (CTEQ6LL and MRST2001NLBjents generated with
CTEQ6LL were then reweighted to MRST2001NLO and compareddselgenerated directly
with MRST2001NLO. Figure.3(left) shows such a comparison for thHé boson rapidity dis-
tribution: the agreement is good, particularly in the caintegion. By considering different
observables, it was shown that the PDF reweighting teclenigjaccurate to better thafi in

the measurable kinematic regions, sufficient for its apylility to this study.

The ALPGEN samples were therefore reweighted from CTEQ6Lthéocentral value of
CTEQ6M and the 40 error sets. The upper and lower uncertaiatieund the NLO central

value are calculated using the asymmetric error formulameuended inZ6).
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The relative uncertainties on the jet multiplicity speatrishown in the right plot of Fig8.3,
are belowr% for all bins . For the 1- and 2-jet bin, in particular, they begweer8 — 6%, lower
than jet scale uncertainties arising from an energy miseaion of 5 or 10%. In order to gain
sensitivity to the PDFs and improve the PDF fits, an uncestain the JES of 1-2% is required.
Although this is not feasible for the first year of runningisita potentially interesting study in

the longer term.

8.2 Ratio Measurements

In Section8.1, the feasibility of measuring the absoluté — ev + 1, 2 jets cross-section was
investigated. It was shown that the measurement is totaltyidated by systematic uncertain-
ties on jets. An uncertainty of 10% on the jet energy scal@airticular, is expected to result
in an uncertainty as large as 16% on the absolute cros®sedtincertainties from electron
efficiencies and experimental uncertainties on the acneptare an order of magnitude smaller
(around the 1% level). These observations show the neecefigring a measurement af
+jets which is robust against jet uncertainties. Ratio mesasants are an obvious choice as they
lead to cancellation of several systematic uncertaintiethis section, two ratio measurements

are investigated:
O'(W"—N‘ets + 1)

Ry = d

¢ W O'(W + Njets)

' _ U(W + Njet5>
jets O'(Z+ Njets)

whereN;., =1

. whereN, ., = 1,2.

One first obvious source of uncertainty that cancels in batibs is the luminosity. In addition,
one would expect some detector effects to almost canceltfwedsato be significantly reduced.
Some examples are detector response on electrons and grissisverse energy in they,
ratio and jet energy scale/resolution in tRe,, ratio. When designing a ratio measurement it
iS necessary to estimate to what extent detector effectetanthe ratio and compare these to

the systematic uncertainties arising from correctionsstarh detector effects. In this section,
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the following approach is adopted: detector effects, sgaleeonstruction efficiency or energy
scale and resolution on electr@i/*/jets, are considered as uncorrected biases. For example,
the impact of electron PID efficiencies éh(R = Rw or Rj.s) can be estimated by computing
R on reconstructed quantitiéefore andafter applying a medium PID cut. The bias from the
electron PID cuts can be considered as a systematic umtgrtém general, the effect of any

cut on the ratios is evaluated as:

AR RAfter Cut __ RBefore Cut

R R Before Cut (84)

The value ofAR is then compared to the systematic uncertainty?otmat would derive from
applying a correction for such a cut. In the example of theted®@ medium PID, the correction
is thee;q with its associated uncertainty. If the uncertainty on tbeection is larger than the
bias AR introduced by the cut itself, it might be desirable to leawve tatio R uncorrected.
Similarly, the effect of the detector response on the radio lse assessed by computiRgon
truth and reconstructed (or smeared/shifted) quantiiée systematic bias introduced by the

detector response, to be compared with the uncertaintyefathorsAge, . ree, IS:

A R RReco o RTruth
R - RTruth

(8.5)

It should be noticed that the systematic uncertainties fiooeptance and efficiency corrections
have to be recomputed for each ratio. Since uncertaintiegsiorerator/denominator correction
factors are correlated, they cannot be simply added in @iadr. TheRy, andR;.,, ratios and

their uncertainties are treated separately in the follgvgiactions.
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8.2.1 Ry Ratio

The Ry ratio is determined as:

_ NQ - BZ . AG’enHRec[Njets:I] . <€jet>1 . (ARec[E%ﬁss + 6[6])1 . (eele)l
Nl - Bl AGenHRec [Njets:2] (Gjet>2 (ARBC[E%HSS + 6[6])2 (Eele)2

—N2 — B R R R miss
- Ny — By AGen—reeNjets] - €iet” - Apec[Er™ + ele] - €

Rw

ele

where the subscripts 1 and 2 indicate the number of jets.

