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Physics is like sex: sure, it may give some practical
results, but that's not why we do it.
- Richard Feynman -






Abstract

This monograph describes first analyses of processesigptons in final state that have been performed with
proton-proton collision data at the centre-of-mass enefgy/s = 7 TeV collected with the ATLAS detector at
the LHC. Described studies are based on early data, recand2@{Ll0 and corresponding to an integrated lumi-
nosity of 35 pb'. Presented Higgs boson(s) searches, requiring highéstistsisamples, are based on more data,
corresponding to an integrated luminosity 0@ fb-! and collected in 2010 and the first half of 2011.

The reconstruction algorithms and identification methaxtshiadronically decaying leptons in the ATLAS
experiment are described in detail. Validation of thosealgms in data as well as the first attempts to estimate
the rate of the mis-identification of Quantum Chromodynanjets or electrons ascandidates are also presented.
A dedicated Chapter is devoted to the first measuremers-efrr andW — 7v production cross sections. The
use of the latter process for determination of the hadromiecay identification féiciency is also reported.

The early analyses of Higgs boson(s) searches wmi#iptons in final states, presented in this document, cover
studies of both the Standard Model and Minimal Supersynimtandard Model neutral Higgs boson(s) decaying
into theH — 7 final state as well as Minimal Supersymmetric Standard Materged Higgs boson decays,
H* — 7v. No significant excess over the expected background is wbden any of these studies. Nevertheless,
even though performed on limited statistics, they provigegroved exclusion limits as compared to those obtained
by previous experiments.

Streszczenie

Niniejsza rozprawa habilitacyjna opisuje pierwsze aiyapiroceséw z leptonamt w stanach kacowych prze-
prowadzone na danych zebranych przez detektor ATLAS naleaterze LHC. Uzyte dane zostaly zgromad-
zone przy zderzeniach proton-proton z energigradku masy+/s = 7 TeV. Opisane wyniki uzyskano w wigk-
szasci z wykorzystaniem pierwszych danych zebranych w roki020dipowiadajacych wycatkowan&jietindgci
35 pbrl. Wyjatek stanowia rezultaty poszukitvéozonu(éw) Higgsa, gdyz wymagaty one wiekszej liczbseza
jestrowanych przypadkow. Zostaly wiec one oparte o darpowihdajace wycatkowanej swietlea 106 fb
zebrane zaréwno w roku 2010 jak i w pierwszej potowie rokuR201

Praca zawiera szczeg6towy opis algorytmow uzytych domstakceji i identyfikacji hadronowych rozpadow
leptonébwr. Przedstawione zostaly takze testy tych algorytméw naarsfich danych dewiadczalnych, oraz
pierwsze préby wyznaczenia czestomylnej identyfikacji dzetéw Chromodynamiki Kwantow&CD) lub elek-
tronéw jako kandydatow na leptony Osobny rozdziat pegwiecony zostat pierwszym pomiarom przekrojow
czynnych procesoW — 7 i W — v w eksperymencie ATLAS oraz uzyciu przypadk®w— rv do oszacowa-
nia efektywnéci identyfikacji hadronowych rozpaddm

W ostatnich rozdziatach podsumowano pierwsze analizyaceapa celu poszukiwanie bozonu(éw) Higgsa
w rozpadach z leptonami w stanach kacowych. Opisano zarbwno poszukiwania prowadzone w rariviech
delu Standardowego jak i jego Minimalnego Supersymetryganrozszerzenia. W zadnej z opisanych analiz
nie znaleziono znaczacego sygnatu ponad tto. Niemnigjlizante, nawet przeprowadzone na malej statystyce
dostepnych woéwczas przypadkéw, zawezity limity wykletavyznaczone przez wcgeiejsze eksperymenty.
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We were not yet prepared to claim that we had found a new ctideggon,
but we were ready to claim that we had found something newc@erdguate
our uncertainty | denoted the new patrticle by U for unknowrsa@me of
our 1975-1977 papers. The nameame later. This name was suggested
by Rapidis, who was then a graduate student and had workédmétin
the early 1970s on the— u problem. The letter is from the Greekpiry

for "third" -the third charged lepton.

Martin Perl, The Discovery of the Tau Lepton, in "The Rise of
the Standard Model", Cambridge Univ. Press 1997.

Introduction

The history of ther lepton began 39 years ago when Kobayashi and Maskawa [1@pged a mechanism for
the CP violation which involved the hypothesis of a third gi@tion of quarks and leptons. At that time there
was no experimental evidence and need for another generdticearly seventies, physicists tried to understand
differences between the muon and the electron. They believegénhaps, if other higher mass versions of these
particles exist, then through studying them a new undedgtgnof the origin of lepton dferences might emerge.
The first search was performed by two experiments at the ADGiEage ring [18], but its energy was below the
threshold forr pair production. The next was the Mark | experiment on the AREtorage ring at SLAC which
began to take data in 1973. One year later the first anoma&eys events, with exactly two oppositely charged
particle tracks, consistent with being an electron and armueere observed. However, because of additional
checks and scepticism surrounding the discovery, the faghof evidence for a new heavy lepton was published
only in late 1975 [19]. The existence of thevas considered firmly established by the end of 1978 [20, 21].

Since that time, properties of thelepton have been extensively studied. Its mass, lifetineeag modes
and polarisation, have been precisely measured in sevepakiments usinge*e™ collisions, namely the LEP
experiments [22], BaBar [23], Belle [24], BESII [25], CLE@4] and KEDR [27].

A new era forr leptons came with hadron colliders, Tevatron [28] and Latgelron Collider (LHC) [29]. For
those experiments,decays themselves are not of primary interest, but ratlegrdre used to measure properties of
7 production processes.leptons, and particularly their hadronic decays, play apartant role in measurements
of properties of electroweak bosons and top quarks. Thelaee crucial for discovery physics, like searches
for Higgs boson(s) [30, 31, 32, 33, 34, 35], SupersymmettyS®) [36, 37, 38, 39, 40, 41, 42, 43, 44], or other
unexpected phenomena.

7 leptons are heavy particles with a measurable life-timdemyoing only electroweak interactions. They cou-
ple to SUSY particles via Yukawa coupling free from Quantuhr@@nodynamics (QCD)féects. The production
and decay vertices af leptons in typical LHC collisions are well separated in spgaroviding a potential for
measurements of the polarisation, spin correlations arityfd resonances decaying tdeptons. The excellent
knowledge of their decay modes from low energy experimerdkarthem an ideal signature for observations of
New Physics.

Despite the strong physics motivation for exploring datéhwi leptons in the final state, reconstruction at
hadron colliders remains a veryfiicult task in terms of distinguishing interesting eventsroackgrounds domi-
nated by the overwhelming QCD multijet production. Anotredated challenge is to provide affieient triggering
for events with hadronie decays, while keeping trigger rates at levels manageabtbedirigger system.

The LHC started operation in November 2009 and since 30 M2@dl® proton-proton (pp) collisions at the
centre-of-mass energy of's = 7 TeV have been taking place. In this monograph, the firstyaealinvolvingr

11



12 CHAPTER 1. INTRODUCTION

leptons, using data recorded by the ATLAS detector [45]mu1010 and corresponding to an integrated luminos-
ity of 35 pb1, are presented. Only exception are the Higgs boson(s)rsesarbased on more data (from 2010 and
the first half of 2011) corresponding to an integrated lursityoof 1.06 fb~t. Bothtt and New Physics processes
studied withr leptons in final state are omitted in the monograph as thayiregigher statistics of data.

The document is organised as follows.

Chapter 2 gives a short descriptionwolepton properties and decays. A review of processes wiéiptons in
final states follows after.

Chapter 3 briefly introduces the ATLAS detector, its subsyst and techniques for particle identification. As
Monte Carlo samples are used in described analyses, ttegugtion chain is also presented. For the first data
studies, similar preselection of events, based on detpetbormance is usually applied. It is described roughly at
the end of this Chapter.

In Chapter 4, the algorithms for thdepton reconstruction and identification are presenteirfrerformance
in terms of identification &iciencies and mis-identification rates is also described.

Chapter 5 focuses on Standard Model processes wi@ptons: W — 7v andZ — 7t decays. The first
measurements of their cross sections in ATLAS experimantiascribed. Finally, an application of those studies
for the measurement of theidentification éficiency in data usin§V — rv events is presented

The Higgs boson(s) searches witleptons in final state are presented in Chapter 6 for the &tdndlodel
and in Chapter 7 for the Minimal Supersymmetric Standard &l.od

In Appendix A, ther*t~ mass reconstruction techniques used in the presentedsasabre described.

Conventions

The refers to either an electron or a muon. Treymbol refers to an electron or a muon or kepton.

In the following, ™, v~ are indicated simply as, unless otherwise stated. The same applies to other atticl
The hadronically decayinglepton is denoted ag,aq, While leptonically decaying agep.

Charged Higgs bosons are denotedHas with the charge-conjugatd ~ always implied.

The natural units are used where proton carries a posititetinharge and the speed of lightd.



Is the tau simply a standard model lepton, or will the physidhe tau lead
us outside of the standard model?

Martin Perl

...... they are ill discoverers that think there is no landcewlthey can
see nothing but sea.

Francis Bacon

Physics withr leptons

The 7 lepton together with the neutrino forms the third generation of the Standard Mod&ll&ptons. Its
properties have been studied in detail in past decades. Witlwthe LHC start, a new window opens for physics
with the r particle. Because of its properties, it is an interestingbprfor many processes beyond the Standard
Model. Inthis Chapter, the main properties of thlepton and its role in the ATLAS physics program are presinte

2.1 Properties of ther lepton

The 7 lepton is the first discovered member of the third quarkdapfamily. For its discovery in 1975 at the
SLAC [19] Martin Perl was awarded the 1995 Nobel Prize in ji¢8/sThe measured rest mass of thiepton is
177682 + 0.16 MeV [46]. This is almost 3500 times heavier than the edeiaparticle of the first generation,
the electron. The lepton is unstable, it has a mean lifetime of (2@ 1.0) x 10°%° s, corresponding to a decay
length of 8711 um [46].

Thet lepton is the only lepton heavy enough to decay leptonicatigt hadronically. The coupling of the
current! to theW~ boson of the weak interaction, shown in Figure 2.1, prodacegakly interacting: neutrino.
The virtual W~ created in this reaction then couples to an additional gd@pions,eve or v, or quarksud or
us All other quark pairings, such asl, cs are too massive to be produced. Therefore, to lowest otideeays
of 7 leptons are included in these four processes:

T > Vve€ (2.1)

T = VeV (2.2)
7~ — v.ud — v, hadrons (2.3)
7~ — v;us— v, hadrons (2.4)

Quarks which couple t&V~ may be from the same generation, as in tidecase, or from dferent generations,
as in theuscase. The relative strengths of these couplings are givehéoglements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [46]. Couplings to quarks within thersageneration are highly favoured over couplings
across generations. Consequently,ubdecays of the have much smaller branching fractions than the analogous
ud decays.

A list of decays of ther lepton is given in Table 2.1, along with experimental valf@sheir branching ratios
(BR) [46]. These decays are grouped according to the folsiplespairs of particles produced at e vertex. In

1In this Chapter processes with are shown as an example. Charge-conjugate particles aagislae implied.

13



14 CHAPTER 2. PHYSICS WITH LEPTONS

T Ve Uy

s
Q, W——

Figure 2.1: Particle doublets at thé/~ vertex int~ lepton decays.

Table 2.1: v~ decays and branching ratios. Decays are classified acgotalithe particles at th&/~ vertex and
the number oK andr in the final state. Experimental values are current worldayes [46].

7 lepton decays Branching ratio (%)

W~ vertex channel final state
V€ e 17.85+ 0.05
V™ u 17.36+ 0.05
ud . . 1091+ 0.07
o a 2551+ 0.09
aj natnT 9.32+0.07
a nn%r0 9.29+0.11
nntnn° 4.61+ 0.06
7~ 707970 1.04+0.07
Tttt 0.0839+ 0.0035
nntn n%n0 0.495+ 0.032
7~ 1707970 0.15+0.04
K-KY 0.159+ 0.016
K-K*n~ 0.140+ 0.005
K‘Kozr_o 0.159+ 0.020
n KOK©O 0.17+0.04
us K™ K- 0.696+ 0.023
K*= K- 0.429+ 0.015
K*~ K-KO 0.84+0.04
K Kntn~ 0.287+ 0.016
K] K=7070 0.065+ 0.023
K] 7~ KOr? 0.40+ 0.04
K-K*K~ (158+0.15)x 103
K-KO%Ko

leptonic decays, there is only one decay mode for each ofdbsilple lepton pairs. In hadronic decays, titsor
usquarks undergo strong interactions in which additiamaldd, or ssquark pairs may be created. The net result
of this process is the production of some number of mesoergigminantlyr andK, both charged and neutral.

In 35.2% of the timer lepton decays leptonically and in 64.8% of the time into onenore hadrons. Con-
sidering only hadronically decayingleptons, decays with only one charged particle (so cdlkpdong occur in
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Figure 2.2: Important Standard Model processes witleptons in the final stateV andZ boson production and
top quark decays.

about 72% of the time and with three charged particles (deat@tprong in about 23% of the time. The 5-prong
decay has only a fraction of about 0.1%. The hadronic finaéstare dominated by* andz® mesons, but there
is also a small fraction of decays containiKg andK® mesons. As can be seen in Table 2.1, these are dominated
by resonance production.
Leptonic decay modes are well described theoretically. Sdemments of leptonic branching ratiosralecays
and of the lifetime enable precise tests of lepton univiysdhe fundamental assumption of the Standard Model.
Due to the short-enough lifetime ofleptons and their parity-violating decaysleptons are the only leptons
whose spin information is preserved in kinematics of itsagegroducts recorded by the detector. Especially the
hadronic decay to one charged pion and neutrino final stanisitive to the spin orientation of the parehepton.

2.2 Standard Model processes withr final states

The measurement of SM processes was the crucial step in tha&\physics programr leptons play an important
role in such studies. Decays of Standard Model gauge bosaneptons W — rv andZ — rr, are essential to
calibrater energy and measutelepton detection performance. They are important in thecbefar New Physics
phenomena as they are dominant background processes irsasaicthes. Thus, their production cross sections
need to be measured precisely. Studie¥of> rv andZ — 7t processes at the LHC centre-of-mass energies are
also interesting in their own right, complementing the nueasients of the production of tt#boson through its
electron and muon decay modes.

The main source of leptons at the LHC i3V — 7v decay (Figure 2.2(a)) with a cross section times branching
ratio of o x BR = 10.46 + 0.52 nb [47, 48, 49] at the centre-of-mass energy = 7 TeV. Having oner lepton
and a neutrino in the final state, this process requires a gatehtification and missing energy reconstruction due
to the escaping neutrino. This decay channel can be usedasumeethe leptonic branching ratio of tihéboson
and the cross section &Y production. In additionW — 7v decays can be used to validate the reconstruction
and identification techniques farleptons and the measurement of the missing transverseyemdrigh are both
fundamental physics objects in a wide spectrum of measurenad the LHC.

TheZ — vt decay (Figure 2.2(b)) has a cross section of an order of matgmiower thanV — v, but it
has twor leptons in the final state, with an invariant mass neaizipole. It provides more robust prospects for
analysis. Itis called thgolden channefor the detection ot leptons, since onecan be used to identify the event,
while the other can probe the performance. This channel earséd to understand thifieiency ofr identification
andr trigger as well as reconstruction methods for visiblend invariant masses of botheptons. In addition,
because the visible mass distribution of thg-rhaq final state is sensitive to the energy scale of the recortstiuc
7 candidates, a measurement of th&epton energy scale can be made with this sample. Additignie 7
invariant mass is sensitive E)?‘iss, henceE$1iSS reconstruction properties can be studied with this sampteaa
measurement of the"**scale can be made. The measurement oZthe 77 cross section can provide also a test

2The invariant mass of visible decay products.
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Figure 2.3: Relevant Standard Model Higgs boson production processt=ading order. (a) gluon fusion, (b)
vector boson fusion, (4)v/Z associated and (d) associated production.

of universality, when compared to tle— eeandZ — uu counterparts. Finally polarisation inW — v and
Z — 7t decays can be measured. This has not been done previousigirantcolliders.

At the LHC, top quark pairst{) are produced in abundance due to the high centre-of-masg\enn that case
one or bothw bosons from top quark decays can decay further leptons (Fig. 2.2(c)). This process has more
jets in the event, coming from hadroni¢ boson decays art@quarks and gives afilerent environment compared
toW — rv andZ — 7. It leads also to a more complex andfaiult reconstruction. This final state can provide
an important alternative measurement of the top quark pattyction cross section. It can be also further used as
an input in searches of the possible charged Higgs produetitop quark decays.

2.3 Standard Model Higgs boson searches withfinal states

Discovering the mechanism responsible for electroweaknsgtry breaking and the origin of mass for elementary
particles is one of the fundamental tasks of the LHC. In tlen&4rd Model, this mechanism requires existence of
one scalar particle, the Higgs boson. Direct experimematches provided only limits on its mass. Indirect limits
on the Higgs boson mass ofy < 185 GeV at 95% confidence level were set using global fits totreleak
precision data [50]. The experiments at LEP placed the tmty > 1144 GeV [51] and the Tevatron, excluded
the range of 156-177 GeV [52]. During completion of this mgraph, both ATLAS and CMS collaborations
claimed observation of a new boson with mag$25-126) GeV [53, 54]. More details and consequences sf thi
observation for the Higgs boson searches witépton final states are given in Summary of Chapter 6.

At the LHC the dominant Higgs production mechanism is th@fusf two gluons via a heavy-quark loop, as
shown in Figure 2.3 (a). Detection of the Higgs boson prodwga gluon fusion, however, is challenging, because
there are large background contributions from QCD mulijeiduction which are hard to suppress if no other
striking signal signatures are present. Only Higgs bosarayeto two or more leptons (such asHn— ZZ or
H — WW) or the Higgs decay to two photons will providefcient discrimination against backgrounds.

The second largest contribution comes from the fusion ofordeosons radiated from the initial state quarks
(VBF) as shown in Figure 2.3 (b). This process leaves a spgigaature in the detector. The quarks hadronise
to jets which will be detected in the forward region of theed#or (close to the beam pipe). There is no colour
connection between the two quarks, hence between the twafdiets, and so little hadronic activity is expected
in the signal process. This typical VBF signature is usedifipsess QCD multijet background.

The third contribution comes from associated productdH, ZH as shown in Figure 2.3 (c). In this process,
the Higgs boson is radiatedf@ weak vector boson (Higgsstrahlung). This process is itapbin the intermediate
mass rangeny < 2my , but its cross section falls rapidly with an increasing eaddimy.
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Figure 2.4: The SM Higgs boson production cross sections multiplied éyagt branching ratios in pp collisions
at 4/s= 7 TeV as a function of Higgs boson mass [55].

The smallest contribution comes from associated produtti® presented in Figure 2.3 (d). Itis less important
because the cross section is about five times smaller thamthéorWH or ZH for my < 200 GeV.

The branching ratios and cross sections of the Higgs bosmiuption and decay channels are fixed by theory
as soon as the Higgs boson mass is known. The presented togms thecay branching ratios take into account the
recently calculated higher-order QCD and electroweak (E@fjections in each Higgs boson decay mode [55].
The total SM Higgs boson signal production cross sectiortiplield by the branching ratio for the final states
analysed currently by the LHC experiments is shown in Figure As can be seen, decay of the Higgs into
a pair of r leptons is an important channel fary < 140 GeV. It sdifers from high background mainly from
Z — 77 decays but the sensitivity can be enhanced by requiringtiieatliggs boson is produced in association
with jets. The Higgs boson can be produced in associatioh jets, at the next-to-leading order (NLO) in the
gluon fusion process and at the leading order in the vectsomdusion process. The presence of jets allows
topological selections which enhance the signal-to-bamkud ratio. In this configuration, the Higgs boson can
acquire a boost in the transverse plane, enhancing themisainsverse energy in the event (due to the undetected
neutrinos fromr decays) which allows for a better discrimination of the sigagainst some of the background
processes [56, 57, 58, 59]. Also, the measurement dfithe v decay rate is a test of the SM prediction for the
7 Yukawa coupling. This decay mode alsfiars a unique opportunity to study CP violation in the Higgst@e
Higgs CP properties can be studied in hadronic decaydeaytons.

2.4 MSSM Higgs bosons searches withfinal states

The Minimal Supersymmetric Standard Model (MSSM) [60, &, &3, 64] is the minimal extension to the Stan-
dard Model that realises supersymmetry. It is minimal in $kase that it contains the smallest number of new
particle states and new interactions consistent with pimemology.

Two complex Higgs doublets are required in the MSSM - one teegete masses for “up-type” particles, and
the other to generate masses for “down-type” particles.hBgiggs field has a vacuum expectation value, and
the ratio of these is denoted as gafin SM tarB = 1). Of the eight degrees of freedom provided by the two
doublets, three are absorbed by the longitudinal degreés@iom of EW bosons. Five physical Higgs bosons
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Figure 2.5: Feynman diagrams contributing to the MSSM Higgs boson ptioin. Diagram a) is called 'direct
production’, diagrams b) to e) contribute to the b quark esded production. In the above diagrams
¢ represents either of the neutral Higgs bosons in the MIGM, or A.

remain:H*, h (neutral lighter scalar}i (neutral heavier scalar) arfd(neutral pseudoscalar). TheandH neutral
Higgs bosons are CP-even, while tAéboson is CP-odd. At the tree level, the Higgs sector of thesMSan

be completely described in terms of mass of the neutral psmadar,ma, and tap. For theH* studies, those
are usually chosen to be the charged Higgs boson mass ghdHmyier order corrections introduce dependence
on another 105 SUSY parameters. Making some general assmsgan reduce this somewhat, as it would be
unfeasible to consider all possible scenarios. Insteatipusbenchmark models have been defined [65]. The
model used in analyses described in this monograph isndsémal mixingscenario,m™®* The m®* scenario

is designed to give the largest possible mass of the lightastral Higgs bosonhj, in order to provide the best
agreement with the limits from LEP experiments [51]. In théenario the upper bound on the mass of the light
Higgs bosorhis expected to be around 135 GeV. While the light neutral Bliggson may be flicult to distinguish
from its Standard Model counterpart, the other heavier Bliggsons are a distinctive signal of physics beyond the
Standard Model. In thaﬂ‘ax scenario thdn and A boson states are almost degenerate in massifor 130 GeV,

the H and theA are approximately degenerate in massif > 130 GeV. The remaining massfidirence depends
on tarB and becomes smaller with increasinggamt my ~ 130 GeV, in the intense coupling region, all three
neutral Higgs bosons come close in mass and their separatiold be very dificult.

Production of neutral Higgs bosons and their decays dferdnt from those in the Standard Model. While
decays intazZ or WW are dominant in the Standard Model for Higgs boson massegeahg > 2myy, for high
values of taf these decay modes are either suppressed in case lofimeH or even absent in the case of the
bosons. At lower values of t&nthe production of neutral Higgs bosons proceeds domipardl gluon-fusion as
presented in Figure 2.5(a). Its rates are significantlydatigan for the Standard Model and for the range of higher
targ it is still dominant for lowma. As targ increases, production in association witjets (Figure 2.5(b)-2.5(e))
gains importance, and (0-B}jets can be observed in the final state. For very large vatfies, (depending on
tarB) the cross section of the lightest CP even bosdecomes larger than the cross sectionHoandA. This is
also called the decoupling region. In fact, if a small val@ieagg is realised in nature, thewill be the only visible
MSSM Higgs over a large range ofa. It will then be indistinguishable from the SM Higgs boson.

The coupling of the Higgs bosons to third generation fermienstrongly enhanced for large regions of the
MSSM parameter space. The dominant decay modektis pairs, accounting for approximately 90% of all decays
(high tarB region). As with SM Higgs searches, large QCD backgroundsaated with this final state make the
analysis dificult, despite the enhanced production cross section (eghact to a SM Higgs). Approximately 10%
of all MSSM Higgs boson decays areo pairs. In the SM thed — 77 mode is only relevant for a light Higgs
boson masses but in the MSSM this channel is relevant in tfiendllowed mass region up to 1 TeV. Previous
results excluding some regions of parameters space comelfid® [66] and Tevatron [67, 68].

The search strategies for charged Higgs bosons depend chdiged Higgs boson mass, which dictates both
the production and the available decay modes. Below theuagkanass, the main production mode is through top
quark decays, — H*b. The dominant source of top quarks at the LHC is throtigitoduction. The cross section
for charged Higgs boson production from top quark decaysrigla-top events is much smaller. For gan 3,
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Figure 2.6: Example for a leading-order Feynman diagram for the pradnatf a charged Higgs boson through
gluon fusion intt decays.

charged Higgs bosons decay mainly #4d — v [55]. Figure 2.6 presents a leading-order Feynman diagmm f
the production of a charged Higgs boson through the gluciorius tt decays. _

Above the top quark threshold, the production mainly takesethroughyb fusion @b — tH*). For such
high charged Higgs boson masses, the decay into a top bigdiark dominatesi*™ — th, butH* — 7v can still
be sizable andfters a much cleaner signature.

Direct searches at LEP [69] give a lower limit ofy+ ~ 90 GeV for BRH* — 7v)=1. At the Tevatron,
no evidence for charged Higgs boson production has beerdfddance, the Tevatron experiments placed upper
limits on BR¢ — H*b) assuming BRfi* — 7v) = 1 in the 15-20% range [70, 71].

2.5 Searching for New Physics withr final states

7 leptons often appear in final states of various supersynicratenarios. According to the electroweak symmetry
breaking, a left and right handed sfermion mixing appeatbe’SUSY breaking, which results in a mixture of left
and right handed components in the mass eigenstates. #nc8tSY models, large mixing between left and right
sfermions, the partners of the left-handed and right-hdi&M fermions, implies that the lightest sfermions belong
to the third generation. This leads to a large productioa oditr leptons from decays af Sleptons and gauginos,
the partners of the SM gauge bosons, in SUSY cascade decaysxd&mple, in the context of Gauge Mediated
SUSY Breaking (GMSB) [72, 73, 74, 75, 76, 77] scenario, tgatkr of the twor'sleptons is the next-to-lightest
supersymmetric particle (NLSP) for a large part of the pasanspace, and the very light gravitir®, is the LSP.
Hencer sleptons decay toalepton and a gravitino.