Each term in the second line of the equation has an associatedtainty. We first examine
the largest source of experimental uncertainties: jetggn&gale and resolution. In the,, ratio,
it is not expected that such uncertainties cancel out caelglgiven that the number of jets in
the numerator and denominator is different, but it is expethat their impact is smaller than on
on. The value ofRy, as a function of the number of jef$;.,, is shown in Fig 8.4 (left), with
systematic uncertainties arising frai¥ and10% uncertainty on the jet energy scale. The right
plot compares the effect of JES uncertaintiesfon with that on the absolute cross-section.
The overall uncertainty on the ratio measurement is sigmifig reduced fotV,.,; > 0. In the
ratio %—i}) instead, no cancellation occurs and the JES still accdaon@n uncertainty larger

than10%. The Kv’ié is therefore discarded and we focus the attention on the unerasnt of

the (=5 ratio.

Different sources of systematic uncertainties and thepaioh on the-+2 e +1 ratio are sum-
marised in Table.3 (left column) and3.4. The first table shows the impact of detector effects
on jets, jet selection cuts and lepton vetos if consideradhasrrected biases. The second table
compares biases from electron abig*s selections (if uncorrected) with the systematic uncer-
tainties on the acceptance and efficiency corrections. Baaglte of uncertainty is discussed

below:

e Uncertainties from jet energy resolution and scale areifsigntly reduced with respect
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Figure 8.4: (Left) Measurement of the rawU(W T Ny
with systematic uncertainties from a miscalibration in jaeenergy scale of 5% and 10%.
(Right) Comparison of relative uncertainties from the jetrggescale (assuming a miscalibra-
tion of 10%) on the ratio and on the absollite— ev + jets cross-section.

for different jet multiplicities

Systematic Uncertainties diy and R ;.. (%)

Sources of systematics ARLMXV % (Njets = 1) % (Njets = 2)
Jet energy resolutiotD% 0.6 0.5 0.4
Jet energy scale0% 5.0 0.7 0.5
€ARe; 1.8 0.7 1.9
EARj 1.2 n/a <0.1
€reco jot 0.6 0.1 0.1
¢r (Track) 2.9 0.5 0.2
¢» (EM Frac) 4.6 0.3 0.5
Statistical 1.4 2.0 4.2

Table 8.3: Systematic uncertainties due to jet energy seatdution, jet selection and back-

ground rejection cuts on the ratidg, = va—ﬁ (first column) andR, ., with NV,.;; = 1 (second

column) orN,.; = 2 (third column). Uncertainties are computed as uncorrebtasl on the
measurement. Expected statistical uncertainties for tgiated luminosity of 100 pt) are
shown for comparison.

to the absolute cross-section. The JES uncertainty stiibnes the dominant source of

error, leading to a 5% uncertainty dty, for the most pessimistic scenario tf% JES

uncertainty.

o Jet efficiencies also do not cancel in the ratio. This is lyagdlprising, since thR,;
andAR;; selections are effectively phase-space cuts and ther@gépend on the number

of jets in the event. Jet reconstruction, in comparison,ahesatively small impact of
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Systematic Uncertainties oy, (%)

Sources of systematics AR% Unc. from correction
EMiss smearing 1.88 <1.12
electronp; smearing 0.29 0.31

€ele 030 025

Table 8.4: Systematic uncertainties on fig measurement fromv»** and electrom; smear-
ing and electron selection cuts. The left column shows tfecebf each source when it is
considered as an unknown and uncorrected bias. The riglthcoshows the systematic uncer-
tainties deriving from correcting such biases with an atarege (A) or efficiencyd) factor, as
described in Chaptét.

0.6% because jet reconstruction efficiencies are very high4.5%). Considering all jet

effects (efficiencies and energy response), it is concluldatjet corrections cannot be

neglected, implying that jet unfolding has to be performedhe Ry, measurement.