Previous experiments at LEP [78, 79, 80] have placed canttranr and € masses and on more generic
GMSB signatures. Among these, the limits from the OPAL expent [78] were the most stringent, excluding ~
NLSPs with masses below 87GeV. The DO Collaboration performed a search for squarkiyection in events
with hadronically decaying leptons, jets, and missing transverse momentum [81], amcC¥S Collaboration
performed searches for New Physics in same-signelients [82] and multi-lepton events [83] includingairs,
but the GMSB model was not specifically considered in any es¢tresults.

While writing this monograph, the ATLAS collaboration pigiled recent results on searches for SUSY in
events with large missing transverse momentum, jets, atehsat one hadronically decayingepton, with zero
or one additional electron or muon [84]. The studies havenpeformed using 4.7 fi3 of pp collision data at
v/s = 7 TeV. No excess above the SM background expectation is\wxsand a 95% confidence level (CL) limit
for new phenomena is set. In the framework of GMSB model,esich limits on the GMSB breaking scale
are set at 47 TeV, independently of ganThese limits provide the most stringent tests to date of GBNBRISY
breaking models in a large part of the parameter space anesid

Looking for  pairs in final states is also valuable for a search for highsm@sonances. Heavy gauge bosons
(Z’, W) are predicted in various models [85, 86, 87, 88, 89, 90]. drtipular, models with extended weak or
hypercharge gauge groups, predict that such bosons pn&éie couple to the third generation fermions. Direct
searches for the pair final state have been performed previously by the CDF @&l CMS [92] collaborations.
The latter sets the most stringent 95% CL limits and exclutienasses below 468 GeV using 36 plintegrated
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luminosity. Precision electroweak measurements at LEPif@rectly excludeZ’ masses below 1090 GeV.

Recently, new results on the search for high-mass resosat®eaying intor leptons pairs in the ATLAS
experiment were published [94%’ bosons of the Sequential Standard Model [95] with massedies 1.3 TeV
are excluded at 95% CL.



An experiment is a question which science poses to Nature
and a measurement is the recording of Nature’s answetr.

Max Planck

The ATLAS detector at the Large Hadron Collider

The Large Hadron Collider (LHC) at CERNis actually the largest and highest energy particle acatlein the
world. It provides collisions of particles allowing to reate, on a microscale, the state that existed a fraction
of nanosecond after the Big Bang. Under these extreme déonslitnever reached before in a laboratory, new
particles may be produced and measured in the detectorglprgwigns of New Physics. The ATLAS experiment
is one of the four main experiments at the LHC. This Chaptacilees briefly details of the ATLAS detector,
luminosity measurement as well as particle reconstru@imhidentification crucial for the analyses witkeptons

in final states. Also the data quality and preselection ohts/éor early data analyses are presented.

3.1 The Large Hadron Collider

The LHC is the largest and most energetic particle collidethie world. It is a hadron collider which produces
proton-proton collisions most of the time. Besides pragpooton collisions, lead ions are collided during a short
period of the year, using the same accelerator infrastrectu

The proton beams were successfully circulated at the LHGHerfirst time in September 2008. Due to a
serious electrical fault between two magnets resulting levge helium leak into the tunnel, the operations were
interrupted shortly after its opening and restarted in Noler 2009 at the injection energy of 450 GeV per beam.
The first collision at the centre-of-mass energy@ = 7 TeV took place at the end of March 2010 with luminosity
2x 1077 cm? sL. In 2011 the luminosity reached6® x 10° cm 2 s71. An integrated luminosity of 45 pB has
been delivered by autumn 2010 and d%fb! until autumn 2011 as shown in Figure 3.1.

In 2012 the LHC has been running with a higher collision eypesfj4 TeV per beam in order to enhance
the machine’s discovery potential and open up further pdggs in the searches for New Physics. At the end
of 2012, the LHC will shut down for maintenance for up to twasseand then will attempt to reach the design
energy of 14 TeV.

To investigate particle collisions at the LHC, several d&tes were built: ATLAS and CMS [96] as detectors
for multi-purpose physics analyses, ALICE [97] for heavw imollisions, LHCb [98] to investigate CP-violation
and properties of the bottom quark and LHCf [99] and TOTEMJL® study particle productions, elastic scatter-
ings and total cross sections of pp collisions.

1Conseil Européen pour la Recherche Nucléaire, Europeaaration for Nuclear Research.
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Figure 3.1: Cumulative luminosity versus day delivered to (green), @muodrded by ATLAS (yellow) during stable
beams and for pp collisions at 7 TeV centre-of-mass ener@@1® (a) and 2011 (b) [101].

3.2 The ATLAS detector

ATLAS (A Toroidal Lhc ApparatuS) is one of the two multi-purpe detectors operating at the LHC, designed to
identify the broadest range of particles and measure thepegties. It is 44 m long, with a diameter of 25 m, and
it weighs 7000 tonnes. The goal of ATLAS is to cover the latgessible range of physics, such as searches for
new heavy bosons (in particular the Higgs boson), superstnorparticles or any other phenomena indicating
New Physics at energies up to a few TeV. Masses of new particks in general, unconstrained by theory and their
branching fractions into elierent final states depend on their masses. The detector bas tioerefore, sensitive
to a large number of possible decay channels. It needs togableaof measuring four-momentum and position
of particles with high resolution and provide an excelleattigle identification. Due to the very high interaction
rate, the detectors require fast and radiation-hard @leicts.

Since the QCD multijet production dominates by many ordémmagnitude over the production of new par-
ticles, ATLAS has to identify ficiently experimental features characteristic to the raoe@sses. Also, a highly
efficient trigger system is needed to allow for the detectionrotesses even with very small cross sections pro-
viding strong background rejection at the high event ratthefLHC. A typical signature of many New Physics
processes is the presence of non-interacting particleb, @&sithe Standard Model (SM) [102, 103, 104] neutrinos
or supersymmetric neutralinos. Their observation is fmedihrough detection of the momentum imbalance in
the transverse plane often referred to as the missing m\energyE$‘iss. For the reconstruction cErT‘r“SS it is
important that the ATLAS calorimeter system has a coveraggase to 4 as possible. Many New Physics events,
such as Higgs boson production and decay, are charactdnystte presence di quarks in the final state. The
ATLAS detector was therefore designed to allow for a precsmnstruction of secondary vertices which are of
great importance in identification @fjets.

To accomplish its tasks, ATLAS consists of several layersulif-detectors — from the interaction point out-
wards, the Inner Detector tracking system, the electromigand hadronic calorimeters, and the muon system.
The ATLAS detector is forward-backward symmetric around thteraction point. It is composed of a central
barrel part and two end-caps. A scheme of the detector ard sfib-systems is shown in Figure 3.2.

Coordinate system The nominal interaction point is defined as the origin of therdinate system, while the
counterclockwise beam direction defines the z-axis and-#helane is transverse to the beam direction. The pos-
itive x-axis is defined as pointing from the interaction pgdimthe centre of the LHC ring and the positive y-axis
is defined as pointing upwards. The azimuthal argie measured around the beam axis and the polar @ngle
the angle from the beam axis. The pseudorapidity is defined-as Intan@/2). The transverse momentupg,



3.2. THEATLAS DETECTOR 23

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

Toroid magnets LAr electromagnetic calorimeters
Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

Figure 3.2: The ATLAS detector [45].

the transverse enerdyr, and the transverse missing eneEj}}iSS are defined in the x-y plane. The distantie
inthen — ¢ space is defined askR = +/(An)? + (A¢)2.

3.2.1 Inner Detector

The Inner Detector (ID) provides high-precision trackimjormation for charged particles allowing for recon-
struction of tracks and vertices in the event. This infoiioratconsists of very ficient and accurate position
measurements of particles along their trajectories thosvadg the momentum and charge sign determination and
consequently contributing to their identification. The Kexposed to a high density particle flux because of its
position closest to the beam line and the interaction pdiimus, a high granularity and a fast readout system is
required.

The Inner Detector is immersed in a 2 T magnetic field gendrayethe central solenoid. It consists of three
sub-systems, the pixel detector, the SemiConductor Trg&@T) and the Transition Radiation Tracker (TRT).
The first two subsystems cover a regionpf< 2.5 in pseudorapidity, while the TRT reaches up to pseudoitgpid
[l = 2.0. An outline of the ID is shown in Figure 3.3. A track in the IBrral region typically produces 11 hits
in the pixel and SCT detectors and 36 hits in the TRT detector.

The innermost component of the ID is a silicon pixel deteetdh a high degree of segmentation. This is
necessary to cope with the high track density and to reaactgbrimary and secondary vertices. The use of silicon
pixel allows also to measure the z coordinate of tracks witficgent precision to discriminate between tracks from
the primary interaction and tracks from additional pileinferactions. The pixels are arranged in three layers with
the design requirement to achieve a resolution of:t0in the Rp direction and 11%m in the beam direction.
The innermost layer, called B-layer, provides the criticaitexing information used to reconstruct the displaced
vertices of short-lived particles.

The next part of the tracking system is the SCT. The reducedgeld particle density and radiation level in
that region allow for the use of silicon strips which have arser overall granularity while still providing an
excellent measurement accuracy in thied®ection. The use of silicon strips rather than pixels\a#d to cover a
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Figure 3.3: Overview of the ATLAS Inner Detector [45].

large area at a reasonable cost. In the barrel, the strigtdeseare arranged in four layers atfdrent radii. Each
layer is composed of two stereo layers oriented at an angf ahrad relative to each other, which provides a
3-dimensional position measurement. The system congdldist momentum, impact parameter and vertex position
measurements, as well as provides good pattern recogtiitéorks to high granularity. The spatial resolution is
17 um in Ry and 58Qum along the beam direction.

At larger radii the surface area of the detector becomesiarghich would lead to high costs for a silicon
detector. Therefore, a Transition Radiation Tracker igailhesd there. It consists of 4 mm diameter drift tubes
(straws). In the barrel part the straws are arranged péataltbe beam axis, while in the end-caps a radial arrange-
ment is used. The TRT contributes only with information fridme Rp plane with resolution of 13@m per straw.
The TRT provides a quasi-continuous tracking with over 3fcsppoint measurements per track. This leads to an
improvement of the momentum resolution at small pseudditigs, || < 2.0.

The TRT is not only designed for tracking measurements, kaat for simple particle identification. The
transition radiation, which occurs when a charged partigkd a high velocity crosses a boundary between two
media with diferent dielectric constants, is also used to discriminaterdsen electrons and pions. There are two
independent thresholds to distinguish between trackitgyarnd transition radiation (TR) hits. The tracking hits
pass the lower threshold while the TR hits pass the higher one

3.2.2 Calorimeters

The calorimeter system consists of several componentgrigsito meet the requirements of measuring electrons,
photons and jets with highfiiciency as well as excellent spatial and energy resolutidrigure 3.4 gives an
overview of the ATLAS calorimeter system.

All ATLAS calorimeters are sampling calorimeters providifull solid angle coverage up tg| < 4.9. The
granularity of the calorimeters varies from a fine grainedcture at the region which overlaps with the ID, and a
coarser structure at the rest. Due to high homogeneity andi@ renge of acceptance, the calorimeters allow to
reconstruct the missing transverse energy. The smalldtst ofithe calorimeters with a proper signal readout are
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Figure 3.4: Overview of the ATLAS calorimeter system [45].

called cells.

Electromagnetic Calorimeter The innermost layer is the electromagnetic (EM) calorimeiansisting of a
barrel part reaching up tig| < 1.475 and two end-caps (EMEC) up ig < 3.2. These calorimeters use liquid
argon (LAr) as active medium as itfers stable response over time and good radiation hardnégsuse of LAr
forces the operation at low temperatures, and thereforealmgimeter is immersed inside a cryostat. The absorber
material are lead plates in accordion shape which allowtagirsignal and uniform response. The EM calorimeter
is longitudinally divided into three segments as shown guFé 3.5. The first layer is highly segmented;iwith
strip-shaped read-out cells. It provides spatial resofutiigh enough to disentangle two nearby photon showers
from 7% — yy decays. In the direction, eight strips of the first layer correspond to osad-out cell in the second
layer. The second layer is segmented into squared celladirge the segmentation in thiedirection. Here the
main part of the electromagnetic shower is measured. The ldojer collects the tail of the deposited energy and
has a coarser segmentationinThe electromagnetic calorimeter is completed with thesgnepler, a 11 mm thick
LAr calorimeter, which is mounted in front of the first lay@tis detector provides first energy sampling in order
to estimate the energy loss by electrons and photons in theriadan front of the calorimeter. The transition region
between the barrel and the end-cap EM calorimeteB & || < 1.52, is expected to have poorer performance
because of more passive material in the front of the caldgrmse The total thickness in terms of radiation lengths,
Xo, in the barrel is at least 24 and at least 26 in the end-caps.

The electromagnetic calorimeter is complemented by twediod electromagnetic calorimeters in the region
up to|n| < 4.9 using copper as an absorber.

Hadronic Calorimeter The EM calorimeters are surrounded by hadronic calorirseteeasuring strongly in-
teracting particles forming jets. The hadronic calorimeteonsist of a barrel Tile Calorimeter|( < 1.0), two
extended barrel Tile Calorimeters.80< || < 1.7), two hadronic end-cap calorimetersiXk || < 3.2) and the
forward hadron calorimeters @< || < 4.8).

The Tile Calorimeter (TileCal) is the high precision hadmealorimeter with the absorber made of steel, and
scintillating tiles used as the active material. The Tilei@euding all the previous systems and support structures
corresponds aj = 0 to 9.7 interaction lengthg;y;.
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Figure 3.5: Drawing of a barrel module of the EM calorimeter, with the @clion shaped absorber plates and
electrodes, consisting of three longitudinal segmenthk ditterent cell sizes i and¢ [45].

The end-cap calorimeters consists of the Hadronic End-Caprigheter (HEC) and a high-density Forward
Calorimeter (FCal). Due to the high radiation density in ¢éimel-cap and forward region a radiation-hard material
is used. The HEC calorimeters use liquid argon as activenaht€opper is used as an absorber in the HEC and
in the first part of the FCal, while tungsten in the second &ind {part of FCal.

A total of at least 10 interaction lengths is provided by th &nd hadronic calorimeters together. It allows
for a good energy resolution of highly energetic jets andimises punch-through of particles to the muon spec-
trometer. The large coverage of the calorimeters ensures a good missing tresgseaergy measurement, which
is important for many physics studies, such as those imglvileptons and supersymmetric particles.

3.2.3 Muon spectrometer

The muon spectrometer is the outermost detector systemrakfor the high precision measurement and identifi-
cation of muons with transverse momenta above 3 GeV whidteistean energy loss of muons in the calorimeters.
It covers pseudorapidity range jgf < 2.7. The muon spectrometer has its own magnetic field, allowiegsure-
ments of the muon momentum independently of the ID. It is iole by a superconducting air-core toroid magnet
system which minimises multiple-scattering of the muonke Thuon spectrometer uses fouffelient chamber
systems: Monitored Drift Tubes (MDT) and Cathode Strip Chars (CSC) designed for measurements of track
coordinates, Resistive Plate Chambers (RPC) and Thin Gam@érs (TGC) having fast drift times and used for
triggering. A view of the muon spectrometer is shown in Feg8r6.

The MDT and the CSC detectors are both designed to proviadésgreneasurement of the muon track segments
and thus the sagitta. The MDT are aluminium tubes of 30 mm eliam(70 - 630) cm length and filled with an
Ar(93%)CO2 (7%) gas mixture with gold-plated tungstenniien anode wires in the tube centres. The average
spatial resolution of a drift tube is 8dm. The track position resolution of the MDT chambers i85 The CSC
are used as precision muon tracking chambers in the innéteyes of the very forward region (@ < || < 2.7).
They are multi-wire proportional chambers with strip-segned cathodes having a shorter response time than the
MDT chambers to cope with the high background rates in thisaler region. The average spatial resolution of a
CSC chamber in the bending plane is/60.

The RPC and TGC detectors form the muon trigger system. Tdgetrrequires a good resolution not only in
space but also in time to keep the latency time small. Bottesysalso contribute to the muon track measurement.
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Figure 3.6: Overview of the ATLAS muon system [45].

The RPC chambers are located on both sides of the MDT midger a the barrel. The basic RPC unit is a
narrow gas gap formed by two parallel resistive plates, sdpd by insulating spacers made of polycarbonate.
The primary ionisation electrons are multiplied into avetles by a high voltage field. The TGC are used as
trigger detectors in the end-cap regionyk |7 < 2.7). They are multi-wire proportional chambers providing
a high spatial resolution and a good time resolution withrargfly quenching gas mixture. The RPC and TGC
trigger chambers provide bunch crossing identification emehsure the coordinate along the drift tubes of the
MDT chambers.

The muon spectrometer provides stand-alone muon momeneesurement. A combination with measure-
ments of the ID and the calorimeters improves thieency and resolution, especially for log¢ muons.

3.2.4 Trigger

To handle the high interaction rates at the LHC (up to 1 GHhatesign luminosity), anfigcient trigger system
is essential. To store interesting physics events the ratd be reduced te 400 Hz, leading to trigger only on
New Physics and important Standard Model processes.

The ATLAS detector has a three-level trigger system. Eagger level depends on decisions made by the
previous stage and requires additional criteria, if nemgsd he first part of the trigger chain is built by the Level-1
(L1) trigger which uses the information from the muon trigghambers (RPC and TGC) as well as the reduced-
granularity towers from calorimeters. The L1 trigger systs implemented in custom hardware processors and
uses simple algorithms to make fast decisions. While themulhambers select highr muons, the calorimeter
objects searched for are high electrons, photons, jets and also hadronically decayilegtons or large missing
transverse energy and sum of transverse energy. The LEtriggluces the data rate to 75 kHz. If an event is
selected, the data is transferred to the Level-2 (L2) trigged regions of interest (Rol) are defined around the
triggering objects.

The Rols are used as seeds for the L2 trigger, which has fodsscto calorimeter information and lowers the
event rate to 3.5 kHz. At this stage also Inner Detector sauke incorporated into the trigger decision. In case
of muons, the L2 measures tlpg more precisely and may increase the threshold. It also applies isolation
requirements to the objects. In case of electronsalegptons, the L2 requires a match of the calorimeter cluster
with the Inner Detector track and also isolation. Photonsidbhave a track and hence less rejection power is
gained here. In case of jets, the L2 sets the more prexgigereshold.
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The final trigger decision is carried out by the Event-Fi(teF). At this stage the standaréiae reconstruction
software is used to process the complete data from all detegstems. The events are fully reconstructed using
up-to-date calibration and alignment constants and opéithithresholds. The events are finally written to mass
storage devices at a rate of about 400 Hz.

The exactpy thresholds (so callettigger menu for each object depend on the luminosity. Combinations of
different objects (multi-object triggers) are also possible addition, triggers can be prescaled that means that
only 1 in N events passing the trigger is accepted. Detailsiggers and the trigger menu used for collecting data
in 2010 can be found in Ref.[105].

3.3 Luminosity detectors

A precise determination of the luminosity is needed for jitg/sneasurements. The luminosity is independently
determined using several detectors and multiple algostheach having élierent acceptances, systematic uncer-
tainties and sensitivity to backgrounds [106, 107]. In &ddito the main detector, dedicated additional detectors
are used to perform luminosity measurements. These aretbaavarious points along the beam axis (z-direction)
to provide information about the instantaneous and absdluminosities received at ATLAS.

LUCID (LUminosity measurement using Cerenkov Integratidetector) [45] detects inelastic proton-proton
scattering on each side of the interaction point at a digtaricl7 m. Coverage in the regionés< || < 6.0 is
provided. Luminosity is monitored by counting the numbeméractions per bunch in the Cherenkov counters.

The primary purpose of the Beam Conditions Monitor (BCM)asntonitor beam losses and provide fast
feedback to the accelerator operations team. The BCM dsnsigwo arms of diamond sensors located at z
+184 m and at radius of.5 cm from the beam axis.

The ZDC (Zero Degree Calorimeters) [108, 45] detects fodwaautrons and photons wifl > 8.3 in both pp
and heavy-ion collisions. The ZDC is located40 m from the interaction point, at the point where the gtrai
section of the beam pipe splits back into two separate bepaspEventually, each side of the ZDC will contain
one electromagnetic module (29 radiation lengths thick) and three hadronic modulesh(ead.14 interaction
lengths thick), but at the time of completing this monograply the hadronic modules are installed.

The ALFA (Absolute Luminosity For Atlas) sub-detector [JQ8ovides absolute luminosity measurements
via elastic proton-proton scattering at small angles. Tptecal theorem connects the elastic scattering amplitude
in forward direction with the total cross section, which das used to determine the absolute luminosity. The
ALFA detector consists of four Roman Pot stations, two orheside of the interaction point at240 m. One
station houses two tracking detectors, each equipped Wb &cintillating fibres.

3.4 Simulation of physics events

To understand the real data seen by the detector and to certiygmvith theoretical predictions, the simulation of
particle interactions is necessary. The simulated dataeaigable to study the discovery potential of the detector
and to understand signatures of interesting processes.teMoarlo simulation and reconstruction of events are
performed within ATHENA [110], the ATLAS filine software framework. The full event simulation is orgzed

in steps described briefly below. More detailed descriptibrthe full ATLAS simulation infrastructure can be
found in Ref. [111].

Event Generation This step is based on Monte Carlo (MC) techniques. Severargeors, like PYTHIA [112]
or HERWIG [113], are used to model particle interactions pbiysics analyses. The generation includes the
simulation of the hard process, the initial and final statdaion, multiple interactions, beam remnants as well
as hadronisation and decays. Thdecays are modelled with TAUOLA library [114, 115] which &king into
account the #ects of the polarisation of theleptons. The fect of final state Quantum Electrodynamics (QED)
radiation is simulated by PHOTOS [116]. The result of thent\generation are the four-momenta of particles in
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the final state, the so-called Monte Carlo generator levierination. The signal and background Monte Carlo
samples used for early data studies are generated with theltd&TLAS MC10 tune [117].

Simulation The generated final state particles are subsequently passegjh a detector simulation, to track
the way of particles through the detector and simulate ttezation of particles with the detector material and the
magnetic field. Their interaction with traversed matersasimulated within the GEANT4 [118, 111] framework.
Detailed information on the detector geometry and the migffield is used when simulating propagation of
particles. At this step, the decay of long lived particleh@ndled. To enable a comparison with the detector
output, the energy deposited in the sensitive regions oflétector is digitised into voltages and currents. Also
detector noise is added as well as cross-tdfeats. The output is the raw data format, and at this stage the
simulation output matches the real data detector outputdigrexcept for the presence of truth information in the
simulation, containing the generator level informatioatparticles.

Pile-up At high luminosities multiple interaction at a single bur@iossing take place. Most of these collisions
are elastic and inelastic scattering events (minimum HdasXhe remnants of these processes are also recorded
together with interesting interactions in the same bundssing (pile-up). The additional particles from pile-up
events potentially causefficulties in the reconstruction of the hard parton collisisogess. If the pile-up origi-
nates from the same bunch crossing as the main interactieg¢alled in-time pile-up. In addition, there is also
an out-of-time pile-up contribution, which means that tleatcbution is from an earlier bunch crossing. Other
pile-up contributions are from the cavern background omfrehowers induced by particles from cosmic rays.
Hence, an additional step simulating pile-Ufeets is performed in the physics event simulation.

Reconstruction In this step the digital signals are transformed into trazhkd calorimeter clusters to form re-
constructed objects like electrondeptons or jets. The input from flierent detector components is also combined
to reconstruct missing transverse energy. Each object@sgructed by the use of a dedicated algorithm. In the
next Section the particle reconstruction and identificadgorithms for physics objects of interest are explained.
This step is exactly the same for data and simulated events.

3.5 Particle reconstruction and identification

The particle reconstruction and identification is perfodhusually in two steps. First, information from basic de-
tector units like calorimeter cells or pixels in the tradggisystem are gathered and evaluated. Then, identification
algorithms make use of the condensed information to perfoypothesis tests and classify the object under investi-
gation. Given a signature in the detector, the identificasilgorithms can only state a probability that this sigratur
is caused by a certain particle type. In order to meet thesiebdarious physics analyses which may benefit from
different identification ficiencies, a couple of working points for object identifioas are supported. To avoid
confusion between real physics objects and objects cleddifi an identification algorithm to be of a certain kind,
the latter are referred to @sindidates

Electrons The reconstruction and identification of electrons [119]X&2arts with the information from the elec-
tromagnetic calorimeter. An algorithm searches for sfigtgrouped calorimeter cells with a significant energy
deposition (cluster). To suppress photons, each clustetchbe matched to a charged patrticle track of the Inner
Detector. The fficiency of the electron reconstruction is very high90%) and mainly limited by the energy loss
and scattering in the material of the Inner Detector. Howeatthe LHC, backgrounds of multijets from QCD
processes are large. Also rejection of background elestimainly from photon conversions and Dalitz decays is
needed. Hence, several additional requirements are ugadher suppress these backgrounds:

e Calorimeter information. Due to the fine granularity of th# Ealorimeter, the lateral and longitudinal
shower shape is used to separate electromagnetic fromriadttowers. The showers of QCD multijets are
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more spread compared to electron showers of the same edsgythe amount of energy deposited in the
hadronic calorimeter, which should be low in the case oftedes, provides a good suppression of jets.

e The Inner Detector information. A minimum number of hits iretpixel and SCT detectors, presence of
the transition radiation in the TRT detector and a transvémgpact parameter (minimum distance of the
extrapolated track to the beam axis) are used to identifgtreles.

e Cluster-track match criteria. The rejection of jets canigaificantly improved by ensuring the consistency
between the EM calorimeter and the ID information. The gxdfation of an electron track into the electro-
magnetic calorimeter has to match with the barycentre ottmesponding shower. For jets this is usually
not the case since additional charged particles and phestafishe shower position. The electron energy,
E, measured in the EM calorimeter should match the momemumeasured in the ID. For jets, largefpE
values are expected since several tracks can belong to baadehere is additional energy from neutral
particles in the calorimeter.

The electron reconstruction and identification algoritisndesigned to provide various levels of background rejec-
tion optimised for high identificationfgciencies, over the full acceptance of the ID systgjins 2.5. Additionally

up toln| < 4.9 a dedicated algorithm can reconstruct forward electr@iisgucalorimeter information only. The
electron identification uses a cut-based selection. Thearat optimised in bins of electron candid&eg andn.
There are three selections defined, witffatient levels of signalf@ciency and purity:loose mediumandtight.
Loose selection includes rough track-cluster matchingyteoa the hadronic leakage and on the shower shapes
calculated in the second sampling of the EM calorimeter. éalisim selection in addition to the loose cuts, tighter
cuts on the track-cluster matching are applied and showagresinformation calculated in the first sampling is
used. Tight selection includes the same cuts as for the mmesid and additionally require a hit in the B-layer of
the pixel detector, TRT information and calorimeter isiolat

All trigger levels are used for triggering electrons. At therdware-based L1 trigger, objects are selected only
in the EM calorimeter. At the software-based L2 trigger, idatkd fast calorimeter and tracking algorithms are
used. Atthe EF level, the electron reconstruction and itleation, as described above, is applied and leads to
highly efficient triggers.

In many analyses electrons are required to be isolated fnemeist of the event. The first isolation variable is
based on the total transverse momentum of charged pariicteég Inner Detector in a corneR centered around
the electron candidate directiorﬁfﬁ, divided by the transverse momentum or transverse enerdlyeoélectron
candidate. A second isolation variable is based on the ti@iasverse energy measured in the calorimeter cells in
a coneAR around the electron directioméfﬁ, divided by the transverse energy of the electron candidatehe
reconstruction of both isolation variablds; of the electron candidate is subtracted.

Photons The reconstruction of photons [121] follows in its main adpethat of electrons. Both objects are
treated similarly within an overall reconstruction aldbm. Although the definition of an electron object is rather
straightforward, relying entirely on the presence of akratatching an electromagnetic cluster, that of a photon
is a bit more involved, due to the fact that photons can besifilad into two main categories: converted and
unconverted. Photons reconstructed as converted arectdidsad by the presence of at least one track matching
an electromagnetic cluster originating from a vertex iadide tracker volume, whereas unconverted photons do
not have such a matched track. A dedicated energy calibraiapplied to account for upstream energy losses,
lateral leakage and longitudinal leakage, separatelydaverted and unconverted photon candidates.

Photon identification is based on the lateral and longiteidemergy profiles of the shower in the calorimeter.
The photon candidate is required to deposit only a smaltiracf its energy in the hadronic calorimeter. The
transverse shower shape in the second layer of the eleajr@tia calorimeter needs to be consistent with that
expected for a single electromagnetic shower. Finallyhiigé granularity first calorimeter layeng = 0.0031)
is used to discriminate single photons from overlappingtphgairs from neutral meson decays produced in jet
fragmentation, which are the main background source. Baséldese criteria, a set of loose and tight identification
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cuts, diterent for converted and unconverted photon candidateppiged. The trigger chain for photons is similar
to the one for electrons.

Muons The ATLAS muon identification and reconstruction algoriitake advantage of the multiple sub-
detector technologies which provide complementary apgres and cover pseudorapidities up to 2.7 over a wide
pr range. The detector components involved in muon recorigiruare the muon spectrometer and the Inner
Detector. However, muons also deposit some energy in oatdeirs. The muon system allows the identification
of muons with apt above 3 GeV. Very low momentum muons aréidult to reconstruct since they do not reach
the spectrometer, lose too much energy in the calorime®oado not leave a significant signal over the noise in
the muon spectrometer.

ATLAS employs a variety of muon reconstruction algorithnt22]. They rely on the muon spectrometer for
standalone muon reconstruction, but in addition they canthes Inner Detector and the calorimeters information.
In majority of physics analyses so calledmbined muonare used. For their reconstruction, tracks and track
segments found in the muon spectrometer are associateth@ittorresponding ID track to identify muons at their
production vertex, imposing requirements on track quaditg hit multiplicity in muon system. The combination
improves the momentum resolution for muons below 100 GeVsappresses the mis-identification of particles
that escape the calorimeter and which are not muons. Twamsétwtion chains are in use, the MUID [123]
and the STACO [124]. The MUID algorithm globally fits all hiégssociated to muon tracks. The STACO algo-
rithm determines transverse momentum of muons by a stafistombination of the Inner Detector and the muon
spectrometer tracks. The performance of the two algoritismery similar [125].

The muon triggers deploy the three level trigger system di A within the range ofy| < 2.4. At L1, muons
are identified by coincidence signals from the RPC and TGEatlets. Muon candidates with a certain transverse
momentum are taken as seeds for the high level triggers, HZ&n At the L2, the information of the MDTSs is
used in fast algorithms to reconstruct tracks, which areldoed with tracks from the Inner Detector at the EF
level.

The isolation variables for muons are defined in the same wdgraelectrons.

7 leptons Reconstruction and identification ofleptons is described in details in Chapter 4.

Jets Quarks and gluons produced in the primary interaction ondii or final state radiation evolve into col-
limated jets of hadronic particles. These jets appear indétector as localised energy deposits (clusters) in
the electromagnetic and hadronic calorimeters. Thus teediep of the jet reconstruction is the clustering of
calorimeter cells including both the electromagnetic aadrbnic systems. There are several jet finding algo-
rithms available [126]. In ATLAS the default is the aligi-algorithm [127] using a distance parameleE 0.4

or 0.6. Topological clusters [128] are used as an input. They angbined to form particle jets using the aki-
algorithm which is both infrared and collinear safe. Theritgesd; = 1/p$’i andd; | = min(l/p%i, 1/p$’j)AR/R

are first calculated for each clusteand each cluster paiij, whereAR is the cone distance between the two
clusters anR is a distance parameter which defines the radius of the jeg miinimum of this set of numbers
is then identified; if it comes from ¢ j, the corresponding clusters are merged, whereas if it cdroasad;,

the corresponding cluster is removed from the list of clissend moved to the list of jets. These two steps are
repeated until all clusters have been combined into jets. i éfect of this algorithm is to sequentially combine
energy depositions around the highestelusters while ensuring that the distance between thetiegiéts is al-
ways at least of ordeR. This procedure has a number of advantages when compareadtivér jet reconstruction
algorithms. In particular, since the priority is given taghipr clusters, the algorithm is insensitive to collinear
splitting, emission of soft partons, and pile-up.

The jets found by the algorithm are constructed from the rigwads of the calorimeter cells. As the ATLAS
calorimeter is hon-compensating for the energy lost in nitbefore the calorimeters, this raw signal has to be
calibrated. This is done by applying Monte Carlo baggdandn dependent correction factors [129]. For the
standard reconstruction of jets, currently two methodsusedl in ATLAS, a global cell weighting [130, 59] and
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a cluster-level calibration method called local hadrordtiration [131]. In the global cell weighting calibration
weights are applied after the jet finding to the energiesnsttacted in cells that form the jet constituents. The
weights are functions of the cell energy density and thepmition. The dependence of the weights on the energy
density is motivated by the observation that energy depesih a low energy density are more likely to originate
from the hadronic component of a shower. In the local hadrealibration, topological clusters are classified
by their shape, position and the structure of the energy siepe hadronic or electromagnetic clusters. Weights
similar to the weights applied in the global cell weightiradibration are applied to the energies of cells in hadronic
clusters. A correction for energy not included in the clus$eapplied. In this method, the calibrated clusters are
used as the input to the jet reconstruction. At the jet lelbeth methods yield comparable results. After the
calibration, additional corrections are applied at theggel to correct for particles not reaching the calorimeter
and for indficiencies of the jet finding algorithm.

The L1 jet trigger is based on a sliding-window algorithm 21 8hat selects high energy depositions in the
calorimeters. This information is passed to the L2 triggasdd on a simplified version of a cone clustering
algorithm, limited to a maximum of three iterations and peried on calorimeter clusters with full granularity. The
EF uses the same reconstruction algorithms asfiiiee@reconstruction, the only flierence being the calorimeter
calibration. Further details can be found in Ref. [59].

Missing transverse energy In a collider event the missing transverse energy is defisgHeamomentum imbal-
ance in the plane transverse to the beam axis. The collidiotgms do not have transverse momentum components
and therefore the sum of the transverse momenta of all fiatd particles has to vanish as well. An imbalance may
signal the presence of unseen particles, such as neutnirgialide, weakly-interacting supersymmetric particles.
The vector momentum imbalance in the transverse plane &ndat from the negative vector sum of the momenta
of all particles detected in a pp collision and is denoted &simg transverse energ&'{{“ss. The symbolE?‘iSS is
used for its magnitude.

In its simple definition, theErT‘“iSS is built by summation of calorimeter cell energies, additad all muons and
the estimated energy loss in the inactive material [133 dddorimeter part is calculated from the energy deposits
of calorimeter cells inside three-dimensional topolobidasters [132], calibrated locally to the electromagaoeti
or hadronic scale depending on the energy deposit claggificaThe muon part takes into account the sum of
the combined muon momenta from all isolated combined musnsel as the sum of all non-isolated muons
reconstructed as tracks in the muon spectrometer. A muomnisidered isolated if the distanadR to the nearest
jetis at least 0.3. To avoid double counting due to the isdlahuons, the sum of the energy of the calorimeter
cells crossed by an isolated muon, is subtracted from tleginsdter term.

A more sophisticated method of thﬁpiss calculation is calledefined calibration[133, 134]. Since the
calorimeter response depends on the particle type, theematibration is also dierent for diferent objects
like, for example, electrons and jets. Thus, the calibratwd all calorimeter cells which can be associated to a
close-by reconstructed object, is replaced by the caldatpecific for the type of the identified particle. The idea
hereby is that these identified objects are calibrated wetteb accuracy than the hadronic energy deposits. The
association follows a defined order: electrons, then plstoteptons, jets and finally muons. Energy deposits
in cells which could not be associated are also included @md the global calibration weights are used. The
resul'[antErTniss of each object is then added together to form the refinedioadder term and thus the refined final
Emiss'

i

The ErTniss trigger requires that the magnitude of the vector sum ofrafisverse energies is larger than some
thresholds. Only calorimeter information from the triggewers is used at L1. At L2, results provided by L1 are
refined by applying corrections taking into account muorsmnstructed at L2. Contributions from the electromag-
netic and hadronic calorimeters as well as from the muontspeeters are recomputed with the full granularity of
the detector at the EF. Only positive energy calorimetds@ove a certain threshold are considered to suppress
electronic noise.
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3.6 Data quality and preselection of events for early data aslyses

After data are taken, several data quality flags are assigiefthing if the data are good enough to be used for
physics analyses. Data quality flags are assigned for edctetaector and for each reconstructed object in each
detector region (e.g. barrel or end-cap) and for each lugiiyndlock corresponding to several minutes of data
taking. Information from the online anditine data quality monitoring is combined into a databaseainimtg
LHC beam conditions, detector status and data flow infomnaivhich can be used to create lists of runs and
luminosity blocks usable for analyses (so called Good Russ GRL). Those lists are created for particular
studies. This is because some analyses do not use the fdtoletso even if some of the data for a muon analysis
for instance are not collected correctly because of teethmmoblems with the muon spectrometer, an analysis
based only on the ID information can still use the data. Theduality data events are removed from the analysis
by applying the dedicated GRL list as the first selection exdata sample.

Following the basic data quality checks, further event mieg is performed. Discharges in the hadronic
calorimeter or coherent noise in the EM calorimeter can sictelly occur simultaneously with the proton-proton
interaction. Cosmic rays or beam background can also leashéogy deposits, which are not part of the main
collision. Those can lead to the high energy calorimeteodiép or leave high quality tracks in the detector and
thus create incorrectly reconstructed jetsandidates and Wrorit?#"SS measurement [135]. To avoid sucfiests,
cleaning requirements are applied noandidates and jets which do not overlap with electrons andns. This
cleaning is based on several jet properties, which are wuseldeick quality of calorimeter energy deposits.

During data taking not functional Front End Boards and igalanot functional or high noise channels in the
EM Calorimeter were observed. The fhieiencies are of 6% per electron during data taking in 2010indgJs
so calledobject Quality Mapsthe two-dimensional histograms inand ¢, the information can be recovered of
whether an electron is built from a clusteffected by detector problems, in which case it can be rejedt2d]|
This avoids large dierences between data and Monte Carlo predictions which tkimalate the non-functioning
areas.

Pile-up events can come from both the same bunch-crossimgelaas from previous bunch-crossings. This
leads to in-time and out-of-time pile-up, respectivelyeylare characterised by having more than one primary ver-
tex. In early data analyses Monte Carlo pile-up sampleseavesighted such that their default vertex distributions
match the data distribution.
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Life can be very diicult for a little sub-atomic patrticle in a
great big universe.

Terry Pratchett

Reconstruction and identification ofleptons at ATLAS

As described in Chapter 2, thelepton has a short life time and thus cannot be detectedtlgirdostead it is
identified through its decay products such as electronsngyyagions, kaons and neutrinos. Théepton decays
hadronically 65% of all cases, and the remaining fractiomedays are to lighter leptons. The leptonic decay
modes cannot be distinguished from primary electrons ong@ry muons. Thus reconstruction ofeptons in the
ATLAS experiment is understood as a reconstruction of haidrodecay modes.

Reconstruction ot leptons at hadron colliders remains a versfidult task in terms of distinguishing them
from background processes dominated by QCD multijet prodncHoweverrhag decays possess certain proper-
ties that can be used toftéirentiate them from QCD jets, as shown in Figure 4.1. Thegylat 72% of the cases
with one charged patrticle (1-prong) and in 23% with threergéd particles (3-prong). This leads to a low track
multiplicity as compared to the QCD jets. The decay prodaceswell collimated, forming a narrow hadronic
shower in the calorimeters. The shap&eatience of the hadronie lepton decay and the QCD jet is due to the
colour flow of these two objects. Thelepton decays colour neutral viavdl boson and thus its decay products
form a narrow cone. Compared to this, the QCD jet, consigifriguarks and gluons, is not a colour neutral object.
The colour field in such a jet can have enough energy to prodeesequark-antiquark pairs, which fragment into
colour-neutral hadrons. There is no energy limit in the oolfield of a jet, which is why the jet shape is much
broader compared to a hadronically decayirigpton.

(@) (b)

Figure 4.1: lllustration of (a) a hadronie decay and (b) a gluon-initiated QCD jet.
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Also in thag decay, due to the presencendfs, a significant electromagnetic componenffatient than for the
QCD jets, can be observed. Additionally, isolation from thst of the event is visible both in the Inner Detector
and the calorimeter. The visible invariant mass is smahantther lepton mass, due to not detectable neutrino.
The lifetime of ther lepton in principle allows for the reconstruction of its dgcvertex in the case of 3-prong
decays. The flight path in the detector increases with therntarboost of the lepton, and at the same time the
angular separation of the decay products decreases. Tlléngsiecay vertex can be resolved from the primary
interaction vertex in the silicon tracker. These featumesexploited in reconstruction and identification algarith
used in the ATLAS experiment in order to seleffi@ently 54 decays.

4.1 Reconstruction ofr decays

Ther leptons reconstruction algorithm is based on informatilbeaaly provided by dferent sub-detectors, such
as tracks reconstructed in the Inner Detector and energysitsn the calorimeter. Reconstruction is done only
for the visible part of the decay products (without neutyjnmowever, for specific studies the complete invariant
mass of therr system may be reconstructed as described in Appendix A.

Historically, two diferent reconstruction algorithms, a track-based and ainater-based, were developed in
the ATLAS diline reconstruction software [59]. In the first data analyisey were run in a merged configuration.

e Calorimeter-based algorithm buildscandidates from calorimeter jets reconstructed with the lgnalgo-
rithm [127] (using a distance parameter= 0.4) from topological clusters [128] with transverse energy
above 10 GeV. They of ther candidate is further adjusted by applying multiplicatieetbrs derived from
Monte Carlo studies. Tracks within a cone size\&f < 0.2 of the jet seed are associated totheandidate.
The tracks are required to pass track quality criteria diesedrin the next Section. The direction of the
candidate is obtained from thgand¢ of the seeding jet.

e Track-based algorithm builds candidates from a track withy > 6 GeV which is assumed to come from
the charged pion and reproduces well the direction ofrthandidate (so calle@ading trach. Then, other
tracks around the seed track within a cone sizaRk 0.2 are associated (so calladsociated tracRs It is
also required that there are no tracks in the isolation ri2g<0AR < 0.4. Both the leading and associated
tracks have to satisfy quality criteria as described in the $ection. The candidate energy is determined
using the energy flow algorithm [59]. This method uses thesuesl track momentum to improve the
overall measurement of the energy in the calorimetersjqudatly for the low energy range. The direction
of ther candidate is calculated from tracks psweighted track barycentre.

7 candidates from the two algorithms are merged, providirgy thverlap within the cone ofR < 0.2. Merged

candidates are expected to be identified with higher puoity,in most first data analyses all calorimeter-based
candidates are used in order to increase the yield. Theydeahearly all track-based candidates, as there are very
few track-based candidates without a calorimeter-seed.

4.1.1 Track selection criteria for r leptons reconstruction

Track selection should ensure higfiigency and quality of the reconstructed tracks over a broagachic mo-
mentum range, from 1 GeV to a few hundred GeV. Both the caketembased and the track-based algorithms
determine the charge of thecandidates by summing up the charge of particle tracks stngied in the core
region, AR < 0.2 around the reconstructed direction of visible decay petgluTherefore, the selection criteria
for tracks of charged pions arising 1f,g decays are important factors in afiéientr leptons identification. The
incorrect charge assignment focandidates is dominated by combinatorifieets: 1-prong decays may migrate
to 3-prong category due to photon conversions or the presehadditional tracks from the underlying event. A
3-prong decay might be reconstructed as a 1-prong decaydugiiciencies in track reconstruction and selection.
In the low-pr range, the infiiciency is due to hadronic interactions in the Inner Deteptaterial. In the highpr
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Table 4.1: Track quality criteria for tracks of calorimeter-based aratk-based candidates.

Track criteria calorimeter-based track-based candidatackibased candidate
candidate leading track associated track

pr (GeV) > 1 6 1

77l < 2.5 2.5 2.5

B layer hit > 1 no cut 1

Hits in pixel detector > 2 no cut 2

Hits in pixel and SCT detectors > 7 7 7

|dol (mm) < 1 2 1

|Zg sing| (mm) < 15 10 15

range, the performance is degraded due to strong collimatiche multiple tracks from 3-prong decays. Also the
contribution from the incorrect charge assignment of ttiividual tracks should not be neglected.

The quality criteria are applied on the number of hits in theepand SCT detectors, in the pixel detector and
in the B-layer of the pixel detector as well as on the trarsygl, and longitudinal zp, impact parametets All
quality criteria are listed in Table 4.1.

Ther candidates are classified as one or multi-prong dependirtpeonumber of tracks counted in the core
region. For calorimeter-based candidates, tracks witignsblation annulus0.2 < AR < 0.4, whereAR s a cone
around the seed jet, are also counted for variable caloaktiand are required to satisfy the same track quality
criteria.

4.1.2 Energy calculation

Energy ofr candidates is calculated in twoflidirent ways, depending on their seed type. The basic enemy of
candidate, reconstructed from calorimeter seed, is obiia@ts a sum over the energies of cells, withi < 0.4 of
the seed jet axis, that form the topoclusters of the jet s€ki. energy reconstructed at the electromagnetic (EM)
energy scale is further calibrated by applying correctiaatdrs. For this purposgesponse functionsR(pEM),
are defined aR(pEM) = pEM/pd°" where pEM is the pr of the r candidate at the EM scale ap™ is the true
generatedor of the candidate. Response functions are constructed dthgamples for dterent categories of
7 candidates depending on the number of tracks and [fjeit-prong candidates are divided accordingly to EM
energy fraction {eym), in an attempt to further classify these candidates basahex® content. In order to derive
response functiong; candidates are binned imﬁe” and the correction factor is constructed for each bin. Irheac
bin the response is fitted to an asymmetric Gaussian and tae aighe fit gives the correction factor. Correction
factors are associated for eve[ﬁe” bin to a value ofpt™. Obtained response function is used for calibrating
reconstructed candidates to their final energy at thenergy scalepFS. An example of the response function is
shown in Figure 4.2 (a) for 1-prongcandidates withifgy > 0.15 in the barrel region. Markers show the correction
factors and the solid line, the response function, beingdkalt of a fit to these markers. The response function
approaches unity for high values pEM. For low values ofpf™, the functional form of the response function
diverges, so the minimum of the response function is usd¢dands indicated by the dashed line.
An example of the resolution obtained at thenergy scale for 1-prong candidates in barrel region can be
seen in Figure 4.2 (b). Resolution is definedpdS%/pl™". The fitted function is an asymmetric Gaussian.
Systematic uncertainty on the obtainﬁS is evaluated from six distinct sources: Monte Carlo evenega-
tor and underlying event model, hadronic shower model, arnofidetector dead material, topological clustering
noise thresholds, EM energy scale and, finally, non-closline non-closure accounts for deviations of kinematics
of the calibratedr candidate from the true kinematics. Individual contribog are added in quadrature. An ex-

Himpact parameter is a distance between the point of cloppspach of a track and the interaction vertex. Transverg@anparameter
is this distance in transverse planey) and longitudinal impact parameter is theoordinate of this point.
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Figure 4.2: Response functions for 1-prongcandidates withfgy > 0.15 in the barrel region (a). Resolution for
1-prongr candidates in the barrel region (b) [136].
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ample of the total systematic uncertainty on thenergy calibration scale, along with contributions frorfietient
sources of systematic uncertainties are shown in Figuré# B-prongr candidates in the barrel region.

An energy flow algorithm is used for track-seededandidates. This method divides the energy deposited in
cells into following categories:

e The pure electromagnetic energ:‘;?rmc', seeded by an electromagnetic cluster isolated from tendidate
tracks and with no substantial hadronic leakage. The enisrggllected in a narrow window around the
seed.

e The charged electromagnetic ener@f{hrgEM, seeded by the impact point etandidate tracks in each layer
of the EM calorimeter. The energy is collected in a narrowdeiw around seeds.

e The charged hadronic energ ?hrgHAD, seeded by then( ¢) of v candidate tracks in each layer of the

hadronic calorimeter. The energy is collected in a conaRE 0.2 around seeds.
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e The neutral electromagnetic energ?ﬂe“EM seeded by thej( ¢) of r candidate tracks in presampler and two
first layers of the EM calorimeter. The energy is collecteahirnot yet used cells in a cone AR = 0.2
around seeds.

The energy depositsﬁEgEM and E:rhrgHAD are replaced by the track momenta (no hadronic neutralsjderdo

define ther energy scale. The contribution from neutral pions is inellidgh E$’“°' and E}e“E’V‘. To account for
overlapping of energy deposits of neutral and charged pamalsenergy leakage outside a narrow cone around the
track, correction termg’ res[—$hrgEM and res@eUE’\" are used. These terms are derived empirically from parametr
sation of €fects mentioned above, based on the Monte Carlo studies.[13ii$ leads to the following energy,
ESow, definition:

E$ﬂow _ E$mc| 4 E$euEM+ Z ptTrack " Z reSlﬁhrgEM + resE‘ﬁ“E'\", (4.1)

An advantage of the above approach for defining the enerdg scthat it performs well for true hadronic decays
of 7 leptons but significantly underestimates the nominal gnefdake r candidates from QCD jets. Thistect
comes from the fact that a cone®R = 0.2 is too narrow to #iciently collect the energy of a QCD jet (particularly
with low transverse momentum) and also since a large fraatfathe neutral hadronic component is omitted in
the definition itself, as the energy deposit in the hadroalorimeter does not contribute to the energy calculation.
This method leads, however, to more pronounced non-Gaussia in the fractional energy response than the
more conventional energy estimates from calorimetry only.

4.1.3 #°reconstruction

High granularity of the EM calorimeter in ATLAS allows for ¢hidentification of isolated sub-clusters frorf
mesons inside the core region of the reconstructedndidates. It is done by the reconstruction of the topoklgi
sub-clusters from cells in a cone sizeR < 0.4 around the direction of the leading track of theandidate.
Only sub-clusters with a centre withisR < 0.2 and with transverse energy above 1 GeV are considered.|A cel
subtraction procedure is applied to reduce the impact froergy deposits of nearby charged pions. Namely,
before the clustering process, cells being closest to thaanpoint of the trackAR < 0.0375) are removed.

In addition, sub-clusters are accepted if their recongtdienergy in the first and presampler layers of the EM
calorimeter exceeds 10% of their total energy. This metHous 50% of ther® clusters int decays with one

or two 7° mesons, while approximately 65% of— v decays are reconstructed correctly without afg [59].
Until now, the described method has been optimised with M@pdes only for the track-based candidates.

4.1.4 tlepton trigger

The L1t trigger is a hardware trigger based on EM and hadronic caketer information, using trigger towers of
approximate sizé\n x A¢ = 0.1 x 0.1, with a coverage up tfyy| < 2.5. At this levelr candidates are identified
using three key features: the EM and hadronic energy in tyvoaln collection of trigger towers and energy in the
isolation region between two-by-two collection of triggewers and the four-by-four collection surrounding it.
Different thresholds to these quantities define various ttihgers.

The L2 trigger is software-based. After refining the L1 positionngsthe second sample layer in the EM
calorimeter, its algorithm selects narrow jets by means@draneter lateral shape and transverse energy variables.
Tracks are also reconstructed in regions passing the Lderigsing the full detector granularity. The charactegisti
narrowness of tracks and calorimeter deposition and logktnaultiplicity of ther,,aqdecay are used to discriminate
against background.

Atthe EF level, parts of thefiine T reconstruction algorithms are used on the seeds passingdta.from the
whole detector can be accessed if necessary. This provideteaange of more accurate identification variables.
Rejection against dominant QCD multijet background by tlghH evel Triggers (L2 together with EF) is of the
order of 10 or more, depending on tpe range and tightness of the selection.

Differentr trigger signatures were used for collecting early data anihcreasing instantaneous luminosities.
Typically, thepr threshold applied at EF was tightened with increasing lwsiires. Additionally, diferent quality
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requirements (loose, medium, tight) are available for edgin. Ther trigger and its performance in 2010 ATLAS
data is fully documented in Ref. [138].

4.2 7 leptons identification

The reconstruction of candidates provides very little rejection against QCD ijaift, electrons or muons. Their
rejection comes from a separate identification step usirighlas calculated by the reconstruction algorithms. The
identification is based on the combined information from fitn@er Detector and the calorimeters. A traditional
cut-based selection method as well as multivariate digoétion techniques are used. For early data only robust
variables are used. These variables are expected to bendggtsiood even with non-optimal detector calibration
and limited knowledge of the detector performance.