e If lepton veto cuts are desired to reject background, theyishbe applied to both the
1- and 2-jet bin, to favour their cancellation. Even thenyéeer, the bias on the ratio is
of 2 — 4%, depending on the lepton cut applied. Signal inefficiencassed by lepton
vetos are in fact largely due to jets that leave hits in thefridetector or have large EM

fraction, introducing a dependency on the jet multiplicity

e Detector effects orZ** do not cancel in the ratio and, if uncorrected, would lead to
a bias of almost 2%. As discussed in Chaptesystematic uncertainties froda:iss
smearing corrections were estimated 7d][to be 0.8% on the absolutél” boson cross-
section measurement. In the raflyp, part of this systematic uncertainty will cancel out.
In the absence of specific studies on g ratio, an upper limit is set by assuming that
no cancellation occurs and uncertainties on the corrextionthe 1- and 2-jet bin can
be added in quadrature. The overall uncertainty flBji* smearing correction on the
ratio would bel.12%, which is still smaller than the bias introduced by deteetifects
on B, 1tis therefore concluded thatyss detector effects should be corrected for even

in the ratio measurement.
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e Detector response on electrons, instead, has an efféc@®% on the ratio. This is com-
parable to the systematic uncertainty introduced by ctngthe acceptance for electron
pr scale/resolution and is in any case much smaller than thistgtal uncertainty. It
can therefore be argued that electign smearing can be neglected in the acceptance

calculation.

e Similarly, also electron efficiencies largely cancel outhe ratio, with a residual bias
of 0.3%. The overall systematic uncertainties from applying TRcificies to the ratio
measurement are also significantly smaller than in the atesaloss-section measure-
ment. In fact, since TP efficiencies are extracted indepathdef the jet multiplicity,
uncertainties from the background fits totally cancel oute Tesidual uncertainty is
dominated by the statistical error on the TP efficienciesq@ for both jet bins) and has

a small contribution (0.06%) from the difference betweenard truell efficiencies:

AW = fiw iig ;Zg The overall systematic uncertainty from efficiency cotigts
of 0.25% is comparable to the bias &y, and is in any case smaller than jet uncertain-
ties. It would therefore be acceptable to neglect electfioziency corrections in thé?y,

measurement.

In comparison to the absolute cross-section, the rAtjohas some clear advantages. It has
been shown that taking the ratiodf + 2 andWW + 1 jets leads to a significant reduction of the
largest source of experimental systematic uncertaintiasiely the JES uncertainties. These
still remain the largest sources of systematics, but anecedifrom12 — 16% to the5% level.
Electron corrections (detector response and efficienbi@g} a negligible impact on the ratio,
whereas jet and lepton veto efficiencies d@figl* corrections still have an important effect and
cannot be neglected. This implies that a measuremeiolvill require good understanding of
jet unfolding andE2s* reconstruction. While the dependencies of electron effitésnversus
jet variables will have to be checked with data, they are etqueto play a minor role in the

measurement. Precise predictions of backgrounds will laésorucial, since the background
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contamination depends on the jet multiplicity.

8.2.2 Rj.s Ratio

The R, ratios forN,.;, =1,2 are determined as:

R. _ NW _BW . (AGenHRec[NjetsDZ . (Ejet)Z . (ARec[E%liSS—i_ele])Z . (eele)Z
yets NZ - BZ (AGenHRec[Njets])W (Ejet)W (ARec[E%mSS + €l€])w (eele)W

Nw — Bw R, R; R; i R;

_ jets jets jets miss jets

- ’ AGenaRec[Njets] ' 6jet ’ ARec [ET + €l€] “Cole -
Ny — By

In the following discussion we assume thatbosons are selected requiring the presence of
exactly two electrons that satisfy the same electron selectiteria as for thél” decay. The

trigger and jet requirement are identical to fieboson analysis.

A measurement of th& ., ratio has the advantage that uncertainties due to jet smiect
cuts and jet energy scale and resolution cancel almost eyl The second and third columns
of Table8.3show the systematic uncertainties from jet selections aséidround removal cuts
for the 1- and 2-jet bins respectively. The JES uncertawitych dominates in the measurement
of o and Ryy, is reduced below the 1% level in the,., ratio. Uncertainties due to the jet
energy resolution are also small (within 0.5%) and efficiesifor jet reconstruction and quality
selection criteriad.. jet, €arj;) cancel at the 0.1% level. An exception is the efficiency ef th
AR,; cut, which cannot cancel in the ratio given the different benof final state electrons in
W andZ events. However, this cut is expected to be well modellebewotetical predictions. A
requirement of minimum electron-jet separation (and sirtyiljet-jet separation) can therefore
be included in the definition of ratio measurements, avagidie need for applying any further
correction to the data. The efficiency of background repectiuts also cancels in the ratio,
such that a veto on an isolated track for the 2-jet bin, fomgxe, would have an impact on

Rjets(Njets = 2) of 0.2%, while significantly reducing contamination fronptpair production



8.2 Ratio Measurements 171

in the W boson sample (see Chap&r

Other sources of uncertainty, such as acceptances andbelegticiencies will not cancel
in the R;.;, ratio. Although specific studies should be performed to ¢jiiateir effect on this

ratio, an estimate can be obtained by simple considerations

e Acceptance: experimental systematic uncertainties oad¢heptance are expected to be
roughly the same as for tH& absolute cross-section (see Ta8lg). In thell case, the
dominant source of uncertainties are corrections for detetfects onE ( ~ 0.8%),
which would equally affect the rati’/Z. Uncertainties due to electron corrections are

expected to be much smaller, but would not totally cancdhénratio either.

e Electron efficiencies: considering for simplicity globahther than binned) efficiency

corrections, the event-level efficiency foa— ce event €;) is:
2 2
€7 = €reco  €id * Etrig * (2 - Et’,rig) (88)

where the trigger efficiency term,, - (2—e..i¢ ) iS derived considering that either electrons
from Z boson decay can trigger the event. The relative systematertainty onR;.;s
from efficiency corrections is:

) 2
Aeﬁéﬁts AEreco 2 Aeid 2 A‘Etrig 2 AEW 2
(Trr) =) + (50 ) + ()
€ o €id 2— Etrig €reco * €id * Etrig

€reco
ele

Bkg2

2 2
where (AEReco/ ID/ Trig) = A‘Es‘cat + A‘Esyst .

Note that the uncertaintx¢"V (defined in Chapter) affects only thé? boson and there-
fore is added separately. Plugging in the numbers yieldsrarat uncertainty of 1.06%

and 1.08% for the the 1- and 2-jet bins respectively.

Among the sources of systematic uncertainties consideeegl, lelectron efficiencies are

therefore expected to have the largest impactlfo) on the ratioR;..;. Although not dis-
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cussed here, accurate predictions of background contéonna the W and Z samples will
also be crucial for this measurement. Leaving out/liie.; selection cut, the impact of detector
response on jets and of jet reconstruction efficiencies @&l compared to other sources of
uncertainties, that jet unfolding could even be omittede fidbustness against jet-related uncer-
tainties makes this measurement particularly interestingonly for early data but also in the
long run. Statistical limitations, driven by th& will represent the largest constraint with early
data: with 100 pb' of data, the statistical errors are expected to be about 2% fg, = 1 and
4.2% forN,.,s = 2. As more data are collected, however, pinning down systiemactertainties

on electron efficiencies and background predictions witldme gradually more important.

8.2.3 Theoretical Uncertainties onRy and R;.:s Ratios

In the previous section it was shown that tRg: and R, ratios are less sensitive to experi-
mental systematic uncertainties than the absdlute jets cross-section measurement. Whether
or not these ratios can be used to extract QCD parametersgsuRRFs ong) depends on the

level of cancellation of the underlying theoretical unaartties.

Let us again consider uncertainties due to the choice of PDRe PDF contribution to a
given process cross-section depends on the incoming pgyies, as well as their momentum
fractionsz and the scal&)? of the interaction (see Chapt8). The productioni’/ + 0 jets,
for example, requiring an initial statgy, is sensitive to different PDFs with respect to the
production of W + N, (with N;.,; > 0), which can proceed from the initial stateg or
qg. Furthermore, as more jets are added to the final state, #ie@¢ increases and with it
the average: value probed such that PDF uncertainties will depend onghmyltiplicity, as
shown in Fig.8.3right. Although there are correlations between differenttiplicity bins, the
PDF uncertainties are expected to only partially cancéténi;., ratio. Thell” + jets ATLAS
working group has investigated PDF uncertainties on MCFMlipt®ns for theR,. ratio

using the CTEQ6.6 NLO PDF se?][ Such studies have shown that uncertainties due to PDFs
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o(W+2jet)

on the ratiom

are smaller thaR.0%. As a comparison, a 5% uncertainty on the JES
results in a 3% uncertainty on the ratio measurement. Toexghlthough the uncertainties due
to the JES are significantly reduced in tRg- ratio with respect to the absoluit€ cross-section
measurement, they still represent the main limitation odktraction of PDFs. Sensitivity to
PDF uncertainties in th&y, ratio can be achieved only if uncertainties on the JES anecestl
below the 5% level.