4.2.1 Rejection of QCD jets

The variables used to discriminate against the QCD muligekground are described below. They are calculated
for the calorimeter-based candidates.

Electromagnetic radius: Shower width weighted with the transverse energy in the EMroaeter:
AR<04 CEM AR
X TTERVAR

AR <0.4 —EM
Zi ET,i

wherei runs over cells in the first three layers of the EM calorimetssociated to the candidate AR; is
defined relative to the candidate jet seed axis aEtﬂ" is the cell transverse energy. It is expected to be
narrower forrpag decays compared to QCD multijets.

Track radius: Tracks width weighted with the tragy:

R o i iR
ZiAR; <04 pr.

wherei runs over all core and isolation tracks of theandidate AR; is defined relative to the candidate
jet seed axis angr; is the track transverse momentum. Similar to Byg it tends to be smaller forpag
decays than for QCD multijets.

Leading track momentum fraction:

track
Pr1
ftrack = >

WhereptT“"‘lCk is the transverse momentum of the leading core track of tandidate angr is the transverse
momentum of ther candidate. In case af,yq decays, the leading track carries significant fractionr of
momentum.

Core energy fraction: Fraction of transverse energy in the cotdr(< 0.1) of ther candidate:

wherei runs over all cells associated to thecandidate withilnAR; of the r candidate jet seed axis. This
variable measures the concentration of calorimeter endeppsits around the jet axis. Foyyg decays,
energy tends to be more concentrated, resulting in a higercompared to QCD multijets.
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Electromagnetic fraction: Fraction of uncalibrated transverse energy of theandidate deposited in the EM

calorimeter:
AR <0.4 EMscale
Zi; ieEM Calo ETi
AR <04 —EMscale ’
z:j; jeCalo ET j

fem =

whereEr; (Er,j) is the uncalibrated transverse energy deposited in ¢gl] andi runs over the cells in the
first three layers of the EM calorimeter, whijeuns over the cells in all layers of the calorimeter. Fgyy
decays larger energy deposits in the EM calorimeter areactegdealue to the presence of neutral pions.

Cluster mass: Invariant mass computed from constituent clusters of ted g&t,mqusters This variable has larger
values for QCD jets due to their higher multiplicity.

Track mass: Invariant mass of tracks in a cone of si¥B = 0.4, myacks This variable has larger values for QCD
jets due to their higher multiplicity.

Transverse flight path significance: The decay length significance of the secondary vertex fotixirack r can-
didates in the transverse plane:

| flight
gflight _ _ =T
T = flighty *
a’(LTIg )
WhereL‘light is the reconstructed signed decay length in the transvéase pndr(LfT"ght) is its uncertainty.

The tracks used for the secondary vertex fit are those a$sddia ther candidate, but additional tracks
with pr> 6 GeV within AR < 0.2 of the jet seed, and satisfyirdp| < 2.0 mm, andz, sing| < 10 mm, are
also added to the vertex fit, even if they fail the B-layer anelpdetector criteria, and the tighter impact
parameter criteria that are required for associated tracks

Using those variables as an input, discriminants are dedigmaccept true candidates and reject fakeandidates
reconstructed from QCD multijet events. There are thrékedint discriminants used for the early data-taking
period: a cut based selection, projective likelihood idferation, and identification with boosted decision trees.

The cut based identification uses cuts on only three uncorrelated vagsiti®en, Rirack and firack, binned for
7 candidates that have one or multiple tracks. The cuBgnandRy,ck are parametrised as a function of the
of the r candidate, since the optimal cuts are strongfydependent due to the Lorentz collimation of the decay
products in hadronie decays.

In the projective likelihood identification seven variabkre used, three for 1-prongcandidatesRem, Riacks
Meusterd @and five for 3-prong candidatesRen, frack feEm, Mracks NUMber of vertices reconstructed in the event).
The probability density functions (PDFs) used by this mdtace split into diferent categories, or bins, in order to
maximise the discriminatory power. This categorisatiobased on properties both of thecandidate o1, seed,
number of prongs) and of the event (number of reconstructiedapy vertices). The PDFs are also produced for
three separatpr bins.

The identification ofr leptons with boosted decision trees algorithm (BDT) [138¢i all discriminating
variables mentioned above. The BDT is trained separatelgamlidates with one track and with three tracks.
Additionally, the BDT is binned by the number of reconsteettprimary vertices (less than 3, and more than
2). The selections on the BDT score are made that yield rguidgdl signal or flat backgroundfiéciency. The
selections employpr-dependent cuts which compensate for phedependence of the BDT score.

4.2.2 Electron and muon vetos

In addition to the QCD multijets rejection, identificatiorethods are also used to distinguighg decays from
electrons and muons. The cut-based electron veto provigesdiseparation between electrons and reconstructed
7 candidates. Requirements are made on four variables:
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Efr:gg : The maximum energy deposited in the strip layer of the ENbraeter, not associated with that of the
leading track. This variable tends to be largerfggg decays due to presence of neutral pions and hadronic

interactions in front and inside EM calorimeter.

Eem/p-"€ : The ratio between the energy deposited in the EM calorimgtgy, and the momentum of the leading
track, p-"k. For electrons this variable is close to unity.

Enad/ PH"™ : The ratio between the energy deposited in the first layer @htidronic calorimeteEpag, and the
leading track momentum. For electrons this ratio is smalian for hadrons.

Nyt /Nir: The number of high threshold hits over the number of low thoéd hits in the TRT. This ratio is
higher for electrons than for pions as electrons are moeifito produce the transition radiation that leaves
high threshold hits in the TRT.

One of the main characteristics of muons is the small amotiahergy deposited in the calorimeters. The
muon veto algorithm rejects events with total energy ddjmrsin the electromagnetic and hadronic calorimeters
(at the electromagnetic scale) below 5 GeV. Since the ertargghold for the calorimeter-seeded reconstruction
of at candidate is 10 GeV (at the jet energy scale), this veto g &ficient for these candidates.

4.3 7 reconstruction and identification performance in data

Prior to the start of data-taking, understanding of the etgukperformance of thereconstruction and identifica-
tion relied on Monte Carlo simulations [59, 140]. More dkgdiunderstanding could only be achieved after the
detector was in place and physics signals could be used ffarp@nce studies and for validation or tuning of the
simulation.

In years 2008-2009 the ATLAS detector, already commissldndts underground cavern, collected several
hundred million cosmic ray events. Because cosmic ray mutdesact with the detector mainly as minimum-
ionising particles, most traverse all of the sub-detecadogg their flight path. So, in addition to each sub-detector
specific cosmic ray studies, these data samples provideiitshepportunity to study the combined performance
of different detector components and thus were used also for thef tbe 7 reconstruction and identification [9].
Since nor leptons were expected in the cosmic ray data sample, thes fotthis study was to exercise the
algorithms designed to identify them, and to investigat® tvell the quantities used for the selection are modelled
in the simulation. Good agreement between data and cosiMoamte Carlo for the properties of track- and
calo-seeded candidates was found, in particular for quantities usethénidentification algorithms.

The studies on the performance algorithms were continued with the first dataiog from pp collisions.

In December of 2009, shortly after the single-beam commissg of the LHC, the ATLAS experiment recorded
data from pp collisions at the centre-of-mass energy of 980.Ghis data set was used to studidentification
variables [10]. These events were preselected using a minirias trigger and dominated by soft interactions.
While the number of actuat leptons in this data sample was expected to be negligib&illicould be used to
prepare for the commissioning of theeconstruction and identification algorithms at higherrgi®s. The analysis
was continued with the data from pp collisions at the ceafrerass energy of 7 TeV [11, 12]. The following, more
evolved, studies of the background rates fortheéentification are described below.

4.3.1 Estimation of QCD multijets background dficiency as a function of signal fliciency

Results presented in this Section are obtained with thekagrived from Monte Carlo samples with true hadronic
T decays\V — 1v, Z — 1) and the background evaluated on data sample obtained feeteetion of di-jet events
collected by ATLAS in autumn 2010 [136]. As the signal, ongconstructed- candidates coming from true
hadronic decays and with| < 2.5 andpr > 10 GeV, are used. The reconstructed number of tracks isresjto
match the true number of prongs. Background di-jet evenis t@pass the L1 jet trigger and have at least two
candidates, a leading one wigh > 30 GeV and a sub-leading one wigs > 15 GeV. A¢ between leading and
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sub-leading candidates should he¢ > 2.7 rad. The leading candidate should be the one used by thedgetr
and it is further ignored to avoid trigger bias. Only the delding candidate is considered for identification and
efficiency calculations. Using the reconstructed variablesideed in Section 4.2.1 as an input, discriminants for
identification (Id) ofr candidates are designed to accept true hadronic decayspuibns and reject fake candidates
reconstructed from QCD multijet events. Distributionstodse variables for both signal and background are shown
in Figures 4.4-4.6.
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Figure 4.7: The projective likelihood (a) and BDT (b) scores for 3-prangandidates [136].
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As described in Section 4.2.1 thredfdrent discriminants are used: a cut-based selection,ginggdikelihood
identification, and identification with BDT. An example oEtprojective likelihood and BDT scores for 3-prong
candidates is shown in Figure 4.7.

The following definitions of the signal and backgrourfiiaencies are used.

Signal dficiency:

(# of r candidates with /B reconstructed track(s), passing Id,
13-prong _ \truth-matched to a simulated3tprong decay
sig B (# of simulatedrhaqg with 1/3 prong(s)

Tnd

Background dficiency:

1/3-prong _ (# of 7 candidates with /B reconstructed track(s), passing Id
& = n :
bkg (# of r candidates with /B reconstructed track(s)

The discriminants are optimised pt, n and one or 3-prong bins. Candidates with no reconstructatdrfail the
identification by definition. Multi-prong candidates use 8ame discriminant as for 3-prong candidates.

The thag Signal and QCD multijet backgroundfeiencies for each identification method are presented in
Figure 4.8 for 1-prong and 3-prong candidates with> 20 GeV. The upper bound on the signdi@ency is
limited by the tracking reconstructiorffieciency and hence worse for 3-prong candidates.

The background féciency depends on ther distribution of ther candidates and the type of partons that
initiated the jets. It can dlier by as much as a factor of five, depending on whether the jgtiask or gluon
initiated [141].

Physics analyses use théd mainly in combination with an electron veto. Thereforighal dficiencies and
their systematic uncertainties are also evaluated in coatioin with the electron veto. Several combinations,
calledworking points of 7 Id for 1-prong candidates, 3-prong candidates and elestetmare studied.

Expected signalféciencies for thdooserworking point are in the range of 50 60% for the cut-based and
likelihood-based identification methods and-480% for the BDT. For thaighter working point, the expected
signal dficiencies are reduced to about 30% for the cut-based and 4b%utor the likelihood-based identification
methods and about 30% for the BDT. Figure 4.9 shows sigffi@iencies for one exemplary working point cor-
responding to tighter selection, for each of the three digoating methods. The systematic uncertainties on the
7 |d efficiencies are evaluated using Monte Carlo samples withd/@aaditions in the event generation, detector
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material, shower modelling, and reconstruction. Sigtiatiencies obtained with those samples are presented by
different labels in Figure 4.9. The yellow bands correspondéditfal systematic uncertainty obtained by adding
in quadrature the contributions from each source of sydfiemacertainty.

For the looser working points, the estimated systematiedamty is in the range of (4-7)%, while for the
tighter working points, the systematic uncertainty is nE@%. For candidates witpr< 20 GeV, the systematic
uncertainty is dominated by the shower modelling and theltapcal clustering noise threshold, while for higher
pr candidates, only the systematic contribution of the chirsjethreshold dominates.

First attempt to estimate the signal dficiency from data using the Standard Model procéss— 7v is
described in Section 5.3.

4.3.2 Measurement of ther mis-identification probability from QCD jets

The mis-identification of QCD jets ascandidates is determined usindtdrent processes [141]. Events, where
jets originate mainly{ 90%) from quarks are obtained in thejet selection. Events with a fraction ef65% of
jets originating from quarks are selected in the-Z{¢)+jets analysis. Finally, events with a fraction-0H60% of
jets originating from quarks are selected in the ditjgee-jet topology.

The di-jet/three-jet events

The data events considered have to pass one of jet triggérigger with Er threshold between 5 and 75 GeV
for the early data-taking period and EF trigger wih threshold between 20 and 95 GeV for the later data-taking
period. Events are required to have two jets Wijthx 2.5 andpt > 15 GeV, which are balanced in(A¢ > 7—0.3
radians) andpr (|Apr| < pT'®/2), wherep['®*is the pr of the leading jet. From these pairs of jets, one is chosen
randomly as the tag jet and the other as as probe jet. Onlattez Is used for the mis-identification measurement.
In order to remove a very small fraction of events with regl pairs, it is required in addition that the tag jet has
at least four tracks associated with it. No further requieets are imposed on the probe jet. It is then required that
a reconstructed candidate with at least one track and with> 15 GeV is withinAR = 0.2 of the probe jet.

The mis-identification probabilityf,4, is then calculated as a ratio between number of probe jetstifaed
ast candidates and number of probe jets reconstructedcamdidates. Obtainefiy is presented in Figure 4.10
for tighter working point of the cut-based identificatiogatithm as a function of candidatepr for 1-prong and
3-prongr candidates and for events with 1,2>62 reconstructed primary vertices.

The following sources of systematic uncertainties areuidet!: the requirement on the exact levepgfand¢
balance of the tag and the probe jet and the requirement amutinber of tracks in the tag jet. Thus each of these
criteria is varied separately and the observdtkdence in the mis-identification probability is taken asstematic
uncertainty. In addition, the influence of the matchingesiiin of the probe jets to the reconstructedandidates,
and the contamination of realleptons in the sample of probe jets was investigated anddftmbe negligible.

For the three-jet topology study, triplets of jets are sieldceach of them satisfyingr> 15 GeV andn| < 2.5.
These triplets are selected such that one of the jets isd&dan pr and¢ by the two other jets. From the latter,
one is chosen randomly as a probe jet. The mis-identificatiobabilities are calculated in the same way as for
the di-jet topology. Difterences in the mis-identification probability comparedh® di-jet topology of up to 40%
are observed, due to the softer probegespectrum and the denser environment in the three-jet events

The y+jet events

The mis-identification probability of candidates from hadronic jets can also be determined frpmidgies where
a jet is balanced ipr and¢ by a photon. In order to select such events, EF photon triggéh Et thresholds
between 10 and 40 GeV including loose and tight photon ifleation are used. Exactly one isolated photon
candidate is required in the event, wiph> 15 GeV and within the pseudorapidity rangejgif< 2.47, excluding
the transition region in the calorimeters. The jet in thengve selected requiring the same criteria fat, n and
¢ balance as for the di-jet topology. The results for the rdentification probability obtained with these events
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Figure 4.9: Signal dficiencies for the tighter working point as a function pf for 1-prong (left) and 3-prong
candidates (right). Dlierent labels correspond to signédlieiencies obtained for the fiierent sources
of systematic uncertainties. The ratio of the sigrfatency obtained from the modified event samples
to that in the sample used in the analysis (nominal sampks@spresented. The first row shows the
efficiency for the cuts; the second shows the likelihood; thedtehows the BDT. The yellow band
shows the total systematic uncertainty [136].
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Figure 4.10: The mis-identification probability of QCD multijets from-gt topologies ag candidates shown
as a function ofr candidatept for 1-prong and 3-prong candidates in events with one or two
primary vertices (a) and more than two primary vertices ¢)the tighter working point of the cut-
based identification algorithm. The statistical errorsrapgesented by vertical bars; the shaded areas
correspond to the total uncertainty. Large errors in some bre due to the statistical fluctuations in
samples used for estimation of systematic uncertaintiéd.][1

are shown in Figure 4.11 for the tighter working point of the-based identification algorithm as a functionrof
candidatepy for 1-prong and 3-prong candidates and for events with 1,2>62 reconstructed primary vertices.

The same sources of systematic uncertainty as for the dejeilogy are considered with one exception:
instead of considering requirement on the number of traokéhe tag jet, the féect of loosening the photon
identification criteria by dropping the isolation requirent is considered. This increases the contamination of the
selected event sample with di-jet events, thereby inangatie fraction of gluon-initiated probe jets and reducing
the mis-identification probability by about 10%. Thigtdrence is included in the total systematic uncertainty.

The Z(— (6)+jetsevents

Finally, the mis-identification probability af candidates from QCD jets can be derived from the additicetalin
Z(— ¢f)+jets events. Events are selected with one electron (muah)amEr (pr) threshold of 15 GeV at EF
trigger level. Electrons are required to haze > 20 GeV and be insidy| < 2.47, excluding the transition region
in the calorimeters. Both electrons are required to passumeeélectron identification. Muons are required to
havepr> 20 GeV and be withity| < 2.5. Additional quality criteria for each muon track recomnsted in the ID
have to be satisfied [125]. Only events where the invariargsnad the tag leptons fall inside the Z mass window
71 < my < 111 GeV are selected.

The probability of QCD jets to be mis-identified asandidates is calculated from the additionalandidates
reconstructed in the event, satisfyipg> 15 GeV,|7 < 2.5 cuts and having one or three associated track. It
is required in addition, that no electron or muon candidates reconstructed withiAR < 0.4 around ther
candidate. The mis-identification probability is displdyia Figure 4.12 for the tighter working point of the cut-
based identification algorithm as a functionratandidatepr for 1-prong and 3-prong candidates.

The sources of systematic uncertainties are the choicesghtlariant mass window for the tag leptons which
is varied, 80< my, < 100 GeV, reducing the expected background by roughly arfadtvo, and the uncertainty
on the energy scale of the electrons or muons, which is agstortee 2%.
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Summary of the measurements of the mis-identification from @D jets

The mis-identification probabilities range from 10% ta%, depending on theidentification algorithm chosen,
the number of prongs of the candidate, itr, the origin of the QCD jet being reconstructed as eandidate
and the number of primary vertices found in the event. Thiedinces in mis-identification probabilities found in
the various topologies are attributed to th&eatient fraction of quark-initiated jets (as opposed to gluotiated
jets) in the topologies studied. When separating quatiated and gluon-initiated jets on truth-level, Monte @arl
studies indicate that good agreement of the mis-identificgbrobabilities is observed across the threfedéent
samples studied.

4.3.3 Measurement of the mis-identification from electrons

The probability of an electron to be mis-identifiedrasandidate is measured in a sampl&of eeevents. Events
passing the electron EF trigger with a thresholcEgf= 15 GeV and medium identification criteria are selected.
The electron candidate used by the trigger is required te pav 30 GeV andn| < 2.47 (excluding the transition
region in the calorimeters). In addition, the tag electras to pass tight identification and has to be isolated from
the rest of the eventg{} < 0.06. As the probe, a reconstructeccandidate withpr> 15 GeV andp| < 2.5 is
selected. It has to have exactly one track associated. Trer$yr candidates are not used due to the too high
background level.

The invariant mass of the tag-and-probe pair is requiredltarfside the Z mass window 80 mee < 100 GeV.
In order to suppress remaining backgrounds, mainly k> ey processesE?‘iss < 20 GeV is required, where
the simple definition of the missing transverse energy isl @sedescribed in Section 3.5.

The probe candidates, satisfying the criteria above, ae subjected to the identification algorithms and
to the electron veto. The mis-identification probabilify, is defined as a ratio of number of probe candidates
passing electron veto andd and number of probe candidates. The mis-identificatiababilities for the tighter
working point of the cut-based identification algorithm al®wn in Figure 4.13 as a function pf and|n| of the
probe candidate. The mis-identification probability istoé brder of 1% for probe candidates wiph > 20 GeV
independent of the identification algorithm applied. The influence of pile-uptbe mis-identification probability
of electrons as candidates is negligible.

Sources of systematic uncertainties considered are tHgtmmd estimation, the energy scale of the probe
electron and the choice of the signal mass window. Howeterrésult is dominated by the current statistical
uncertainties that are as large=80%.

4.4 Summary

The ATLAS package for reconstruction and identification aflfonically decaying leptons has gone a long way
from a simple calorimeter-based algorithm [142] to the ssjtated, robust andfiective one, described in this
Chapter. The algorithm, tuned primarily only on Monte Castomples, was successfully validated on cosmic ray
data and then on the first proton-proton collisions and fingttimised using full data sample collected in 2010. It
appeared as ready to be used in the first studiesmigptons in final states. Obtained performance is comparable
to the one reported by the CMS collaboration [143].

In this Chapter, the reconstruction, energy scale calitmmadnd identification of hadronically decayindep-
tons are presented. Three alternative identification nustlawe optimised to discriminateleptons from QCD
jets: a cut-based discriminant, discrimination with a pative likelihood, and discrimination with boosted deci-
sion trees. A cut-based discriminant is optimised to regdettrons mis-identified asleptons. The versions of the
algorithms described are those defined for data analysi®Xi data and first half of 2011. Thesignal dficiency
and ther energy scale calibration and their systematic uncer&srdre estimated from Monte Carlo samples. The
mis-identification rate of QCD jets ascandidates is determined using data samples with firjee-jet events,
v+jet and ZE £€)+jets events. The probability of an electron to be mis-idettiasr candidate is measured in a
sample oZ — eeevents.
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Figure 4.13: The mis-identification probabilities as a functionratandidatepy (a) andn| (b) for the tighter work-
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the statistical uncertainty of the simulation [141].

Presented results are based on the first data collected Tth&S experiment and thus on small statistics.
However it should be mentioned that since then, upon comopleif this monograph, a lot of progress has been
done. It concerns mainly performance of theeconstruction and identification [144] and determinatdithe 7
energy scale and the associated systematic uncertaindy. [Idtthe latter case the first attempts to @se> 7t
events for the in-situ measurement of thenergy scale are presented.

As will be shown in the next Chapters, analyses witkyin final states sfiier from background coming from
mis-identification of electrons ascandidates. In this Chapter only cut-based electron vetodeacribed as used
on the first data but presently also the BDT based electramesgsts giving a much better performance.

Polarisation inr lepton decays can be measured through the kinematics ofdbeay products, especially
in Thag decays. The key element in those studies is reconstrucfioreutral pions fromrnag decays. Their
reconstruction can also improweidentification by considering flierent decay modes separately. Even simple
counting of neutral pions can help as decays without therhhaile an excellent energy resolution from the 1D
tracks. Good mass resolution is the only handle against mlmhZz — 77 background inH — 77 searches.
There is ongoing work on identification af’s within = candidates using topoclusters fransandidates jet seeds.
Another developed method is similar to the one describeti;n@hapter but using parametrised hadronic shower
profiles for subtracting the contribution from charged @ion

The remaining issue is also optimisationrafeconstruction and identification for higs, whenr candidates
form very narrow jets and reconstruction of 3-prong cantidatarts to be challenging for the tracker. Such studies
are crucial for searches for high mass resonances desdarnilSzttion 2.5. Also, better fakecandidates rejection
is the key for improving the sensitivity for thd — 77 searches. Finally, thereconstruction algorithm should be
re-optimised to be less sensitive to pile-up which incrdaggnificantly in 2011 and 2012 data runs.

All above possible improvements are mentioned here onlcéonpleteness. Their detailed description and
first results are out of the scope of this monograph.
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Standard Model processes witteptons

In Chapter 2 the role of leptons in the search for New Physics phenomena at the LHQlisagssed. Decays
of Standard Model gauge bosonsitdeptons,W — rv andZ — rr are important background processes in
such searches and their production cross sections needrweasured precisely. This is described in detail in
Sections 5.1 and 5.2. Given a large cross section for thesmegses, theyfler the first opportunity to study
hadronic decays in the ATLAS experiment. TWe— 7v and theZ — 77 decays are crucial to estimatdepton
detection performance. An example application of the meally — 7v cross section t@ identification studies
is presented in Section 5.3.

The data sample used in described analyses correspondtal integrated luminosity of (34 36) pb?,
recorded with stable beam conditions and a fully operatiémaAS detector in 2010.

5.1 Z — 717 Ccross section measurement

TheZ — 7t cross section measurement is performed using fofliergint final states [16]. Two of them are the
semileptonic modess, Thad Z — TiepThad — u + hadrons+ 3v andtethad Z — TiepThad — € + hadrons+ 3v
with branching fractions (280 = 0.09)% and (23L3 = 0.09)%, respectively [46]. The remaining two final states
are the leptonic modeser,: Z — TiepTiep — & + 4v andt,7,: Z — TiepTiep — pp + 4v With branching fractions
(6.20 £ 0.02)% and (D1 + 0.01)%, respectively [46]. The semileptonic final state csissof an isolated lepton
¢! and ar candidate of opposite charge, as well as missing energy finentwor decays. Those final states are
advantageous as they provide an isolated lepton which céiglgered on. This feature makes them attractive for
studies of ther trigger and @line r identification, as they can provide an unbiased sample abhéc decays.
Due to the large expected QCD multijet background contatieinatheZ — thadrhad aNdZ — TiepTiep — 28+ 4v
final states are not considered.

TheZ — 77 cross section has been measured previousppioollisions at the Tevatron using the semileptonic
7 decay modes [146, 147]. More recently the cross section veasuaned in pp collisions at the LHC by the CMS
Collaboration, using both the semileptonic and leptonicles)148].

As mentioned in Section 4.2, identification af,q decays is dficult and stfers from high fake rates, much
higher than the fake rates from the identification of elawdror muons. Because of this, most of the backgrounds
relevant for these final states involve a true lepton alony) @iQCD jet mis-identified asacandidate. The two
leptonic modes are characterised by two isolated leptontgpidally lower transverse momentum than those in
Z — eg/uu decays. Theer, mode gives much cleaner signature as it does néeisiilom r mis-identification but

1The refers to either an electron or a muon in this monograph.
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its yield is much lower. The, 7, leptonic mode is overwhelmed by the¢/Z — uu production. A brief summary
of the considered backgrounds is given below:

e QCD multijet - dominant background due to its large cross section. Theregould be true (e.g. muons
produced from heavy flavour decays) or fake, while theandidate is typically a mis-identified quark or
gluon-initiated jet.

e W + jets - with a cross section about an order of magnitude higher tharsignal, where th&/ decays
leptonically while an associated mis-identified quark arogl jet provides the fake candidate or second
lepton, real or fake. The lepton and the jet in this processhéased towards having an opposite sign,
similarly to the signal.

o ¥*/Z — ee, uu - produces two oppositely charged leptons of the same flaadiis a dominant background
in ther, 7, channel. Theer, channel is fected by this background if one of the leptons escapes a&tect
and additional jets in the event contain hadrons that eibeay leptonically or fake leptons. In the semilep-
tonic final states this process can form a background if orikeofeptons is mis-identified asrecandidate,
or if the y*/Z is produced in association with a jet mis-identified ascndidate and at the same time one
of the leptons is not reconstructed.

e tt - can contain a true lepton, or either jets or leptons that faketaq as well as at least one real electron
or muon. However, compared to other backgrounds the crasi®sdor this process is small, making it less
important.

Di-boson production has a much smaller cross section thasigmnal, and contributes to the background only in
a very minor way. Possible contributions to the backgroundifsingle-top ang+jet production are found to be
negligible.

5.1.1 Data and Monte Carlo samples

Events are selected using either single-muon or singletrele triggers. For the, mhagandr, 7, final states, single-
muon triggers requiringr > (10— 13) GeV, depending on the run period, are used. Forghggandrer, final
states, a single-electron trigger requirieg > 15 GeV is used. Theficiency for triggers is determined from data
using a tag-and-probe method. The muon trigggciency is measured usiry— uu events and found to be close
to 95% in the end-cap region, and around 80% in the barrebnegihe electron triggerficiency is measured
usingW — ev andZ — eeevents and found to be 99% for dfline electron candidates withr > 20 GeV and

~ 96% for electron candidates withy between 16 and 20 GeV [105].

The inclusiveW andy*/Z signal and background MC samples are generated with PYTH4216[112] and
are normalised to next-to-next-to-leading order (NNLO)ss sections [149, 150, 151]. For tttesample the
MC@NLO generator is used [152], while the di-boson sampleganerated with HERWIG [113]. In all samples
7 decays are modelled with TAUOLA [114]. All generators areeifaced to PHOTOS [116] to simulate thiest
of final state QED radiation.

5.1.2 Selection oZ — 7t candidates
Objects selection

Only events containing at least one primary vertex withehwe more associated tracks, as well as fulfilling pres-
election requirements described in Section 3.6 are usdtkimalysis. As the next step following reconstructed
objects are selected.

Combined muon candidates witky > 15 GeV for ther, mhaq final states angr > 10 GeV for therer, and
7,7, final states are used. Muon candidates are required tolhlawe2.4 and a longitudinal impact parameter of
less than 10 mm with respect to the primary vertex. In the fimabn selection, combined muon tracks are also
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Figure 5.1: Isolation (a)l24/pr and (b)I23/Er for muon and electron candidates, after selectingocendidate
and one lepton with opposite signstfirnag andrethad final states. The QCD multijet background is
estimated from data (see Section 5.1.3), other processestimated using MC [16].

required to pass several Inner Detector track quality caitd.25], resulting in an ficiency of~ 92%, as measured
in data usingZ — uu events.

Electron candidates are selected if they h&e> 16 GeV andp| < 2.47, excluding the transition region
in the calorimeters. For the.r, final state, candidates are required to pass the mediumifidation, with an
efficiency of~ 89%. For thererhaqgfinal state, electron candidates are required to pass thieidigntification, with
an dficiency of~ 73%. Hficiencies are measured in data usiig— ey andZ — eeevents.

Jets used in this analysis are required to have a transverseniumpr > 20 GeV andn| < 4.5.

7 candidates are selected if they hgwe > 20 GeV andjn| < 2.47, excluding the calorimeter transition
region, and if they pass cut-based identification. Addaltyy a dedicated selection to reject fakeandidates
from electrons is applied. This leads to afi@ency of~ 40% (~ 30%) for 1-prong (3-prongy candidates as
determined from the signal Monte Carlo sample. For fakes f@@CD multijets the iciency is~ 6% (~ 2%) for
1-prong (3-prong) candidates, as measured in data using a di-jet selectiotail®ef these measurements are
described in the previous Chapter.

For missing transverse energy the simple definition desdrib Section 3.5 is used. There is no direct re-
quirement onET*® applied in this analysis but the quantity and its directisrused in several selection criteria
described later.

Leptons fromZ — 7t decays are typically isolated from other particles, in casttto electrons and muons
from QCD multijet events coming mainly from heavy-flavouesceys. Hence, isolation requirements (as defined
in Section 3.5) are applied to both electron and muon cateldased in the four final states considered. A selection
requiringl%{l/pT < 0.06 for the muon candidate amgi{!/ET < 0.06 for the electron candidate is used for all final
states but the, 7. Due to the presence of two muon candidates, the QCD mutigekground is smaller in the
latter one, and a looser isolation requiremdﬁfl}/pT < 0.15, increases the signal yield. In addition, for muon
candidates, the requiremel@?/pT < 0.06 is applied to all final states except ther, final state where a looser
selection| g~{4./pT < 0.2, is applied. For electron candidates, a selection retgﬂﬁ%/ET < 0.1 is applied in both
TeThad aNd et final states. Theféciencies for these isolation requirements are measuredtanusingZ — uu
andZ — eeevents and found to be (#®8)% for muons and (6095)% for electrons, depending on the transverse
momentum or energy respectively. Figure 5.1 shows theildligiton of thel 27/ pr variable for muon andi®3/Er
variable for electron candidates.
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Figure 5.2: Drawings of the transverse plane orientationd\dndZ decay products and tf@}“ss. The shaded
angles indicate the angle (less thgrbetween the lepton and the (faketandidate. In (a), th& is
depicted to have nonzener, which must be balanced on the left by some other activitytieahifor
clarity [14].

Event selection

Semileptonic final states For ther, mhaqd (TeThad) final state, at least one isolated muon (tight electronylickate

with pr > 15 GeV E7 > 16 GeV) and one candidate withpy > 20 GeV are required in the event. The QCD
multijet background is largely suppressed by thdentification and lepton isolation requirements. Any eweith
more than one muon or electron candidate is vetoed, whiohgly suppresses background froffZ — ¢¢ + jets
events. To increase background rejection, the selectiberier for the second lepton are relaxed: the ID track
quality requirements are dropped for the muons, and therefex need only to pass the medium selection and
haveEr > 15 GeV.

After the selection described above, the largest backgrasivW+jets production. It is suppressed by two
additional selection criteria based on variables that @kplinematic correlations between the lepton and the
E?“SS. Because the mass of tieboson is much larger than the mass of thiepton, ther leptons inZ — 7t
are boosted such that their decay products are collimat@wahe trajectory of the parentlepton. Ignoring
underlying interactions in the event and mis—measuremm‘nﬂpiss, the Eg‘.‘iss is the vector sum of ther of the
neutrinos, as shown in Figure 5.2(a). The majority of thedpoedZ bosons have lowpr, and therefore the
leptons are produced back-to-back, but in the case whe# thes a significant nonzero boost in the transverse
plane, the‘E$1iss vector falls in the angle between the decay products oZthe

In contrast, in events from thé/ — ¢v + jets background, the neutrino, jet, and lepton all pointiifiedent
directions, balancingy in the transverse plane, as shown in Figure 5.2(b). Ignarimdgerlying interactions in the
event and mis-measurementslii}f“ss, the E?"SS vector should therefore point along the neutrino whichasin
the angle between the fakecandidate and the lepton. W — 7jepv events, shown in Figure 5.2(c), there are two
additional neutrinos, but thErTniss still tends to point outside of the angle between the fakandidate and the
lepton. In this analysis this is explored by placing a regmient on:

D cosAg = cos(g(t) — $(ET'™)) + cos(¢(thad) — HET™) . (5.1)

The variable}, cosA¢ is positive when thErTniSS vector points towards the direction bisecting the decaypcts

and is negative when it points away. The distributiong .afosA¢ are shown in Figure 5.3(a) and 5.3(b) for the
T,Thad aNd TeThad final states, respectively. The peak at zeroZos> 77 corresponds to events where the decay
products were back-to-back in the transverse plane. \Whejets backgrounds accumulate at negafiyeosA¢
whereas the*/Z — rr distribution has an asymmetric tail extending into posifiycosA¢ values, corresponding

to events where th& boson has highepy. Events are therefore selected by requirlig@osA¢ > —0.15. The

>, cosA¢ variable, in addition to being a good discriminating valéahgainst thaV + jets background, is robust
against mis—measurementsEjfiSS. Itis also only a function of the direction of th?épiss, which is generally more
accurately measured than its magnitude. E&*® direction is most susceptible to mis-measurement when the
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Figure 5.3: Distributions of}; cosA¢ for the (a)r,thagand (b)rethagdfinal states. Distributions afir for ther,7had
(c) andrethag (d) final states. Distributions are shown after the objetd#ctmn and requirements of
one electron or muon candidate and the charge ofrtbendidate to be of opposite sign to that of
the lepton. The QCD multijet background is estimated frortadand other processes from Monte
Carlo [14].

magnitude is small. Events with smEPiSS tend to have the decay products back-to-back, which is éeddy
the 3. cosA¢ cut regardless of the direction of ti"sS.
The second quantity used to suppressvthe jets background is the transverse mass:

Mr = 2 pr(¢) - ETSS- (1 - cosAg(¢, ET™9) (5.2)

Figures 5.3(c) and 5.3(d) show its distribution for thehad andrethad final states. Th& — 7 distribution piles
up towards zero because when EEﬁéiSS and the lepton align, casp tends towards one amdr tends towards zero.
INZ — Tigp Thad €VENLS, theErTniss usually aligns with the lepton because there are two neagram the side of the
leptonic decay. FoWW — ¢v eventsmy is maximal when the momentum vectors of the neutrino anaiepave
zeroz-components in th&V rest frame, in which casey is a measure of th&/ mass. Only a loose cut on the
transverse masspr < 50 GeV, is required as many + jets events are already rejected by the cufboosA¢
variable.

Three additional selection criteria are required to setectean sample of — 77 events. Ther candidate
and the isolated lepton are combined to reconstruct theiamtamass of the visible decay products of the two
leptons, the visible massy,is. Only events with 35< m,is < 75 GeV are selected in order to include majority
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Figure 5.5: The finalr candidate track distribution after all cuts in oppositengid bin, except the requirement on
the number of tracks and on the magnitude oftlvandidate charge [14].

of the signal, while excluding — ¢¢ events. FoZ — uu events, the peak ahs is at slightly lower values
than forZ — eeevents as muons mis-identified agandidates leave less energy in the calorimeter compared
to mis-identified electrons, and the proportion of eventemethther candidate arises from a mis-identified jet, as
opposed to a mis-identified lepton, is higheZn» uu events.

The chosen candidate is required to have 1 or 3 associated tracks ahdharge. Additionally, the chosen
candidate and the chosen lepton are required to have opmbsitges as expected fraddn— 7+ decays.

The distribution of the visible mass after the full selentiexcept the visible mass window requirement is
shown in Figure 5.4. The candidate track distribution after the full selection gxcthe requirements on the
number of associated tracks and on the magnitude of damdidate charge is shown in Figure 5.5.

Final state with electron and muon For 77, final state exactly one isolated medium electron candidatte w
Er > 16 GeV and one isolated muon candidate vth> 10 GeV of opposite electric charge are required. Because
signal events contain two leptons offérent flavors, the contributions frogi/Z — eeandy*/Z — uu processes
are small. The requirement, cosA¢ > —0.15 is applied as in the semileptonic final states, discritimgaagainst

W — ¢v, andtt backgrounds. Figure 5.6 (a) shows the distributionyofosA¢ after the described selection
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Figure 5.6: Distributions of the (a}}, cosA¢ and (b)Y, Et + E?“SS after the isolation cuts for the.7, final state.
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Figure 5.7: Distributions of the visible mass for the (ajr, and (b)7,7, final states after the full event selection.
For therer, final state the visible mass window selection is not appliet]. [

criteria. Further reduction of thig background is based on the topologytokvents characterised by the presence
of high-pr jets and leptons, as well as lar§&". The selection is made by requiring that events saf$fyr +
ET'S® < 150 GeV cut, wherg, Er + ET"*®variable is defined as:

D Er+EPS=Er(e) + pr(u) + ) pr+ ETS (5.3)

jets

The distribution of), Et + ErTniss variable for data and Monte Carlo after thecosA¢ requirement is shown in
Figure 5.6 (b).

Finally, the invariant mass of the two leptons is calculatddis required to be within a wider range than
in the semileptonic case, 26 mg, < 80 GeV, asy*/Z — (¢ events are a small background in this final state.
Figure 5.7(a) shows the distribution of the visible mass.

Two muons final state For 7,7, final state exactly two isolated muon candidates, one with- 10 GeV and
one withpr > 15 GeV, are required. The muon candidates should have apmgirge. The signal region for this
final state is defined by the invariant mass of the two muonidates, 25< m,,, < 65 GeV.



(o2}
o

CHAPTER 5. STANDARD MODEL PROCESSES WITHLEPTONS

1 S N BN L AL B IR L N N R L IR B I BERREE
e 600 atLAS Preliminary @ Data E o 400 atLas Preliminary e Data 3
n r Oy*Z- 1t + . & 350F Oy*Z-11 3
€ 500 N\s=7Tev @y*/z- 1l - = E \s=7Tev @zl ]
$ r L EMultijet ] % 300F . EMultiiet
" 400F I"dtz% pb 3 o ILdt=36 pb E
- . 250F E

300F = 200F =
2005 = 150E, E

: . 100E E

100 = =

3 35
A(glu, 1))

(a) (b)

> RRRARERE ARRE RN LN RS R LN RN RS E500:"'I""I""I'"'I""I""I""I""I""I'_*
8 ATLAS Preliminary e Data E = C ATLAS Preliminary e Data ]
et Oy*zZ-11 4 o C Oy*zZ-11 ]
-~ 300 + Ns=7TeVv BEy*Z-11 8 - _+_ \s=7TeV @y /Z -1l
%] 1 @ Multijet 7 o - 1 @ Multijet
€ 250 ILdt:36 pb = 2t ILdt:36 pb ]

] %] L ]
W 200 = 5 L i

] Lﬁ C ]

00 0.01 0.02 0.03 0.04 0.05 0.0620

5 10 15 20 25 30 35 40 45 50

p,(4) - P, (L)

.07 0.08
d) ()

0.09
[mm]

() (d)

Figure 5.8: Distributions for ther, 7, final state for the signal ang"/Z — ¢£ MC samples and data after the
di-lepton, isolation and visible mass selections. The et CD background is estimated from data.
Other backgrounds are negligible on those plots. The obdediferences are consistent with the
assumed systematic uncertainties [14].

A boosted decision trees algorithm, BDT, is used to disiistyeficiently between signal and the main back-
ground. It is trained using MC samples, — 7t as signal and*/Z — uu as background after the selection
described above. To maximise the available MC statisticsr&ining and testing, no isolation requirements are
applied to the muon candidates. The five variables are ugeithdoBDT training: the dierences in azimuthal
angles between the two muon candidates((1, u2)) and between the leading muon candidate <':1ndEf]PiéS vec-
tor (Ag(u1, ET'®9), the diterence in thepr of the two muon candidateg{(u1)— pr(u2)), the transverse momentum
of the leading muon candidate«((u1)), and the sum of the absolute transverse impact paranadtdrs two muon
candidates X do(uz, u2) = |do(u1)l + |do(u2)]), which has the highest discriminating power. Distribngoof these
variables, exceppr(u1), for the events that are used for the BDT selection are shoviaigure 5.8. Diferences
between data and Monte Carlo are consistent with the estthsgistematic uncertainties, and the agreement is the
best in the regions most relevant for the signal and backgieeparation.

In the analysis it is required that the BDT output is greatantQ07, resulting in an ficiency of 038 + 0.02.
This cut is chosen as giving the best signal significance.vidilele mass distribution after the full selection except
the mass window requirement is shown in Figure 5.7(b).
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Figure 5.9: Muon pr distributions in thé/ control region, with no (a) and tight (h)identification. Plots are for
ther,mhagfinal state. A similar #ect is seen in theerhaq final state [14].

5.1.3 Background estimation

In order to estimate the final purity and significance of tHeced signal events, the number of background events
passing the selection has to be estimated. The estimatedenaibackground events from electroweak processes
(W = &v, W = 1v, Z — (¢, di-boson production) and are taken from MC, providing that these backgrounds are
small and the MC prediction agrees well with the observed.dBt obtain such agreemebi¥,boson MC samples
are renormalised with a scale factor described below.

Rates of real and fake leptons produced in QCD multijet eeort the other hand, are not expected to be
modelled well with MC. Thus estimated number of backgrouehés from QCD is data driven.

W-+jets background

In the two di-leptonic final states, th&% — ¢v andW — 7v backgrounds are found to be small, and their contri-
bution is obtained from simulations. In the two semileptoimal states, where these backgrounds are important,
they are instead estimated from data by obtaining their absation from aw boson-enriched control region. A
high-purity W sample is provided by requiring events to pass all selectiberia except those amr and}, cosAg,
rejecting theW background. The QCD multijet background contaminationhis tegion is negligible. The MC
estimate of the smajl*/Z — ¢¢ andtt contribution is subtracted before calculating the norsadion factor.

As shown in Figure 5.9(a), the MC agrees with the data reddpneell before requiring the identification
and overestimates the data after applying tiglatentification as shown in Figure 5.9(b). This is in agreetwath
results described in Section 4.3 where ttfake rate from jets is overestimated by the MC. WéC is therefore
corrected by normalising it to the number of events obsemedtie data in theV control region. The obtained
normalisation factor is 0.72 0.06 (stat) for ther, thaq final state and 0.63 0.07 (stat) for thererhaq final state.

Since the diferences between data aWtMIC are due to dterentr fake rates in data and MC, a second method
was also used, as a cross check, to normalis&MHdC in the signal region. A scale factor for thefake rate
measured in data with a dedicated fake rate study as deddrilfgection 4.3 is estimated ah— ({+jet events,
and applied as an event weight. The resulting estim#fdazhckground is in agreement with thé background
estimate obtained using normalisation in Wecontrol region.

v*/Z — uu background

They*/Z — uu process is the most important electroweak background tothefinal state. The normalisation of
the Monte Carlo sample is checked after the di-muon selectw events with invariant masses between 25 GeV
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Figure 5.10: Schematic diagram of the control regions for the QCD mulbtjgckground estimation method.

and 65 GeV. In this region, thg"/Z — uu process is dominant and is expected to contribute to over 8%%
the selected events. The expected backgrounds arisingdtioen electroweak processes are subtracted and the
QCD multijet contribution is estimated using a data-driveethod described in the next Section. The number of
v*/Z — uu events in the selected mass window is consistent betweend@lata within the uncertainties of

~ 8% (to be compared with a 7%ftkrence in rate). Therefore no correction factor is applethey*/Z — uu

MC prediction.

QCD muiltijets background

The QCD multijet background estimation is made using dateed methods in all final states. In thgr, and
semileptonic final states, the method takes advantage datchéhat the QCD multijet background is expected to
be approximately the same regardless of whether the leptdth&r candidate or second lepton have the same or
the opposite sign. The following relation is used:

NA NS

QCD QCD
B - ND_ (5.4)
QCD QCD

where N; cp 1S the number of QCD multijet events in four statisticalljd@pendent regions, denoted by=
{A, B, C, D} and defined as follows:

e A: signal region with the isolated lepton and the opposita siguirement;

e B: control region with the isolated lepton and the same siguairement;

e C: control region with the reversed lepton isolation reqoiest and the opposite sign requirement;
e D: control region with the opposite sign requirement and Hudaition requirements reversed.

The four regions are illustrated schematically in FigurE05.This method uses the fact that the signal is composed
of almost exclusively isolated leptons whose charges goesite to ther candidates or the second lepton charges,
and therefore signal contributions cafieetively be excluded in all control regions B, C and D.
The QCD multijet estimate is scaled from region B to regiorusing Eq. 5.4:
NSco
NSCD = N(%CD = Rog/s SN(%CD' (5.5)

D
I\IQCD

The following values oRpgs/s s are obtained:
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Table 5.1: Estimated background events, expected number of sighatesad number of events observed in data,
Nobs after the full selection, for each final state. The quoteckutainties are statistical only [14].

TuThad TeThad TeTy TuTy

v Z — £ 111+05 69+04 19+01 36+1
W — ¢y 9.3+0.7 48+ 04 07+0.2 02+01
W — 1y 3.6+0.8 15+04 <02 <02
tt 13+01 102+0.08 015+003 08=+0.1
Di-boson 028+ 0.02 018+0.01 048+0.03 013+0.01
QCD multijet 24+ 6 23+ 6 6+4 10+ 2
Total background events 506 37+ 6 9+4 47+ 2
Expected signal events 1862 98+ 1 73+1 44+ 1
Total expected events 2356 135+ 6 82+4 91+3
Nobs 213 151 85 90

1.07 + 0.04 (stat)+ 0.04 (syst) 7,7hadfinal state
1.07 + 0.07 (stat)x 0.07 (syst) terhagfinal state
1.55+ 0.04 (stat)+ 0.20 (syst) 7er, final state.

Electroweak backgrounds in all three control regions atgragted using MC simulations. For the same-
sign control regions of the semileptonic final states,Whaormalisation factor, calculated as described earlier, is
applied. The QCD multijet background is estimated afterfthieselection in the two semileptonic final states,
and after the di-lepton selection in ther, final state, due to limited statistics. In this case th&iency of the
remaining selection criteria is obtained from the same-sign-isolated control region.

This method assumes that tRgs/s s ratio is the same for non-isolated and isolated leptons. rMibasured
variation of this ratio as a function of the isolation reguirents is taken as a systematic uncertainty.

The QCD multijet background to thg,7, final state is estimated in a control region defined afteryapgl
the full selection, but requiring the sub-leading muon dédat to fail the isolation selection criteria. A scaling
factor is then calculated in a separate pair of control regjiobtained by requiring that the leading muon candidate
fails the isolation selection and that the sub-leading neandidate either fails or passes it. This scaling factor is
further corrected for the correlation between the isotatiariables for the two muon candidates. The QCD multijet
background in the signal region is finally obtained from tieniber of events in the primary control region scaled
by the corrected scaling factor.

Final background estimation

Table 5.1 shows the estimated number of background eventsrpeess for all final states. Also shown are the
expected number of signal events, as well as the total nuofleents observed in data in each channel after the
full selection.

5.1.4 Methodology for cross section calculation

The measurement of the cross section is done in each final s¢plarately, and then the obtained values are
combined. The calculation is performed using the formula:

Nobs - kag

o-(Z—>TT)XB=m,

(5.6)
where

e B is the branching fraction for the considered final state;
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Nobs IS the number of observed events in data;

Npkg is the number of estimated background events;

L is the integrated luminosity for the final state of interest;

Cy is the correction factor that accounts for tf@ency of triggering, reconstructing and identifying the
Z — 77 events within the fiducial regions, defined as:

— 7,Thadfinal state: muon witlpr > 15 GeV andpy| < 2.4; r candidate withpr > 20 GeV andp| < 2.47
(excluding transition region in the calorimeters); evewith £ cosA¢ > —0.15, mr < 50 GeV and
35< myjs < 75 GeV

— TeThad final state: electron witter > 16 GeV andjp| < 2.47 (excluding transition region in the
calorimeters);r candidate withpy > 20 GeV and|p| < 247 (excluding transition region in the
calorimeters); events with cosA¢ > —0.15, my < 50 GeV and 35 myis < 75 GeV

— 71, final state: electron witlEr > 16 GeV andpy| < 2.47 (excluding transition region in the calorime-
ters); muon withpr > 10 GeV andp| < 2.4; event with cosA¢ > —0.15 and 25< m;s < 80 GeV

- 7,7, final state: leading muon withy > 15 GeV andp| < 2.4; sub-leading muon witlpr > 10 GeV
and|n| < 2.4; events with 25 myjs < 65 GeV.

The C7 factor is determined as the ratio between the number of svemgsing the full selection after a
complete detector simulation and the number of events ifidneial region at the generator level. The four-
momenta of electrons and muons are calculated includintgpplaadiated within a cone of sizdk < 0.1.
The four-momenta of candidates are defined by including photons radiated bythethleptons and their
decay products within a cone of sia® < 0.4. By constructiorCz accounts for migrations from outside of
the acceptance. The correction by efactor provides the cross section within the fiducial regibeach
measurement
Nobs_ kag
Cz-L ~
which is independent of the extrapolation procedure to tilgphase space, and therefore is le§scted by
theoretical uncertainties in the modelling of theroduction;

o9Z > 1) x B = (5.7)

e Az is the acceptance factor allowing the extrapolation-t to the total cross section, defined by Eq. 5.6.
The Az factor is determined from Monte Carlo as the ratio of eventgemerator level whoser invariant
mass, before final state radiation, lies within the mass @in{b66, 116] GeV, and the number of events
at generator level that fall within the fiducial regions definabove. In this case the bardepton decay
products were dressed with photons radiated as describmek dbr theC; factor. Dressing the lepton
decay products allows to perform a partial QED final statéatézh correction back to the Born level, that
however excludes the radiation at wide angles. Using a dezticsample, where the QED final state radiation
was switched 3, it was checked that the impact of the radiation at wide angtethe acceptance was -1.2%
for the muon channel and -1.4% for the electron channel.

The Az factor accounts for events that migrate from outside thariamt mass window into the fiducial
region after applying selection criteria. The central ealdior Az andC; are determined using a PYTHIA
Monte Carlo sample generated with the modified LO partonidigion functions MRSTLO* [153].

5.1.5 Systematic uncertainties

Several possible sources of systematic uncertainties @AilandC; factors as well as on the background esti-
mation are evaluated.
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Systematic uncertainty on signal and background predictios

The dficiency of the lepton trigger, reconstruction, identifioatiand isolation requirements are each measured
separately in data, and the corresponding Monte Cdficiency for each step is corrected to agree with the mea-
sured values. These corrections are applied to all releMamnte Carlo samples used for this study. Uncertainties
on the corrections arise both from statistical and systemuatcertainties on thefgciency measurements. The
largest contribution to the electrofffieiency uncertainty comes from the identificatidifi@ency for low-Er elec-
trons, where the statistical uncertainty on the measureis®ery large. The total electron uncertainty is estimated
to be between 5-9% relative to théieiency, depending on the selection. For muons, the unogyte estimated

to be 2-4% relative to theflgciency.

The uncertainties on the reconstruction and identificationfficiencies are evaluated as described in Sec-
tion 4.3. They are estimated to be around 10% relative to fiiid@ency for most cases, varying between 9% and
12% with ther candidatepr, number of tracks, and number of vertices in the event [154].