Another interesting property of th&y, ratio is the fact that it is proportional to the strong
coupling constandrs. For this reason it is often suggested to use these ratidbdaxtraction

of ag. However, the sensitivity tag is small compared to the PDF uncertainti@$][ Therefore

a measurement afs using theRy; ratio will only be possible after constraining the PDFs.

The R, ratio is also robust against experimental uncertainties fzas less sensitivity
to theoretical uncertainties than ti#g, ratio. Ongoing studies3] in the ATLAS W — Z +
jets working group have shown that PDF uncertainties aracedi to the 1% level, from ap-
proximately 4-5% on the absolute cross-sections. Sincauhgerator and denominator of the
R, ratio are of the same order i, the ratio shows also little dependence on the choice of
factorization and renormalization scales. Given that #@lmost insensitive to theoretical un-
certainties, theR,.;; ratio cannot be used to extract QCD parameters. Howevegrrtthn a
limitation, robustness against both theoretical and erpartal uncertainties makes it a power-
ful measurement for testing SM predictions in search for paysics. In fact, thek;., ratio
has first been propose8lg] with the purpose of improving sensitivity to new phenomerach

can contaminate the one- and two-lepton channels.

8.3 Conclusions and Outlook

This chapter presented an overview of hié — ev + jets cross-section measurement and
the Ry, and R, ratio measurements with early ATLAS dataX00 pb!). Various sources

of systematic uncertainties were investigated and theicei#ations in the ratio measurements
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were discussed.

It was observed that detector effects on jets represent #jerrimitation for an accurate
determination of the absolute cross-section. An uncetain the jet energy scale of 5-10 %
alone would result in an uncertainty of 6-16% on the crossise for W — ev + 1, 2 jets.

It was shown that this value is larger than the expected taioéies due to parton distribution
functions, thus preventing the possibility of using angdél — ev + jets measurement to

improve our knowledge of PDF fits.

Ratios are more attractive measurements in an early datarszesince they suffer from
much smaller systematic uncertainties. Cancellation oktamties due to detector effects
on electrons occur in th&y, ratio and on jets in the?,., ratio. Considering the impact of
systematic uncertainties and the way they cancel is ofcatiimportance when designing a
measurement. It helps to identify those effects that neeg daderstanding and, conversely,
disregard those that have a negligible impact. For examplaing down uncertainties due to jet
selections will be crucial in th&y, measurement, whereas understanding electron corrections
(such as efficiencies extracted with the Tag-and-Probeadgthill be a primary focus in the
R,.ts measurement. Among the measurements considere®;theaatio is expected to be the
one with the smallest systematic uncertainty, but at theesamre it will be statistically limited

given the smaller production rate of theboson.

In the longer term (L> 100 pb!), not only it will be possible to refine the accuracy of
the ratio measurements (thanks to larger statistics anbwed calibrations), but also to probe
higher kinematic regions. Thy, ratio, for example, could be extended to higher jet multipli
ities, where signatures for physics BSM are expected. A stefaeseen by ATLAS for the
R;..s measurement is to gradually increase thejethreshold for jet counting, thus shrinking
the phase space towards a higher scale. Figlshows the expected cumulative distribution
for the 1-jet bin. An agreement between data and theorgirealictions in the low kinematic

range would be essential to validate the available toolsh s fixed order calculation at LO
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Figure 8.5: RatiaR.;, for N, = 1, assuming 100 pB of integrated luminosity. The distribu-
tion is cumulative, with the:-axis indicating the threshold applied on the leadingjet

and NLO in QCD and parton shower MC models. At the same timelystg the high kine-
matic range will be a critical ingredient to many new physitigdies, such as Supersymmetry,

to whichW + jets is a significant background.



Chapter 9

Conclusions

The production of &/ boson in association with hadronic jets is an interestirgg@ss on its
own, as a tool to test QCD predictions, and is also a major bradkgl to top production and
new physics searches. This thesis presented the work tisadevaloped in preparation for the
first measurements 07 — ev + jets at ATLAS. Based on MC simulations, several techniques
were developed for the reduction/estimation of backgresuegdtraction of efficiencies and ac-
ceptances. The focus was on data-driven methods, whicthevillery useful in particular in
the early data scenario to minimise dependency on MC gemsrdt was discussed how such
techniques can be employed to extract a cross-section dioaofaross-sections. The impact
of several sources of systematic uncertainties were as$assl suggestions were made for ro-
bust ratio measurements which could be performed with tee FD0 pb! of data. Here we

summarise the major observations made in previous chapters

Recommendations were made for the choice of jet selectioe @dopted. This analysis
considered antk jets with distance parameter D=0.4, wjth > 30 GeV and|n| < 3.1. A
minimum separation between two jets or the candidfételectron and a jet was also required.
While causing a small loss of statistics, these conditiorssiesd that phase-space regions with
poor electron or jet performance were excluded. The minireleuntron-jet separation require-

ment, in particular, was also advantageous since it sigmifig reduced the dependence of

176
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electron efficiencies on jet variables.

Several sources of background were treated. Background@@D-jets could not be stud-
ied in detail because of poor MC statistics, but a qualieatigscription of a data-driven method
for its estimation was presented. Emphasis in this thessgigen to leptonic backgrounds.
Lepton vetos were proposed to reduce background from psesesith a second lepton in ad-
dition to the selected electron. It was observed that a vgitoging the fraction of EM energy
deposit to identify electrons would only lead to a small lggokind reduction. In contrast, a
veto on isolated tracks is much more effective in reducirmgafickground and would result in a
sizable decrease in the overall systematic uncertainty¥it+aV,.,, cross-section measurement,
at least for the 2 jet bin. Residual leptonic backgrounds eaestimated using MC simulations,
in some cases using well known ratios to decrease the sytaimaertainty on the prediction.
A data-driven method for the estimation of background fropygair production was also devel-
oped in view of measurements at high jet multiplicities, vehe is a formidable background.
Despite some limitations in predictions for the 1 and 2 jetsbithis technique was shown to
be powerful forN,.,; > 3. Suggestions for improvements were made (using, for exampl
different cuts for selecting the control sample). Furthemenin data several backgrounds will
have to be considered together and methods for QCD-jettamatkground subtraction should

therefore be applied simultaneously.

The Tag-and-Probe method for extracting electron efficenin-situ fromz — ee events
was studied in detail. A technique for subtracting the QCixgekground using a simultaneous
fit of signal and background was developed. If efficiencieskanned in some variables, a fit
has to be performed for each individual bin. This introdusesie complications, since the
background shape varies with bins. Despite the difficulties encountered to achieve a good
fit, the resulting efficiencies were accurate within 0.5%fpr> 35 GeV.

Prospects for measuring efficiencies with early data wese discussed. With 100 pb of
data, the Tag-and-Probe method allows measuring 2-dimeaisefficiencies with a statistical

precision of 1-1.5%. In addition, measurements of effidemasing different Tag-and-Probe
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configurations would also be a powerful tool to test the amcyiof the detector simulation for

low quality electrons.

It was shown how acceptance and efficiency corrections antiee measurement of a cross-
section. Although the generator level acceptance has teteerdined from MC, detector level
corrections can be calculated applying a smearing tecbnighich allows using data-driven
measurements of electron scale and resolution rather tlaredfimates. Tag-and-Probe effi-
ciencies can be applied i — ev events, provided that care is taken on #the- ee selection
criteria used. Some Tag-and-Probe selections can biasrtema&tics of the probe or the com-
position of the probe sample, therefore affecting the efficy. Assessing the potential biases
introduced by this method is therefore crucial to minimiggtematic uncertainties on the mea-
surement. For an accurate result, it is also important t@abaeptance and efficiencies in their

driving variables.

The prospects for measuringf — ev + jets processes at the LHC were presented. The
measurement of thd plus jets cross-section is totally dominated by systematertainties
on jet energy scale, which results in an uncertainty as lasge6%. Much more robust are mea-

surements of ratios, which gain from the cancellation oesglvsources of uncertainties. The

O'(W + Njets + 1)
Ry =

U<W + Njets)

a partial cancellation of uncertainties on jets. The lat#rremain the dominant uncertainties,
U(W —I— Njets)
O'(Z ‘l— Njets)
is almost insensitive to jet effects and has systematicrtenioéies at the few percent level. The

ratio benefits from a major cancellation of electron corcers and

but are reduced to the 5% level. Even more robust isithe = ratio, which
most important aspects for this measurement are the deiation of backgrounds, electron ef-
ficiencies and detector effects on transverse missing gn€hg major limitation in early data,
however, will be statistical.

The Ry and R;.;s measurements will be crucial in the early LHC phase to védidaeoretical
predictions and MC tools. As more statistics become auailahe measurements will be ex-
tended to the corners of phase-space which are most rel@raBéyond the Standard Model

searches and might even provide hints for new physics.
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