The probability for an electron or a QCD jet to be mis-idestifias a hadronie is measured in data as
described in Section 4.3. Correction factors are derivedife MC mis-identification probability for electrons,
binned inp and applied ta candidates matched in simulation to a generator-levetrelecThe uncertainty on the
correction factor is taken as the systematic uncertainfyye @CD jet mis-identification probability is measured in
Z — {t+jet events. The dierence with respect to the MC prediction for the same selectidded in quadrature
with the statistical and systematic uncertainties of thasneement, is taken as the systematic uncertainty. These
corrections are applied tocandidates not matched to a generator-level electron.

The r energy scale uncertainty is estimated as described indpedtl.2. The electron energy scale is de-
termined from data by constraining the reconstructed eittebn invariant mass to the well-knovh — eeline
shape. For the barrel region, the linearity and resoluti@ia addition controlled usind/yy — eeevents. The
jet energy scale uncertainty is evaluated from simulatiopgomparing the nominal results to MC simulations
using alternative detector configurations, alternativérbaic shower and physics models, and by comparing the
relative response of jets across pseudo-rapidity betwatnahd simulation [128]. Additionally, the calorimeter
component of theE;T“SS is sensitive to the energy scale, and this uncertainty ikiated by propagating first the
electron energy scale uncertainty into 'S calculation and then shifting all topological clusters associated
to electrons according to their uncertainties [128].

The electron,r and jet energy scale uncertainties, as well as the calain@mponent of thE?“SS, are
all correlated. Their fect is therefore evaluated by simultaneously shifting egeland down by one standard
deviation; the jets are not considered in the semileptonil Btates, while the candidates are not considered for
the di-lepton final states. The muon energy scale, and thielated éect on theE?iSS, is also evaluated but found
to be negligible in comparison with other uncertainties.

The uncertainty on the QCD multijet background estimatiomes from three dierent sources. Electroweak
andtt backgrounds are subtracted in the control regions and afces of systematics on these backgrounds are
taken into account. Each source of the systematic errorrisd/aip and down by one standard deviation and the
effect on the final QCD multijet background estimation is eviddaThe second set of systematic uncertainties is
related to the assumption of the method used forrthgag, 7, 7had @ndrer, final state QCD multijet background
estimations, namely that the ratio of opposite-sign to saige events in the signal region is independent of
the lepton isolation. These systematic uncertainties eaiated by studying the dependenceRpk/ss on the
isolation criterion and, for theer,, channel, comparing thefciencies of the subsequent selection criteria in the
opposite- and same-sign regions. For the estimation of BB @wultijet background in the, 7, final state, the
uncertainties due to the correlation between the isolaifdhe two muon candidates are evaluated by propagating
the systematic uncertainties from the subtracted backgi®into the calculation of the correlation factor. The
third uncertainty on the QCD multijet background estimatéwises from the statistical uncertainty on the number
of data events in the various control regions.

The uncertainty on th&V+jets background estimation method is dominated by thessitatl uncertainty on
the calculation of the normalisation factor in the contexjion, as described in Section 5.1.3, and the energy scale
uncertainty.
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In the 7,7, final state, a smearing is applied to the transverse impaanhpeter of muonsdp) with respect to
the primary vertex to match the Monte Carlo resolution wita value observed in data. The mudydistribution
is compared between data and Monte Carlo using a sampe-ofuu events and is found to be well-described
by a double Gaussian distribution. The 20%felience in width between data and simulation is used to define
the smearing function which is applied to tdg of each simulated muon. The systematic uncertainty due to
the smearing procedure is estimated by varying the widthis rafative weights of the MC impact parameter
distributions of the two muon candidates, within the estedaincertainties on their measurement.

The uncertainty on the luminosity is taken to be 3.4%, asreted in [106, 107]. A number of other sources,
such as the uncertainty due to the object quality requirésrfenr candidates and jets, are also evaluated, but have
a small contribution to the total uncertainty.

The MC is reweighted so that the distribution of the numbevertices matches that observed in data; the
systematic uncertainty from the reweighting procedure @ammto a permille fect.

The lepton resolution and charge mis-identification arenébto have only a sub-percentect onCz and the
background predictions.

Systematic uncertainties due to a few problematic caldemeegions, ffecting electron reconstruction, are
also evaluated and found to have a very smidéa.

The uncertainties on the theoretical cross sections bytwthie background Monte Carlo samples are scaled
are also found to have only a very small impact on the cormedipg background prediction, except for ther,
final state, which has a large electroweak background cantdion.

Systematic uncertainty on the acceptance

The theoretical uncertainty on the geometric and kinematiceptance factofz is dominated by the limited
knowledge of the proton Parton Distribution Functions (PRRd the modelling of th& boson production at the
LHC. The uncertainty due to the choice of PDF set is evalubyetbnsidering the maximal deviation between the
acceptance obtained using the default sample and the \@it&ised by reweighting this sample to the CTEQ6.6
and HERAPDF1.0 [155] PDF sets. The uncertainties withinRBd- set are determined by using the 44 PDF
error eigenvectors available for the CTEQ6.6 NLO PDF se6[1%he variations are obtained by reweighting the
default sample to the relevant CTEQG6.6 error eigenvector.

The uncertainties due to the modelling\WfandZ production are estimated using MC@NLO interfaced with
the HERWIG for parton showering, with the CTEQ6.6 PDF setARHAS MC10 tune and a lower bound on the
invariant mass of 60 GeV. Since HERWIG, in association wiiemnal generators, does not handlpolarisation
correctly [157], the acceptance obtained from the MC@NL®@yda is corrected, and the correction is of the order
of 2% for thererhag andt,mhag channels, 8% for theer, channel, and 3% for the,r, channel. The deviation
with respect to theé\; factor obtained using the default sample reweighted to fhE@6.6 PDF set central value
and with an applied lower bound on the invariant mass of 60 Gd&ken as uncertainty.

In the default sample the QED radiation is modelled by PHOWD®&h has an accuracy of better than 0.2%,
and therefore has a negligible uncertainty compared tortainges due to PDFs. Summing in quadrature the
various contributions, total theoretical uncertaintids3% are assigned téy for both the semileptonic and the
7e1,, final states and of 4% for the, 7, final state.

Summary of systematic uncertainties

The uncertainty on the experimental acceptagés due to the #ect of the uncertainties described above on the
signal MC, after correction factors are applied. For thaltbickground estimation uncertainties, the correlations
between the electroweak atidbackground uncertainties and the QCD multijet backgroumcertainty, arising
from the subtraction of the former in the control regionsdigar the latter, are taken into account. The largest
uncertainty results from the identification and energy scale uncertainties for thenag and rethag final states.
Additionally, in the tgrhaq final state, the uncertainty on the electrdificiency has a large contribution. This
is also the dominant uncertainty in ther, final state. In ther,7, final state, the uncertainty due to the muon
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Table 5.2: Relative statistical and systematic uncertainties in %hertdtal cross section measurement. The elec-
tron and muon ficiency terms include the lepton trigger, reconstructiaentification and isolation
uncertainties, as described in the text. The last columicatels whether a given systematic uncertainty
is treated as correlated’] or uncorrelated (X) among the relevant channels when coimpithe re-
sults. For the QCD multijet background estimation methbd,uncertainties in the, thag, TeThad and
TeT, Channels are treated as correlated while #hg, uncertainty is treated as uncorrelated, since a
different estimation method is used, as described in Secticd [3.4].

Systematic uncertainty TuThad TeThad TeTu TuTu CoOIrrelation
Muon dficiency 3.8% - 2.2% 8.6% v
Muondp (shape and scale) - - - 6.2% X
Muon resolution and energy scale 0.2% - 0.1% 1.0% Vv
Electron dficiency, resolution and

charge mis-identification - 9.6% 5.9% - v

7 identification dficiency 8.6% 8.6% - - v

T mis-identification 1.1% 0.7% - - v
Energy scale (e/jety E?‘Sﬁ 10% 11% 1.7% 0.1% v
QCD multijet background estimate  0.8% 2% 1.0% 1.7% V)(
W normalisation factor 0.1% 0.2% - - X
Object quality selection criteria 19% 19% 04% 04% VvV
Pile-up description in simulation 04% 04% 05% 0.1% Vv
Theoretical cross section 02% 0.1% 03% 43% Vv
Az systematics 3% 3% 3% 4% v
Total Systematic uncertainty 15% 17% 7.3% 14%
Statistical uncertainty 9.8% 12% 13% 23% X
Luminosity 3.4% 3.4% 3.4% 3.4% v

efficiency is the dominant source, with the mugycontribution being important in the background estimate fo
that channel. The correlation between the uncertaint€oand on Nops— Npkg) is accounted for in obtaining the
final uncertainties on the cross section measurementshvalnicsummarised in Table 5.2.

5.1.6 Cross section measurement

To improve the accuracy of the cross section measuremenethdis for the various final states can be com-
bined. The uncertainty of a combined cross section measmneisireduced by taking into account correlations of
uncertainties betweenféerent final states.

A summary of the numbers of observed events in data and dstinsggnal events in data after subtraction of
background contributions is given in Table 5.3. It shows dle acceptance factédy, the correction facto€Cy,
the branching fraction for each final state and the integratminosity.

From those numbers the individual cross sections are dkriVdey are calculated following Equation 5.6.
The results are used as input numbers for the combined ceotisrs and presented in Table 5.4. Both the fiducial
cross sections and the total cross sections for an invanass window of [66, 116] GeV are shown.

The combination of the cross section measurements fromoilnefinal states is obtained by using the Best
Linear Unbiased Estimate (BLUE) method [158, 159]. Thishtegue is used for a combined estimate of indi-
vidual estimates which may be correlated. The systematientainties on the individual cross sections due to
different sources are assumed to be either fully correlatedllgrdocorrelated. This is summarised in Table 5.2
where the last column indicates whether a given source @ésyaic uncertainty has been treated as correlated
or uncorrelated amongst the relevant channels when céilugllthe combined result. The total combined cross
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Table 5.3: The components of the — 77 cross section calculations for each final state. [Rgys — Npkg the first
uncertainty is statistical and the second systematic. Fotteer values the total error is given [14].

T4 Thad TeThad TeTy TuTu
Nobs 213 151 85 90
Nobs — Nbkg 164+ 16+ 4 114+ 14+ 3 76+10+1 43+ 10+ 3
Az 0.117+ 0.004 0101+ 0.003 0114+ 0.003 Q156+ 0.006
Cz 0.20+0.03 012+ 0.02 029+ 0.02 027+ 0.02
B 0.2250+ 0.0009 02313+ 0.0009 00620+ 0.0002 00301+ 0.0001
L 355+12pbt 357+12pb! 355+12pb! 355+12pbt

Table 5.4: The production cross section times branching fractioniez — rr process in each final state. The
fiducial cross sections measurements include also the irapéraction of ther to its decay products.
The first error is statistical, the second systematic andhingé comes from the luminosity [14].

Final State Fiducial cross section (pb) Total cross secfies) 116] GeV) (nb)

T, Thad 23+2+3+1 0.86+ 0.08+ 0.12+0.03
TeThad 27+3+5+1 114+ 0.14+0.20+ 0.04
TeTy 75+£10+05+03 106+ 0.14+ 0.08 + 0.04
Ty Ty 45+11+06+02 096+ 0.22+0.12+0.03
section of
o(Z - 11, 66 < My, < 116 GeV)= 0.97 + 0.07 (stat)+ 0.06 (syst)+ 0.03 (lumi) nb (5.8)

is obtained from the four final states,thag TeThad Tet,, andr,7,.

A comparison of the individual cross sections with the cambdiresult is shown in Figure 5.11, along with the
combinedZ — ¢¢ cross section measured in the— uu andZ — eefinal states by ATLAS [49]. The theoretical
expectation of 6 + 0.05 nb for an invariant mass window of [6BL6] GeV is also shown.

The obtained total production cross sectionZos rr can be also compared to results from other experiments.
It agrees with thez — 77 cross section in four final states measured by the CMS colidibo [148], 100 =
0.05 (stat}-0.08 (syst}0.04 (lumi) nb, in a mass window of [6@20] GeV. A comparison is shown in Figure 5.12.
This figure includes also the combined measurements of the yu andZ — eeproduction cross sections by
the ATLAS [160] and CMS [161] collaborations. The measured» 7t cross section agrees well with other
measurements and the theory prediction.
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Figure 5.11: The individual cross section measurements by final state,tla® combined result. Th8 — ¢¢
combined cross section measured by ATLAS inthes> yu andZ — eefinal states is also shown
for comparison. The grey band indicates the uncertaintyherNINLO cross section prediction [14].
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Figure 5.12: Comparison of the combined — 77 cross section to the combined cross section measured by
ATLAS and CMS in theZ —» uu andZ — eefinal states and to the combined measurement of the
Z — 77 cross section from the CMS collaboration. CMS measure@thmss section in the mass
range 60< my,, < 120 GeV [14].
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5.2 W — 7v cross section measurement

Since purely leptonie decays cannot be easily distinguished from electrons amhgfiomwW — ey andW — uv
decays, the analysis presented in this section uses ontpriedlly decayingr leptons [162]. The signature of
this process is the presence of @andidate and missing transverse enefdy.— tv decays are dominated by
events with relatively lowpr W bosons decaying intoleptons with typicak transverse momenta between 10 and
40 GeV. In addition, the distribution of the missing transecenergy, associated with the neutrinos from\the
andrhag decays, has a maximum around 20 GeV and a significant tail apdat 80 GeV.

Previous measurements at hadron collidergvdfioson production with the subsequent deay- v based
on pp collisions were reported by the UA1 collaboration [163]t tentre-of-mass energies ¢5= 546 GeV and
v/s= 630 GeV and by the CDF and DO collaborations [164, 165] at émre-of-mass energy of's= 1.8 TeV.

A brief summary of backgrounds important for this analysigiven below:

e QCD multijet - the dominant background source due to its large productioss section with events where
one jet is incorrectly identified ascandidate and a significant amount of mis-reconstruetgt.

e W — ev/uv - processes contributing to the background if the leptomfitbe W boson decay is mis-
identified as a single-prongcandidate or if a fake candidate is reconstructed from a jet in the event. The
ET"'*S signature arises from & decay neutrino or the mis-reconstruction of jets or of othigiects in the
event.

o W — 11y — ev/puv - processes that arefficult to distinguish from primary electrons and muons theref
they contribute to the background similarly\té — ev andW — uv.

e Z — 71 - the rate for this process is about ten times smaller thathosignal process. It contributes to the
background if one of the leptons is identified asacandidate and second is lost.

e Z — ee/up - processes contributing if one of the decay electfimu®ns is incorrectly reconstructed as
candidate and the other one is lost, giving f&kg*°. These backgrounds are found to be negligible.

e tt - process that has a much smaller cross section than thd aigshaontributes to the background if one of
the W bosons producesalepton in its decay and the other one decays into a pair okguan electron, or
a muon which are not reconstructed. Fully hadronic decagsatso contribute to the fakeidentification.
This background is found to be negligible.

5.2.1 Data and Monte Carlo samples

The data used are collected using combireand E;”‘SS triggers. In the earlier part of the 2010 data taking,
corresponding to an integrated luminosity of 11 hba loosely identifiedr candidate withpt > 12 GeV (as re-
constructed at the trigger level) in combination WEl?i'iSS > 20 GeV is required. In the second part of the period
(24 pbrt), a tighterr identification and higher thresholds of 16 GeV and 22 GeV havee used fopr of 7 can-
didate andE?“SS, respectively, due to the increased luminosity. The sigffadiencies of these two triggers with
respect to thefline selection as estimated from the simulation are 80.8)% and (62.#£0.7)%, respectively.

The MC samples used are the same as described in Sectionhg. simulated events are re-weighted so that
the distribution of the number of reconstructed primantiees per bunch crossing matches that in the data.

5.2.2 Selection oW — 1,,4» candidates

Events satisfying the trigger selection are required toehaivieast one reconstructed primary vertex formed by
three or more tracks witpr> 150 MeV. Further preselection follows requirements ddsaiin Section 3.6.

Events are rejected if a jet orracandidate is reconstructed in the calorimeter transitegians to ensure a
uniform E"SS measurement.
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In events where th(E$1iss is found to be collinear with one of the jets (mainly QCD mjeltievents), the
reconstructedET"** is likely to originate from an incomplete reconstructiontbfs jet. Therefore, a minimum
separationA¢(jet, ET"*9| > 0.5 rad is required for jets withpr> 20 GeV.

Objects selection

The following reconstructed objects are selected:andidates are selected if they have a transverse momentum
20 GeV< pr < 60 GeV andr| < 2.47 (excluding the calorimeter transition region). Theyas® required to pass
tight identification criteria based on the BDT method. Faandidates with transverse momenta above 20 GeV,
the dficiency of ther identification at the tight working point of the BDT identiditon is about 30% with a jet
rejection factor of 100 for 1-prong candidates, while for 3-prong candidates it is about 35% with a rejection
factor of 300 [154]. Additionally, a dedicated selectionrégect faker candidates from electrons and muons is
applied.

The missing transverse energy is obtained from the simgieitien as described in Section 3.5. Itis required
to be above 30 GeV.

Event selection

In order to suppress electroweak backgrounds, electromarah vetoes, additional to those provided by the
identification algorithm, are applied. Events containidgntified medium electrons or combined muons with
pr > 15 GeV are rejected.

Only the highestpr identified r candidate in the event is considered for further analysisortler to reject
more QCD multijet events, an additional cut to tﬁé‘is% 30 GeV requirement is introduced. With a good
approximation, the resolution cErTT“SS components is proportional ta x 3, Et, where the scaling factoa
depends on both the detector and reconstruction perforenand}’ Et is calculated from all calorimeter energy
clusters. The factoa is about 0.5VGeV for minimum bias events [133]. Thus the significancEﬁBFS, SE_rPiss, is
defined as:

o EMsYGeV]
5 05VGeVyV(T Er[GeV])

In order to remove events with large reconstrutf#assdue to fluctuations in the energy measurement, events are
rejected ifSE_rPiss < 6.

(5.9)

5.2.3 Background estimation

A good agreement between data and MC simulation inAH@soson cross section measurement at ATLAS, where
the W boson decays into an electron or muon is observed [160]. eftrer, the number of expected events from
signal and electroweak background processes is obtaineddimulation. An embedding technique is used as a
cross-check of the results derived from MC. The muon in a4pighity sample ofV — uv events is replaced by a
simulatedr lepton. A good agreement between that sample and the corméisig MC sample is observed.

The data-driven method, similar to the one described ini@e&.1.3 is used to estimate the QCD multijet
background contribution. It has been already used in thisisavhich led to the first observation ¥ — thaqv
decays in ATLAS [166]. The method selects four independetth damples, three QCD multijet background-
dominated regions (control regions) and one signal-dotathaegion (signal region). The samples are selected
with criteria on Sgmiss and ont Id, which are assumed to be uncorrelated. An indirect catiggi may arise
anyhow due to the dependence of thiel rejection on thepy of ther candidate. Thisféect is taken into account
when computing the systematic uncertainty. The followingrfregions are used in this analysis as shown in
Figure 5.13:

e A: signal region WithSE_rPiss > 6.0 andr candidates satisfying theld described in Section 5.2.2;

e B: control region WithSE_lrpiss < 4.5 andr candidates satisfying theld described in Section 5.2.2;
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Figure 5.13: Schematic diagram of the four regions used for the QCD netiltijpckground estimation, signal
region A and the three control regions B,C and D.

Table 5.5: Estimated sample compositions in the signal region A andrcbregions B, C, and D [162].

A B C D

N (Data) 2335 4796 1577 27636
Nig 1811+ 25 683+16 269+8  93x5
NL,, 284+7  118+4 388+9 90+ 4
Noco 127+8 3953+ 75 885:45 27444 166

e C: control region WlthSEm.ss > 6.0 andr candidates satisfying a loosetd but failing the signal regiom Id
requirements;

e D: control region WlthSEmlss < 4.5 andr candidates satisfying a loosetd but failing the signal regiom Id
requirements.

The looserr Id region is defined with BDT score 0.5 for 1-prongr candidates and BDT scoke 0.45 for
multi-prongr candidates.

Under the assumption that the shape of ﬂp.ss distribution for QCD multijet background is independent
of the r Id and the signal and electroweak background contributiothe three control regions is negligible,
an estimate for the number of QCD multijet background evantbe signal region A is provided bMQCD =
NBNC/NP, whereN!, i = B, C, D, is the number of observed events in regiomhe expected number of signal
events in a given region is denoted N,§g and of the electroweak background events is denoted! Las The
statistical error orNgCD includes both the uncertainty on the estimation of this aombation, due to the MC
statistics, and the statistical uncertainty of the datahin four regions. The resulting estimates of the sample
compositions are summarised in Table 5.5.

A good quality of the description of the selected data by thekground models can be seen in Figure 5.14,
where data and the background estimates are shown. ThieeRgesents the distribution SE_lrpiss in regions A

and B and the distribution cE?"SS, the pt spectrum ofr candidates, the number of tracks associated torthe

candidate, the distribution af¢(r, ET*%) and the transverse massr = \/2- pe - EMSS. (l — COsA¢ (T, ErTT“SS)),

in the selected signal region A. In all the distributions as@nable agreement is observed between the data and
Monte Carlo prediction.




5.2. W — 7v CROSS SECTION MEASUREMENT 73

5.2.4 Method for cross section calculation

The calculation of the fiducial and the total cross secti@ligws equations 5.6 and 5.7 from Section 5.1.4. The
fiducial region is defined by the following cuts:with 20 GeV< pr < 60 GeV andp| < 2.5 (excluding transition
region in the calorimeters); events withi ")t > 30 GeV andA¢(r, >, p’)| > 0.5 where § p”)7 is the transverse
component of the sum of the simulated neutrino four-vectarsnomentum is calculated from the sum of the
four-vectors of the decay products from the simulated haidrodecay, except for the neutrinos. This momentum
also includes photons radiated both from thiepton and from the decay products themselves, considerihg
photons withinAR < 0.4 with respect to the direction.

5.2.5 Systematic uncertainties

Summary of the systematic uncertainties is presented ile ab.

The diferences between the measured trigger responses of theggertcomponents in data and Monte Carlo
are used to determine the systematic uncertainty. A pureiahhised sample enriched wiih — 759 events is
obtained in data by applying an inde_pender(ErT“iS% trigger and some requirements on the event selection like
the BDT7 Id. The corresponding (ET"*) trigger part is applied to this sample and the responseisttigger is
compared to the response in MC. The observétkdinces are integrated over th@ioe pr of r candidates and
ErTniss range used for the cross section measurement. The totahsgst uncertainty after the combination of the
different trigger parts is 6.1%.

The uncertainties on the reconstruction and identificationffeciencies are evaluated as described in Sec-
tion 4.3. The corresponding changes in the signal and EWdrauakd dficiencies due to those uncertainties are
found to be 9.6% and 4.1%, respectively.

The rate of jets that are mis-identified asandidates is obtained from W/ ¢v+jets events by measuring the
fraction of reconstructed candidates passing thddentification. The dference of this mis-identification rate in
MC compared to that in data is 30% and this is applied as amsgsite uncertainty to the fraction of background
events, where the lepton is not reconstructed and- ttendidate is mistaken by a jet. The overall uncertainty on
the EW background is 7.2%.

The mis-identification probability of electrons asandidates is measured in data as described in Section 4.3.
The systematic uncertainty is theffédrence between the fake rate in data and MC as a functignaofd it results
in 4.5% relative uncertaintes for the EW background.

The signal and background acceptance depends on the ewatgyo$the clusters used in the computation of
EQ“SS and SETSS and the energy scale of the calibratedandidates. The uncertainty due to cluster energy within
the detector regiofy| < 3.2 is at most 10% fopr of 500 MeV and about 3% at higpr [134]. In the forward
region|y| > 3.2 it is estimated to be 10%. All clusters in the event are scateresponding to these uncertainties
and ErTniss and)’ Er are recalculated to determine the uncertainty. Simultasigpthe energy scale efcandidates
is varied according to its uncertainty [136]. As describedection 4.1.2 this uncertainty depends on the number
of tracks associated to thecandidate, itspr and ther region in which it was reconstructed, and ranges from
2.5% to 10%. Additionally, the sensitivity of the signal abdckground fficiency to theE?JiSS resolution has
been investigated [133]. Consequently, the yield of sigaral EW background varies within 6.7% and 8.7%,
respectively.

The uncertainty of the QCD multijet background estimatiooaants for two dierent sources, the stability of
the method of estimating the QCD multijet background evéots data and the contamination of signal and EW
background events in the control regions. The stabilitthefrnethod and the small correlation of the two variables
(7 Id andSgmiss) used to define the control regions have been tested by atlyeSmiss threshold.

The sysTtematic uncertainty due to the correction for sigimal EW background contamination in the control
regions was obtained by varying the fraction of these eventse regions within the combined systematic and
statistical uncertainties on the MC predictions discusaieove. The total uncertainty on the QCD background
estimation is 3.4%.
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Figure 5.14: (a) Distribution OfSE_Irpiss in the combined region AB, extended over the fﬂg;mss range. The QCD

background shape has been extracted from regions ClE?{Bﬁin signal region A. The QCD mul-
tijet background shape has been extracted from controbme@i (c) Transverse momentum and (d)
number of tracks of candidates in signal region A. The QCD multijet backgrouhdpe has been
extracted from control region B. (e) Distribution at(r, ErT“isﬁ and (f) transverse massmn sig-
nal region A. The QCD multijet background shape has beeraeted from control region C. The
expectation from Monte Carlo signal and EW background imored\ are also shown [162].
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Table 5.6: Summary of systematic uncertainties for We— 7v cross section measurement. For the systematic
uncertainty on the fiducial cross section measurementlations between the systematic uncertainties
affectingCy andNgyw are taken into account [162].

Systematic uncertainty on Cw New Nocp a-{}g_whadv
Trigger dficiency 6.1% 6.1% - 7.0%
Energy scale 6.7% 8.7% - 8.0%
7 1d efficiency 9.6% 4.1% - 10.3%
Jetr mis-identification - 7.2% - 1.1%
Electront mis-identification - 4.5% - 0.7%
Pile-up reweighting 1.4% 1.2% - 1.6%
Electron reconstructigidentification - 1.2% - 0.2%
Muon reconstruction - 0.3% - 0.04%
Underlying event modelling 1.3% 1.1% - 1.5%
Cross section - 4.5% - 0.7%
QCD estimation: Stabilitizorrelation - - 2.7% 0.2%
QCD estimation: SigeW contamination - - 2.1% 0.1%
Monte Carlo statistics 1.4% 2.4% 6.0% 1.5%
Total systematic uncertainty 13.4% 152% 6.9% 15.1%

The procedure to include pile-ufffects, the uncertainty on the lepton selectifiiceency entering via the veto
of electrons and muons and the influence of the underlyingtewedelling onErTniss quantities is also evaluated
and is found to have only smalitects on the resulting cross section measurement.

The uncertainties on the cross sections used for the EW bawkd are taken from ATLAS measurements,
when available, or theoretical NNLO calculations, and kéween 3 and 9.7% [49, 167, 47, 168]. The uncertainty
on the integrated luminosity is 3.4% [106, 107].

Systematic uncertainty on acceptance is estimated as i8eécl1.5. The uncertainty resulting from the
choice of the PDFs set is 1.9%. Thdfdience in acceptance due to the modelling\oproduction is found to be
smaller than 0.5%.

5.2.6 Cross section measurement

A summary of the numbers of observed events in data and dstimmckground contributions as well as the
acceptanceéd; and the correctiorCz factors is given in Table 5.7. From those numbers the crosioss are
derived. The measured fiducial cross section ofthes thagv is

ohd = 0.70 £ 0.02 (stat)x 0.11 (syst)+ 0.02 (lumi) nh (5.10)

W—Thagv

and the total cross section is found to be

tot = 7.2+ 0.2 (stat)x 1.1 (Syst)= 0.2 (lumi) nh (5.11)

O-W—n'hadv

Alternative analyses are performed to confirm these resatisexample, the BDT Id is replaced by the cut-
based identification. Also, in order to study the influenceitd-up on the result, the signal selection is restricted
to events with only one reconstructed primary vertex. Imlz#ses consistent results are found.

Correcting the cross section for the hadronatecay branching ratiBR(r —hadrons’) = 0.6479+ 0.0007 [46]
gives the following inclusive cross sectiory, | :

owt ., =111+ 0.3 (stat)+ 1.7 (syst)+ 0.4 (lumi) nb (5.12)
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Table 5.7: Final numbers used in the cross section calculation. Theseimclude statistical and systematic uncer-
tainties added in quadrature [162].

Nobs 2335
NQCD 127+ 9
New 284+ 43

Aw 0.0975+ 0.0019
Cw 0.0799+ 0.0107

ATLAS

ATLASW - 1V, L e o

e Data 2010 Ns =7 TeV)

— Stat uncertainty
ATLASW - e Ve H-0-H I SyS 0 Stat .
—— Sys O Stat O Lumi
---------- Prediction (NNLO)
Theory uncertainty
ATLASW - V) \)u e -

6 7 8 9 10 11 12 13 14 15 16
G(W = 1v)) [nb]

Figure 5.15: Cross sections for the flierentW — ¢v, channels measured in ATLAS with 2010 data (points).
Systematic, luminosity and statistical uncertaintiesaded in quadrature. The theoretical NNLO
expectation is also shown (dashed line), together withritettainty (shaded area) [162].

The measured cross section is in good agreement with thestiead NNLO cross section of 146+0.52 nb [49,
47, 168] and the ATLAS measurements of the— ey andW — uv cross sections [160, 169]. The comparison
of the cross section measurements for théedent lepton final states and the theoretical expectatishasvn in
Figure 5.15.

5.3 Measurement of ther identification efficiency usingW — tv process

In both cross section measurements presented in previeatisrsethe information about theidentification -
ciency was estimated id — v MC samples as described in Section 4.3. In the followingisesttwo comple-
mentary methods to measure the data-bagddntification dficiency usingV — thaqv events are presented [170].
The first method uses a tag-and-probe technique, whereseaemtagged by selection imposed on the missing
transverse energy of the event and the probe is the recotesdrticandidate with no identification requirements
applied. The track multiplicity spectrum af candidates is then fitted to templates in order to deternfiee t
signal contribution in data. The fitting is performed befared after applying a particular set ofidentification
criteria, hence determining the identificatiofi@ency.

The second method assumes that\the— th,9» production cross section is known. This and the fits using
the background templates allow to extract the fractiom signal in selectedV — 1,54v events in data for given
identification requirements. Obtained yieldwotandidates is compared to the Monte Carlo prediction inraae
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derive the MC scale factor for the useddentification method and working point.

Events used in this measurement have to pasE;ﬂiFétrigger in order to apply a minimal bias arcandidates.
TheET"**trigger threshold varied during data taking together wittréasing luminosity and is required to be above
20— 40 GeV at the EF level. The tag-and-probe method does nohdepethe luminosity thus the used data set
contains many trigger items with or without prescales. Intcary, in the cross section normalisation method only
un-prescaled triggers are used to accurately evaluatectteptance.

The signal and background Monte Carlo samples are the safoethe W — 1,54v Cross section measurement
described in the previous Section. The only exception argbes used in the cross section normalisation method
since the analysis requires the presence of jets dependitigedrigger conditions. In this case the ALPGEN [171]
W+ multi-jets samples interfaced with HERWIG and multi-partateractions modelled by JIMMY [172] are
used.

The existing backgrounds and the standard preselectionerit® are the same as for thié — 759 Cross
section measurement. In order to suppréés— (v andZ — (¢ backgrounds, events with electrons passing
medium identification criteria and witpr > 20 GeV or combined muons wifr > 15 GeV are rejected.

5.3.1 Tag-and-probe method

The tag-and-probe method seletts— t,qv events by requiring significanﬂ1iss on the tag side, and a recon-
structedr candidate on the probe side. For sucbandidates, thef@ciency is determined if the events pass the
7 identification criteria. This method fiers from the purity of ther signal before identification and from the
imperfect estimation of the QCD multijet background.

Similar event selection as this described for iINe— thagv Cross section measurement in Section 5.2.2 is
applied. TheET”JiSS is required to be above 30 GeV a&é_lrpiss > 6. In addition the azimuthal separation between

ErTniss and any jet withpr > 20 GeV is required to bA¢(E¥"SS,jet) > 0.7 rad. This is to reject di-jet events where
the energy of one of the jets is mis-measured and leads te fakgET"*". The reconstructed prohecandidates
should havept > 20 GeV and the leading track of thecandidate is required to hay® > 2.4 GeV. If several

candidates are present, the one leading to the transversenma= \/ZpT . E?‘Ss(l — COSA¢(, E?‘SS)) closest
to 65 GeV (the most probable value from a truén a W — 1hgv event) is kept, whileny itself must not be
> 80 GeV. Also lepton vetoes provided by th@entification algorithm are applied.

As already mentioned, the particle structure in QCD jets aaerspread out than that intacandidate and a
jet has higher track multiplicity. However, the associatf tracks in the reconstructedcandidate is restricted
within AR < 0.2 of ther direction, as described in Section 4.1. Thus, the jets fakicandidates can not get higher
track multiplicity due to the limited cone size. To obtairttee separation against QCD multijet events before
identification, an antkr style track counting method is introduced [127]. It take® iaccount the momentum
correlation between tracks in the core of the reconstruchgect AR < 0.2) and tracks around it (B < AR < 0.4).

For realrhagdecays, tracks belonging to thg,gdecay are within the core and there is no correlation betlesse
tracks and tracks in the outer region coming from pileup eruhderlying event. For QCD jets, on the contrary,
tracks from the jet are correlated over the full extent ofjteup toAR < 0.4, but still uncorrelated to pile-up and
underlying event tracks. This increases the average nuofliercks associated to jet candidates while leaving the
number of tracks associatedt@andidates almost unchanged.

The track multiplicity distribution is fitted in order to esict the signal contribution from data. The fit is
done twice, before and afteridentification. In each fitting, the signal contribution iatd is extracted. The ratio
between values of the fits is theidentification d@ficiency. The selection reduces background fiéms Il to a
negligible level, and the small remaininy — pv background is absorbed, for simplicity, in the QCD multijet
background modelling when an extra jet fakes@ndidate and in thé&/ — ey template when a real muon fakes
art candidate. Thus, three contributions are considered:akigrelectron and QCD multijet events. It results in
six track multiplicity templates constructed. The QCD rjettbackground templates used in the fit come from
the data (as described below), while theignal and electron contributions come from MC— v andW — ev
samples. Since the electron fake rate is already measudaddras described in Section 4.3.3, the fraction of high
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Figure 5.16: Track multiplicity before (a) and after (b) cut-basedid looser working point. The hatching repre-
sents the systematic uncertainty. The normalisation ofifierent processes is determined through
a fit to the track multiplicity spectrum [170].

pr electrons is constrained in the fit using this result.

A QCD multijet enriched control region is defined by requiril < SEm|ss < 4.5. As obtained sample has a
differentpy spectrum of the candidates as compared to the signal reglon it is theredoveighted by comparing
pr spectra in the control and signal regionsfarandidates with at least four tracks to avoid bias by thesrgeal.

It has been checked that the track multiplicity spectrunmisstrongly dependent on the choSé@n.ss range or on
the pr reweighting function. The slight ffierences observed are treated as systematic uncertainties.

Systematic uncertainties are estimated by comparingrtitentification éficiency obtained with nominal
templates to the identification dficiency obtained with templates generated based on van@iisrsatic &ects.
The sources of systematic uncertainty consideredEﬁP@?trigger, the modelling of the jet templatp(-weighting
and ET"*® significance cut), electron mis-identification probafilipile-up, shower model used in the simulation,
the MC detector description and underlying event modellifige total systematic uncertainty found is 3.7% for
the cut-based Id looser working point.

Track multiplicity distributions are shown in Figure 5.16fbre and after the cut-baseddentification looser
working point. In all figures the dlierent contributions are normalised to their respective lmemof events as
measured from the track multiplicity fit. Data are well mdddland the (1,3)-track structure from reglydecays
is visible.

Ther identification éficiency is evaluated for thefiierent working points, as summarised in Table 5.8. Purities
of 45-65% are obtained after identification when includitigrack multiplicities. They increase to 60—-80% for
candidates witlpr > 30 GeV and one or three tracks. Although the signal puritygh lenough after identification,
the obtained statistical uncertainty on thi@aency determination is dominated by the background fluina
before identification. A datyC scale factor for the |dent|f|cat|orffm|encys a/8 is also reported. It can be
seen that the measureffieiency in data is very close to the expecté‘ﬁcmncy measured in MC (scale factors
close to 1), and compatible within uncertainties.

5.3.2 Cross section normalisation method

In this method events passing the full selection in data @mepared to the prediction in order to derive a scale fac-
tor for = identification, assuming thé&/ — v production cross section is known and equal, via leptonaraality,
to theW — ev, uv cross sections measured by ATLAS [160].
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Table 5.8: Total relative systematic uncertainty (Syst.), measufdiency, and daydC scale factor for dferent
7 identification methods and working points. The first undatiais statistical, the second is system-
atic [170].

Method Syst. Hiciency Scale factor

Cut-based looser  3.7% 0.270.05+ 0.03 1.04+ 0.06+ 0.04
Cut-based tighter 9.9% 0.560.06+ 0.06 0.98+0.11+0.10
Likelihood looser 5.0% 0.82 0.07+0.04 1.02+ 0.09+ 0.05
Likelihood tighter 5.7% 0.6@ 0.06+ 0.03 0.95+ 0.09+ 0.05
BDT looser 44% 0.7& 0.05+ 0.03 1.05+ 0.06+ 0.05
BDT tighter 5.1% 0.55:0.04+0.03 0.92+0.07+0.05

The track multiplicity ofr candidates is fitted after the selection described beloingusmplates from MC
samples folW — v (only using truth-matched events) and electroweak backgts, and the QCD multijet
background from data in order to extract the fractionrdfignal in data. While performing the fit to data, the
normalisation of electroweak components is fixed to theiasueed cross sections [160] and the fraction o
the only free parameter. The statistical uncertainty orplates is taken into account by the fit and propagated to
the fit uncertainty.

Each event is assigned to one of the three categories basibe Eﬁi‘iss trigger and jet multiplicity (no extra
jet with pr > 20 GeV, or 1 or 2 extra jets). Only unprescalt‘e@'SS triggers are used. Because of limited statistics
in the hlghEm'Sstrlgger sample, all jet multiplicities are kept in one sam;ﬂm'ss is required to be above 30 GeV
or 40 GeV depending on the trigger us%tp(Em'SS jet) > 0.5 rad is required for events with extra jets to reject
large fakeEmiss events. Additional rejection of fakET”.1iss events is achieved with a requirement on EIP‘SS

S|gn|f|cance partly based on tracks, deflnedSéﬁ = Emiss/(lo VGeV+/Zpr), whereZpr is the scalar sum of

pr of tracks associated to the primary vert®pr is quite well modelled by MC and relatively robust againgpi
up because of the primary vertex constraEiﬁ&nISS is therefore quite stable with varying instantaneous |lusity.

S . > 6(7) is required for lowE"sS trigger sample with no (1 or 2) extra jets a%lss > 8 for the highEMss

EmISS

trlgger sample. Selection afcandidates is the same as for the tag-and-probe method.nBiegeon the trigger
and jet multiplicity, diferent transverse mass windows are required:<6@; < 100 GeV for IowErTniss trigger
sample with no extra jet; 3& mr < 90 GeV when 1 or 2 extra jets are present; 30y < 80 GeV for the high
EMsStrigger sample.

The Em'sstngger dhiciency estimate, crucial for this analysis, is measurecia dsing a purg/ — ev sample.
It is further corrected by the ratio of thedfiencies of th(—)Em'SS trigger inW — 7v andW — ev MC samples.
An obtained €iciency is applied as a weight to thNg — 7v MC sample instead of using the trigger simulation
information directly.

The modelling of the jet multiplicity template is one of theicial tasks in this study. The track multiplicity
distributions are expected to be significantlffeiient between high and 08’ __ samples due to thg"* __variable

EmISS EmISS

definition. Thus, theE$1iss significance sidebands cannot be used here to obtain tHertrattlpllcny template
from jets, as it is done in the tag-and-probe method. Instdaajet template is extracted frolW — ev+jets
events, selected by requiring a single electron triggangle electron passing medium identification requirements
EmISS > 30 GeV,SY*__ > 6 as for the signal region, exactly oneandidate not overlapping with the electron within

EmISS

AR < 0.2 and 30< mr < 90 GeV. The track multiplicity thus obtained is well desedbby MC simulation, and
used in the fit to represent jets.

Systematic uncertainties are estimated by comparing thesiidt with nominal templates to the fit result with
templates generated with varied conditions to account &oious systematicfBects. The considered sources of
systematic uncertainty are: jet background modelling euiainty on the/V production cross section measured by
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Figure 5.17: Track multiplicity (a) and core energy fractioffiyore (b) distributions in the signal region after cut-
basedr identification looser working point, summed over the threeng categories. The hatching
represents the systematic uncertainty [170].

ATLAS, trigger dficiency, lepton identification, electron mis-identificatja, electron and jet energy scale, pile-
up and underlying event. The total systematic uncertaiotyd for the cut-basetd identification looser working
point is 12.9%. The dominant systematiteet is ther energy scale.

The track multiplicity distribution (summed over the threeent categories) is shown in Figure 5.17(a) after
the looser-cuts identification is applied. The jet andcontributions are normalised to the fractions as predicted
by the fit. The model reproduces the data quite accuratelytan(lL,3)-track structure of reaj,,gdecays is clearly
visible. ldentification variables are also reasonably weBcribed, as shown in Figure 5.17(b).

The data over MCr identification dficiency scale factor is evaluated forffgrent working points, as sum-
marised in Table 5.9. They are all compatible with unity withncertainties. Systematic uncertainties are signifi-
cantly larger with the cross section method becausdiiesifrom a large uncertainty on theenergy scale.

Table 5.9: Data over MCr identification dficiency scale factors measured with the cross section mdtrod
differentr identification methods and working points. The first undatiais statistical, the second is
systematic [170].

Method Scale factor

Cut-based looser .00+ 0.05+0.13
Cut-based tighter .06+ 0.05+0.14
Likelihood looser 102+ 0.04+0.16
Likelihood tighter 100+ 0.07+0.13
BDT looser 094+ 0.07+0.13
BDT tighter 089+ 0.05+0.10

5.4 Summary

This Chapter presents the first measuremeni -ef rr andW — v cross sections in the ATLAS experiment, the
milestones for the physics withleptons in final states.
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TheZ — 77 cross section is measured in fouffdrent final states defined by the decay modes of teptons:
muon-hadron, electron-hadron, electron-muon, and muooAnCross sections are measured separately for each
final state in fiducial regions of a high detector acceptaaseayell as in the full phase space, over the mass region
66 - 116 GeV. The individual cross sections are combined hagtoduct of the totaZ production cross section
andZ — 7t branching fraction is measured to b®D+ 0.07 (stat 0.06 (syst}0.03 (lumi) nb in agreement with
NNLO calculations and other experimental results.

The cross section for the production\Wfbosons with subsequent dedAy— tv is also measured in a region
of high detector acceptance and then extrapolated to thpHake space. The product of the tdfélproduction
cross section and th& — 7v branching ratio is measured to be. 1% 0.3 (stat)+ 1.7 (syst)+ 0.4 (lumi) nb. The
measured cross section is also in good agreement with tbestical NNLO cross section.

The first study to determine the hadroni@ecay identification ficiency withW — 7v events is reported.
Two approaches are used. In the tag-and-probe method searenttagged by having significant missing transverse
energy, while the probe is the hadroridecay candidate. The track multiplicity spectrum is fittedudtaneously
before and after applyingidentification, hence determining théfieiency. The second technique assumes that the
W — tv production cross section is known and compares expectédsyie those measured in data. The results
are consistent with Monte Carlo predictions and with eatieot

All presented measurements were performed using datactadlén 2010 only, but during completing the
presented monograph more studies have been done with lsgttistics data sets.

TheZ — 7t cross section was re-measured using the integrated luityirdsl.34 — 1.55 fb~1 [173] for 2011
data sample. The statistical error on the cross section wa®dsed by a factor of three in respect to the result
presented in this Chapter.

Also ther identification dficiency measurement wit — 7v events was repeated with 2011 data and the first
measurement of thidléciency withZ — 77 process was performed [144].

TheW — 7v decay was also used for the first measurementpaflarisation at hadron colliders [174]. Similar
analysis withZ — 7t process is under preparation.

As mentioned in Section 2.2, a measurement of the crosseatitop quark pair production with leptons
in final state is of interest because it can open a window teipkybeyond the Standard Model. The ATLAS
collaboration published recently such studies [175] basedn integrated luminosity of 2.05th Events with an
isolated electron or muon andrdepton decaying hadronically are used. No New Physics sigagound. The
measured cross section is in good agreement with the Sthivitzatel prediction.
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CHAPTER 5. STANDARD MODEL PROCESSES WITHLEPTONS



Be careful what you wish for; you may get it.
Old proverb

Standard Model Higgs boson searches wifnal states

As mentioned in Section 2.3, the decay of the neutral Higg®h® into a pair of leptons is a valuable channel
for the SM Higgs boson searches at the LHC. This search is leongmtary to searches with other decays in the
same mass range. Two analyses have been performed. Thenérgubly leptonic, with bothr leptons decaying
into leptons, and requiring the Higgs boson to be producedsociation with jets. The second one, semi-leptonic,
with oner lepton decaying into lepton and second decaying hadrdyicghe first one is an independent search
for the Standard Model Higgs boson [176] and the second tsgbdhne search for the Minimal Supersymmetric
Standard Model Higgs boson, done in conjunction with otlearch channels [177]. Both analyses are based on a
data sample corresponding to an integrated luminosity@f fio-* collected at the LHC in the first half of 2011.

6.1 H — 7iepriep + jets final state

The H — 1iepriep — €€ + 4v final state is characterised by a back-to-back configuratioie twor leptons
in the Higgs boson rest frame. The sensitivity of the seascanhanced by requiring that the Higgs boson is
produced in association with jets. In this case, the Higgshds more boosted in the transverse plane. This
enhances the transverse momenta of the Higgs decay prahattas a consequence, EEiPiSS of the event due to
the undetected neutrinos from the twdecays. The presence of lar§&'®and a highpr jet allows this topology
of Higgs boson decays to befidirentiated from background processes as shown by previad&s [58]. The
signal contributions considered here include the domigéundn fusion production process, vector boson fusion
(VBF) andW/Z associated production. Three final states are considewedsame flavour (SF) egu final states
and one dierent flavour (DF) g final state.

The following are the dominant background processes:

e v*/Z(— ID+jets: y*/Z — 7t decays form a largely irreducible background as they hawelasi event
kinematics as the signal. This background is particularipartant for low Higgs boson masses where the
signal falls on the tail of th& mass peak in ther mass distributiony*/Z production with electron or muon
pairs in the final state also contribute.

e W(— lv)+jets: this process contributes to the background due to the peesef a charged lepton arﬁql“ss
in the final state and its large cross section. Hadronic @terapanying th&V boson can be mis-identified
as an electron, or a semi-leptonic decay in the cascade eamgignature similar to the one of an isolated
lepton.
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Di-boson production: can lead to final states with two or more charged leptons fiwrieptonic decays of
theW andZ bosons.

tt : can lead to final states with two leptons &S in the final state.

Singlet production: contributes ifW decays leptonically and one of the leptons is either due tasa m
identified hadronic jet or, fowWt production, comes from the decay of the sec@wtoson.

QCD multijets: contributes with true (e.g. produced from heavy flavouraysy or fake leptons and has a
large cross section.

Requiring, after all the other selection criteria, at least highpr jet, reduces the*/Z — ¢¢ acceptance by a
factor of 7 and th& — rr acceptance by a factor of 2.5, while the signal acceptaneslised only by 30%.

6.1.1 Data and Monte Carlo samples

Events in @ and uu final states are selected using a combined muon trigggrrof 18 GeV. Events passing
a stand-alone muon trigger in the barrel region with> 40 GeV are also accepted. Faqr Bnal state also an
electron trigger withEr > 20 GeV passing medium identification criteria is used. Fegldctron final state, a di-
lepton trigger requiring two electron trigger objects with > 12 GeV and passing medium electron identification
criteria is applied. The triggerficiencies are measured in data as a function of tfiee leptonpr with the
tag-and-probe method in a data sample enriched i ¢¢ events. The single electron triggeffieiencies are
about 98% while for the single muon trigger thi@encies are between 73% and 87% for the barrel and end-
cap regions, respectively. The di-electron trigg#iceency is calculated to be 98%. Monte Carlo simulation is
corrected to agree with data by applying the trigger scaltofa parametrised as a functionrgfp and pr.

The cross sections for Higgs boson production were caledldllowing the prescriptions of the LHC Higgs
cross section working group [55]. In gluon fusion they weatcalated using HIGLU [178] and ggh@nnlo [179] at
the NNLO. For the vector-boson fusion, the NNLO calculatias performed with VBF@NNLO [180, 55]. The
SM gg — H production via gluon fusion was simulated with MC@NLO and tkector-boson production with
HERWIG . The production o#V andy*/Z bosons in association with jets is simulated with the ALPGJeNerator,
apart from they*/Z — rr andW — v processes, that are simulated with PYTHIA. Thand singlet (s-channel)
processes are generated with MC@NLO, the simdtechannel, W1) process is generated with AcerMC [181],
and di-boson production processes are generated with HERWAAr all MC@NLO samples parton showers and
hadronisation are simulated with HERWIG and the activityttef underlying event with JIMMY. The programs
TAUOLA and PHOTOS are used to model respectively the decayleptons and additional photon radiation in
decays produced in PYTHIA, MC@NLO and HERWIG.

Residual diferences in the pile-up between data and Monte Carlo samm@esoeected by re-weighting the
Monte Carlo events to reproduce the pile-up distributiondata.

6.1.2 Objects and event selection

Only events containing at least one primary vertex withélwemore associated tracks, as well as fulfilling prese-
lection requirements described in Section 3.6 are useckiarialysis. As the next step, the following reconstructed
objects are chosen.

Electron candidates are selected if they haye> 15 GeV andn| < 2.47 (excluding the transition region in the
calorimeters) and pass the tight identification requireimielm addition, they should ha¥er > 22 GeV if the event
is triggered by the single electron trigger. Identified &l candidates are required to be isolaﬂ@#/ET <0.08
andl FO,‘;‘/ pr < 0.06. Electron transverse energy scale and resolution in &Garlo are made to agree with data by
applying rescaling and smearing of the simulated electiamsiverse energy.

Combined muon candidates are required to hawe- 10 GeV andn| < 2.5. If the event is triggered by the
single muon trigger, the muon candidate is required to Ipgve 20 GeV. Additionally, the dference between the
z-position of the point of closest approach of the muon Innetebtor track to the beam-line and theoordinate
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Figure 6.1: m., invariant mass after all analysis cuts except the final cutnpn The backgrounds with fake
leptons and th& — 7t contribution are estimated from data. All other contribug are estimated
using simulated event samples [176].

of the primary vertex is required to be less than 1 cm. Thisliregnent reduces the contamination due to cosmic
events and beam-induced backgrounds. Finally, Inner Betédt requirements and muon quality criteria are
applied in order to achieve a high-quality measurement@htimon momentum and reduce the mis-identification
rate. Muon candidates are required to be isoIdlE%ﬁ/,ET < 0.04 andl g~1‘!/pT < 0.06. Muon transverse momentum
resolution in Monte Carlo is made to agree with data by applysmearing of the simulated muon transverse
momentum.

Jets are required to haye > 20 GeV andn| < 4.5. Missing transverse energy used in this analysis follows
the simple definition as described in Section 3.5.

Objects reconstructed from the same localised responseeimétector are removed, namely any selected
electron within a distancAR < 0.2 of a selected muon is removed from further consideratiothénanalysis.
Similarly, any selected jet withinR < 0.2 of a selected muon or electron is also removed.

Events are selected if they contain exactly two isolatedolep of opposite charge and of invariant mass
my, > 20 GeV. Further, this requirement is tightened dependinghenfinal state: 30< m,, < 75 GeV for the
SF final states and 3@ my, < 100 GeV for the DF final state. The requirement is tighter ia 8F final state
in order to rejecty*/Z — ee uu backgrounds. As a next step, at least one jet with transvamsaentum above
40 GeV andEM™sS> 30 GeV for SF events arB"sS> 20 GeV for DF events is required.

The final invariant mass is reconstructed using the collirgg@roximation described in Appendix A. Events
have to fulfil the following selection: .2 < x; < 0.8 and 01 < x; < 0.6, where x> are momentum fractions
carried away by visible decay products with momentais1 2 and pmis12 are momenta carried by neutrinos:

Pvis12
(Pvis12 + Pmis12)

X12 = (6.1)

The requirement of an extra jet in the event improves tiieiency of these cuts. The next selection i8 &
A¢er < 2.5 rad for SF events and®< A¢y, < 2.8 rad for DF events in order to rejegt/Z — ¢¢ andtt processes.

A selected jet has to havel > 0.5 as jets produced in thiedecays tend to be more central than the ones produced
in SM Higgs boson decays.
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Table 6.1: Number of events after all selection criteria in data, expedackground events and expected SM
Higgs boson signal for a data sample corresponding@63Lfbl. The contribution of backgrounds
with fake leptons and thé — 7t are estimated in a data-driven way. Errors are statistichl [d.76].

ee+ uu + eu
Observed data 46
v'/Z— 1T 254+ 2.7
Y )Z — b 3.7+£1.2
tt 13.2+ 2.2
Singlet 1.2+ 0.5
Di-boson 1.6+ 0.6

Backgrounds with fake leptons 2+20.9

Total Background expectation 47443.9

Expected signal events gg — H VBF
my = 110 GeV 0.39: 0.06 0.35+0.02
my = 115 GeV 0.39: 0.06 0.35+0.02
my = 120 GeV 0.44: 0.05 0.38+0.02
my = 130 GeV 0.40: 0.04 0.33£0.01
my = 140 GeV 0.21+ 0.02 0.19+0.01

The invariant mass of the system formed by the twieptons and the leading jem..j, has to be above
225 GeV. The four-momentum of the twasystem is calculated in the collinear approximation (sepeflix A).
This requirement reduces the background frghyZ — Il processes [58]. Finally, only events with invariant mass
of the twor leptons systemn,., between 100 GeV and 150 GeV are considered. The accepthtiis selection
is above (70-80)% for the SM Higgs signal in the Higgs masgedil0 GeV< my < 140 GeV.

Figure 6.1 shows the., distribution of events passing the full selection desaibbove except the final cut
onm... Table 6.1 shows the corresponding yields of events and M@a&d number of events fordb3 flot. The
expected numbers of signal and background events from ationg are normalised according to the theoretical
cross section predictions described in the previous Secbhetails on the estimated background events are given
in the following Section.

6.1.3 Background estimation

The description of the dominant, largely irreducitlle» 77 process in the simulation is confirmed by using the
T-embedding method: in a sample of seleci&Z — uu data events, the muon tracks and associated calorimeter
cells are removed and replaced-bieptons from a simulated — 7t decay.

The contribution of thet, singlet, Z — ¢¢ and electroweak di-boson production backgrounds are atsin
from simulation. Their MC description is confirmed by datadsfecting control regions enriched in these back-
ground processes.

Backgrounds arising from the presence of fake leptons aigedkfrom data in signal free control samples.
The main sources of fake leptons are the QCD multijéés;jets and semi-leptonitt processes. Non-isolated
leptons produced in heavy flavour meson decays, are inclindixis background.

The normalisation and the shape of the backgrounds withl&gkens are obtained from data with a template
method [182] using a control region in which the lepton ifiolacriterion is reversed. The chosen template shape
is the py distribution of the sub-leading lepton. After subtractmfithe simulated backgrounds, the template shape
of this background is obtained from a control sample, whikeritormalisation is obtained from a fit of the analysis
data sample with the template shape. The uncertainty defatine estimation of backgrounds with fake leptons is
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Table 6.2: Individual systematic uncertainties for SM Higgs signatl dackgrounds. All numbers are relative
errors expressed as percentages [176].

Relative Uncertainty (%)

Uncertainty Source Signaiiy=120 GeV) Background
Object selection

Lepton scale factors (%) -24#2.1 -4.2+1.8
Lepton energy scale (%) -0:40.3 -0.8+0.8
Lepton energy resolution (%) -Q:£0.2 -2.6+0.3
Jet energy scale (%) -784.1 -9.8+7.0
Jet energy resolution (%) -242.0 -2.5+2.5
Jet reconstructionficiency (%) 0.0 0.0
EMsS reconstruction (%) -5/34.4 -2.7+0.4
Pile-up (%) -1.%+1.5 -0.8§+0.8
Detector modelling (%) -1/61.6 -1.6+1.6

Process rate

Fakes normalisation (%) - -191.9
Z — 1t embedding (%) - -050.5
Cross sectioZ+jets (%) - -2.9+2.9
Cross sectiomt(%) - -4.9+4.8
Cross section singleTop (%) - -0+0.2
Cross section di-bosons (%) - -+0.4
Cross sectiotd(my=120GeV) (%) -10.8+10.8 -
Monte Carlo modelling
Signal MC Generator (%) -4/44.4 -
PDF (%) -4.8+4.8 -3.0+3.0
Luminosity (%) -3.7+3.7 -3.5+3.5
MC statistics (%) -6.5+-6.5 -8.0+8.0

calculated from the uncertainty on the subtraction of ofitecesses from MC simulation and from thé&eience

in the pr distribution shape between the control and the signal nsgid he statistical contribution is the main
component after all the selection cuts and it is around 508tlevthe systematic uncertainty is up to 30% in the
eu channel.

6.1.4 Systematic uncertainties

The systematic uncertainties considered for the Higgsrbegmal (ny=120 GeV) and backgrounds are presented
in Table 6.2. Uncertainty connected to the lepton scalefadbkes into account correcting the MC samples for
differences between MC and data. The muon momentum scale ahdicgsas well as electron energy resolu-
tion are smeared to match that is observed in data. The eteetrergy is corrected in data according to in-situ
calibrations. The uncertainties associated to the rérgraind smearing are taken into account. The uncertainty
on the jet energy is determined from “up” and “down” variasocorresponding todl uncertainties obtained from
data studies. The systematic uncertainty of the jet reoact&in dficiency accounts for the fierence between
data and MC in the reconstructiofffieiency of calorimeter jets with respect to track jets, meedwith a tag-
and-probe method in QCD di-jet events. THhiakency depends on the jgy and the diference between data and
MC has a negligible féect for jets withpr>40 GeV. For estimating t_hET”f“SS reconstruction uncertainty, the lepton
and jet energy scale and resolution systematics are prgght@ET". Other uncertainties specific to tig"s
reconstruction are also taken into account. Uncertaintyneoted to pile-up is introduced by reweighting of the
MC events to match pile-up in data. Also a systematic uniteytés assigned to the MC modelling of the detector
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Figure 6.2: Expected and observed exclusion limits for neutral Higgsonoproduction in the SM as a function
of my. The region above the solid limit curve is excluded at the ¥#fidence level. The expected
limit in confidence levels (CLs) are shown as the black dadimed The green and yellow bands
correspond to thed and 2r error bands on the expected limit, respectively. The reel tepresents
the SM production rate [176].

acceptance. In particular, systematiteets on the treatment of the data with missing front-enddsofor the LAr
calorimeter are considered.

The uncertainties on the estimation of fake lepton backgslipdescribed in previous Section, are considered.
Ther-embedding sample is nhormalised to PYTHIA MC and the unogits on the MC prediction & — 77 are
taken into account. Additionally, the systematic uncaiiaof the embedding method is obtained by comparing
the central prediction, obtained frofh — uu events selected without any isolation requirement impasethe
muons, and an alternative sample, where a track-basedidsola required in th&Z — uu selection.

An uncertainty of 4% is assumed in the inclusive cross seaticthe vector bosons production. In addition,
relative uncertainty of 24% is applied W/Z+1-jet uncertainty on the inclusive cross section. For theedoark
pair production and single production of a top quark, theautainties are about 10% [183]. An uncertainty of 5%
is assumed for all di-boson production processes. The taigtes on the signal cross-sections dependcgrand
are in the range of (15 20)% forgg — H and (25— 3)% for VBF production. The estimated uncertainty of 3.7%
on the luminosity measurement [184] is applied to the naisatbn of all MC samples.

In order to quantify the systematic uncertainty due to theiad of the signal MC generator, the default
MC@NLO and HERWIG samples are compared with samples getkeraith POWHEG [185]. For the com-
parison, both generators are interfaced to HERWIRAMY for hadronisation. A PDF uncertainty of 3% as an
additional normalisation uncertainty on all the MC backgrd samples, 7.8% on the Higgs boson gg fusion pro-
cess and 2.3% on the Higgs boson VBF process are considered.

As can be seen from Table 6.2, the largest uncertainty isaltiestjet energy scale.

6.1.5 Results

As shown in Table 6.1, no significant excess is observed idldt@ compared to the SM expectation.
The procedure to compute exclusion limits is based on thédmnmce levels methodC(Ls) [186, 187]. The
data is compared with two models: the null-signal hypothésackground only) and the signal plus background
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Table 6.3: Main correlated systematic uncertainties used in the aisabfH — 7iepThad final state. These relative
uncertainties (%) correspond to the overdlleet on the per-event signatfieiency under the:lo
variation of the sources of systematic uncertainty [177].

H—- 1t Tlep Thad
Luminosity +3.7
Electron dficiency +35
Electron energy scale jéf
Muon dficiency +1.0

miss +19
Jefr/ET"*°energy scale  *;¢

hypothesis applied to the profile-likelihood test stats{i188]. The asymptotic approximation is used rather than
performing pseudo-experiments, because it is much lespatational intensive.

Exclusion limits at the production of a SM Higgs boson aresdained as a function of the Higgs boson
mass. Only events in the mass region of 100 Ge,.. < 150 GeV are considered in the limit setting procedure,
that is based on counting events in the mass window. The Higgen exclusion is performed for the range
110 GeV< my < 140 GeV.

A particularmy is excluded if the signal hypothesis is rejected at the 95Bfidence level (CL). The system-
atic uncertainties described in Section 6.1.4 are incluaduisance parameters. Correlation of the systematic
uncertainties among processes are taken into account.rideetainties on the luminosity, energy scale and accep-
tance are assumed to be correlated. Others, like the uimtgran background process normalisation, are process
specific and are considered to be uncorrelated.

Figure 6.2 shows the resulting exclusion limit for a SM Hidgpgson production as a function of the Higgs bo-
son mass. The limit is expressed relative to the cross segtexdicted by the SM. The expected and observed 95%
confidence level limits are shown as dashed and solid liespectively. The green and yellow bands correspond
to 1o~ and 2r error bands on the expected limit. Exclusion limits at th&e9&onfidence level of the order of 30
times the Standard Model rate are obtained.

6.2 H — 7eprhagfinal state

Signal events in this final state are characterised by gxact isolated lepton from leptonicdecay and one
candidate. The backgrounds considered, MC samples usqateselection of events are similar to the ones used
for the H— tieptiep — €€ + 4v final state.

The lepton transverse momentum has toppe> 20 GeV for muons angr > 25 GeV for electrons. The
7 candidate has to hayer > 20 GeV, one or three tracks and charge opposite to the one=défiton. Missing
transverse energy in the event should be larger than 20 Gentk with an additional lepton are removed to
suppress the*/Z — ¢¢ andtt background processes. Finally, to suppress\ihe> ¢v background process,

the transverse mass of the lepton and missing energy systens, \/2 pr(0) - ErT“iSS- (1— CosAg(¢, E?“SS)), is
required to be smaller than 30 GeV. The Missing Mass Caloutathnique, described in Appendix A, is used to
estimate the invariant mass of the pairrdéptons.

The main background in this analysis is the same as for fafiydnic final state, the*/Z — rr process. The
invariant mass shape for this background is also estimasedyuhe embedding technique. The QCD multijet
andW-+jets backgrounds are estimated from data using events indtedme charges ofcandidate and lepton in
the background-enhanced QCD antjets control regions. The fierence between number of events with the
same and opposite chargesrofandidate and lepton is added from simulation. The remgibackgrounds are
estimated from simulation.
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Figure 6.3: The invariant mass distributions for the candidate eveslexted, the total background and the signal
expected in thél — 7iepmhagfinal state. Higgs boson mass hypothesis used to illustratsignal and
the multiplicative factor applied to its normalisation amdicated in the legend [177].

With such a selection, 1072 events is observed in data. Tiecead number of sighaing=120 GeV) is 8 with
1218 background events.These numbers are estimated iteavaircontaining about 90% of the signal around the
most probable value of the invariant or transverse masslaitibns of the pair ot leptons. The distribution of the
reconstructed invariant mass can be seen in Figure 6.3. diméindnt contributions to the systematic uncertainty
of the signal yield are summarised in Table 6.3.

The 95% CL limit on the cross section for individual final etand their combination are illustrated in
Fig. 6.4(a), normalised to the Standard Model Higgs bosoescsection, as a function of the Higgs boson mass.
Exclusion limits obtained for théd — 7ep7hag final state at the 95% confidence level are of the order of 10
times the Standard Model rate. The combination of individireal states with thetlo and +2¢ variations of
the background only expectation is illustrated in Fig. B)4@As theH — 7iepThad final state is significantly more
sensitive than thél — 7iep7iep final state, the combinationftiers only slightly from theH — 7jepmhag final state
alone.

6.3 Summary

In this Chapter, the first search for a neutral Higgs bosomyced according to the mechanism predicted by
the SM and decaying inter channel in proton-proton collisions at the centre-of-maisergy of 7 TeV with the
ATLAS experiment is presented. Both, the fully leptonic ahd semi-leptonic final states are considered. No
significant excess over the expected background is obsémvibe considered Higgs boson mass range of €00
my < 140 GeV. The observed (expected) upper limits on the cragfoseaimes the branching ratio ¢f — 77

are between 6 (10) and 14 (30) times the Standard Model pi@ulicThis search is complementary to searches
with other decays in the same mass range.

A small statistics sample of the first data, correspondinty@6 fb! is used in the presented studies. The most
recent results corresponding to the luminosity 6f &1 [189] improve those limits to the observed (expected)
limit between 2.9 (3.4) and 11.7 (8.2) in the mass range<d@@; < 150 GeV. In this latter analysis, additionally,
the H — thagrhag final state is used in order to increase the signal yield. Tidiess of dataset collected in 2012
with the centre-of-mass energy of 8 TeV are ongoing.

For completeness of this Chapter, even though is out of thpesof this monograph, the recent Higgs search
results should be mentioned [53]. The ATLAS experiment repstudies of thed — ZZ* — 4¢, H — yy and
H — WW — eu 2v channels with B — 5.9 fb~* of pp collision data recorded during April to June 2012 at the
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Figure 6.4: The observed and expected 95% CL upper limit on the SM Higgeitg@roduction cross section
divided by the Standard Model expectation as a functiomgffor the individualH — tiepThad
(In) andH — 7iepiep (Il) final states and their combination (a). The — 7r combined observed
and expected 95% CL upper limits (b). The green and yellowdbaaflect+10- and +20 variation
respectively in the expected limit [177].

centre-of-mass energy of 8 TeV. These results are combiitbdesults based on 2011 dataq4 4.8 fb™t). The
Standard Model Higgs boson is excluded at 95% CL in the maggeral - 559 GeV, except for the narrow region
122 - 131 GeV. In this region, an excess of events with a signifieafca9 o is observed. Taking into account
the entire mass range of the search, £1800 GeV, the global significance of the excess.lsdb. These results
provide conclusive evidence for the discovery of a new plrtivith mass 126 + 0.4(stat}-0.4 (syst) GeV. The
CMS experiment reports similar results [54]. In this cas®alearches inr andbb channels are included, but no
significant excess of events is found in those final states.

The decays to pairs of vector bosons identify the new parté@d a neutral boson. The observation in the
di-photon channel disfavours the spin-1 hypothesis. Alfjiothese results are compatible with the hypothesis
that the new particle is the Standard Model Higgs boson, rdate are needed to assess its nature in detail. The
H — 77 final state starts to be critical in this task as with it we chrak if a new boson couples to fermions.
leptons can probe the leptonic Higgs-Yukawa coupling wisatiot accessible from decays to a pair of photons or
heavy bosons, WYZZ. Ther final state has also sensitivity both to SM and SUSY Higgs hestis observation
or exclusion can tell a lot about its nature and possible Nbyss. Finally thed — 77 final state can be used to
study Higgs CP properties and in particular to study CP timtain the Higgs sector [190, 191].
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There are two possible outcomes: if the result confirms thethesis, then
you've made a measurement. If the result is contrary to tip@thesis, then
you've made a discovery.

Enrico Fermi

Somewhere, something incredible is waiting to be known.
Carl Sagan

MSSM Higgs bosons searches withepton final states

The coupling of the Higgs boson to the third generation déyp® fermions is strongly enhanced for large regions
of the MSSM parameter space. Hence, the final statesméptons are the most promising channels for MSSM
Higgs boson searches at the LHC. In this Chapter the firstestuid the ATLAS experiment on searches for neutral
and charged Higgs bosons withepton final states are presented. The data used in thosghesavere recorded
with the ATLAS detector during the first half of 2011, correspling to an integrated luminosity of.Q3-1.06)
fbL.

7.1 Neutral MSSM Higgs bosons decaying tar pairs

A search for neutral MSSM Higgs bosons in the decay méde 7t includeseudy (eu), €rhad3v (E€Thad), UThad3V
(uThad),and Thagrhad?v (ThadThad) final states [177]. These decays have branching ratios @&0%:23%E€rhag),
23%(uthad), and 42%fthadrhad).- The combination o&rnaq anduthag is referred to agrhag Similar searches for
neutral Higgs bosons have been performed at the Tevatror68and the LHC [192, 193].

The production oW or Z bosons that subsequently decay into leptons constitueemtst important back-
ground for thegu and £thaq final states. These processes inclMlejets, y*/Z, tt, single-top and electroweak
di-boson productiony*/Z — rr events constitute an irreducible background for Higgs hasrasses close to the
Z boson massy*/Z — ¢ events contribute if one of the charged leptons or an accoyipa jet is mis-identified.
QCD multijet production provides a significant backgroumahteibution if there are real leptons from decays of
heavy quarks or if jets are mis-identified as electrons, rsuonryaqg decays. It is the dominant background in the
ThadThad final state as it is more probable for a jet to be mis-identifieé hadronie decay than as a light lepton.

7.1.1 Data sample and Monte Carlo simulations

Events ineu andernaqfinal states are selected using a single-electron triggaray threshold of 20 GeV. Events
in uthaq final state are selected with a single-muon trigger wigrghreshold of 18 GeV. The same trigger can
selecteu final state if the event is not triggered by an electron. Thgrhag events are selected by a hadronic
7 decay trigger, which requests at least twoandidates. The transverse energy thresholds used are\28rGe
the leadingr candidate and 20 GeV on the sub-leading one. The total trigjeiencies, with respect to the
event selection described in the next Section, are 99%, 8% &60% for electron, muon and the ditriggers
respectively.

The cross section for Higgs boson production in the gluoiofuprocess are calculated using HIGLU [178]
and ggh@nnlo [179]. For thequark associated production, a matching scheme [194gi tascombine the NLO
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calculation forgg — bbA/H/h in the four-flavor scheme [195, 196] and the NNLO calculafionbb — A/H/h
in the five-flavor scheme [197]. In both cases, the MSTW200®f%parton distribution functions [48] has been
used. The masses, couplings, and branching ratios of thgshbigsons are computed with FeynHiggs [198].

The directyg — A/H/h production is simulated with POWHEG [185], and the assediabA/H/h production
with SHERPA [199]. Bothyg — A andbbA samples are generated at valuesmgf in the range from 90 to
600 GeV. To obtain simulated samples for the decays oHtand h bosons, events witlh boson decays with
massma closest tang andmy, respectively are scaled to th&'h production cross section. For any given and
tang, the massesy andmy, of the H andh bosons are calculated in tlmeﬂ‘ax MSSM benchmark scenario and
A boson events witima closest tomy andmy, respectively, are combined with these samples with apiatety
scaled cross sections to obtain a signal sampléAfét/h production. The increase of the Higgs boson natural
width with tang is neglected as it is small compared with the experimensadlugion of the mass definition used.

For processes ofV, Z bosons,tt and single-top production the same Monte Carlo samples s@ided in
Section 6.1.1 are used. The loop-induced proggss> WW is generated with gg2WW [200]. The generation
of parton shower, hadronisation, the underlying event,dbeays ofr leptons and the QED radiation follow
description in Section 6.1.1.

The cross section for single gauge boson production is ledémiat NNLO in QCD perturbation theory [150],
for tt production at NLG-NLL [201, 202], and for single-top and di-boson productidnNaé.O [152]. For the
background processes the PDFs MSTW2008-6 ¢, Z/y* — ¢*¢~, single-top and di-boson) and CTEQ6.6 [156]
(tt) are used.

To match the pile-up observed in the data, events are retegigio that the average number of interactions per
bunch crossing agrees with the data.

7.1.2 Object and event selection

Events passing the trigger requirements are selected Esiaolevents if they have a reconstructed vertex that is
formed by three or more tracks and lies within 15 cm of the mahinteraction point along the beam axis.

Selection of electron and combined muon candidates foltbe@slescription in Section 6.1.2.candidates are
required to have a transverse momentppn> 20 GeV, || < 2.5, 1 or 3 associated tracks and a charge bf The
identification with BDT is required for thérnaq final state and with a projective likelihood for thgagrnag final
state. The fiiciency of the likelihood (BDT)r identification forr candidates wittpr > 20 GeV is about 55%
(60%) and the probability to mis-identify a jet ag &epton, as determined from a di-jet control sample, is about
5% (5%). The missing transverse energy is derived from timplsi definition described in Section 3.5.

When candidates fulfilling the above criteria overlap wittle other geometrically (withinR < 0.2), only
one of them is selected. The overlap is resolved by seleatingns, electrons andcandidates in this order of
priority.

The signature in the leptonic final state is one isolatedtielec one isolated muon arﬂpiss due to the un-
detected neutrinos from the twodecays. Thdt, single-top and di-boson backgrounds are suppressed by the
following requirements. The scalar sum of the transversmerdum of the electron, the transverse momentum of
the muon ancErTniSS must be smaller than 120 GeV, and the azimuthal opening deglecen the electron and the
muon must be larger than@rad.

The signatures of the semileptonic final state are an igblatectron or muon, a candidate, ancErTniSS
due to the undetected neutrinos from the twdecays. Exactly one electron witly > 25 GeV or muon with
pr > 20 GeV and one oppositely-chargeccandidate withpr > 20 GeV are required in the event. In order to
suppress events froyi/Z — ¢¢ decays and frontt or single-top production only one reconstructed electron o
muon candidate is allowed in the event. For the second leggtaction the less strict requirements are applied: the
threshold for the transverse momentum of electron canesdatlowered tgr > 15 GeV and a loose identification
is used, for muon candidates the threshold for the transvammentum is lowered tor > 10 GeV. Further rejec-
tion of y*/Z — ¢¢ events and QCD multijets is achieved by requirh‘a@iSS > 20 GeV. Events with leptons from

W — ¢v decays are suppressed by requiring the transverse mass, \/2 pr(f) - E?"SS- (1 — COSAH(¢, ErT”isﬁ),
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to be below 30 GeV.

The signature of the fully hadronic final state is charastatiby two identified hadronie decays ancE?1iss
from the undetected neutrinos. Events with exactly two gfiply chargedr candidates that match thetrigger
objects inside a cone of radiygR = 0.2 around the direction of the candidates are required. Theandidates
are also required to haver > 45 GeV for the highespr candidate angr > 30 GeV for the second-highest-
pr candidate. These thresholds ensure theéndidates are on the plateau of the trigger turn-on curdehaip
suppressing electroweak backgrounds. To further rejedd @& processes and boson production a missing
transverse energy ﬁ?‘iss > 25 GeV is required. Finally, events are rejected if they aonan electron candidate
with pt > 15 GeV or a muon candidate witly > 10 GeV.

Corrections are applied to simulation to account fdfatences in the trigger dficiency between data and
simulation. These are derived using control regions rick ir» 7 — u + hadrons+ 3v events. Trigger and
mis-identification scale factors for QCD multijets mis4itified asthag decays are measured from data using
W — uv+jets events [160] and are applied to Monte Catrlo.

After the selection of signal candidatesffdientrr mass reconstruction methods are used as described in
Appendix A. The reconstructed mass is the best discrinmigatiariable to distinguish betweef and neutral
Higgs bosons. Thefkective massimggeciive, IS Used for thesu final state, the Missing Mass Calculator (MMC)
massnﬂ'\"c, for the fhag final state and the visible mass,is, for the thaqrhag final state.

7.1.3 Background estimation

Data control samples are used to estimate or validate therglegant background sources, QCD multijet produc-
tion for all final states, antiV+jets in thefrhaq final state. The remaining backgrounds are estimated fromt&lo
Carlo simulation.

The shapes of the mass distributions for the irreducitble r background are determined from data with the
embedding technique described in Section 6.1.3. Fotrthenaq final state, thalV+jets background is validated
with an embedding technique as well. A samplé\bf— uv decays is selected based on Ref. [160] and the muon
is replaced by a simulated hadroniclecay.

Background estimation in the eu final state  The QCD multijet background estimation uses four indepande
samples selected with criteria on the isolation of the ed&cand muon and product of their charges as described
in Section 5.1.3. The shape of thegecive distribution in the signal region A is taken from control ieg C

and the normalisation is derived s = rc/p X ng. Here,ny and ng denote the event yields in regions A
and B and¢p the ratio of the event yields in regions C and D after subitngcthe contribution from non-QCD
backgrounds estimated from simulation. This method relrethe assumption that the two variables used to define
the four regions are uncorrelated and that the shape aihnth&ve distribution does not depend on the isolation
or product of the charges requirement. Obtained QCD mukijent yield in the signal region is estimated to be
n/?CD = 120+ 20 (stat). The resultingegecive distribution is shown in Fig. 7.1 (a).

Background estimation in the {Th4q final state  For the background estimation in the signal region, aparhfr
the Z — 7t background, it is assumed that the shape of the MMC massbdisbn is the same regardless of
whether the lepton and thecandidate have the same (SS) or the opposite (OS) chargesO$Hackgrounds
are therefore estimated from data as SS events and fileeetice between OS and SS is added from simulation
separately. It is done for each bin in the MMC mass distrdntithus not only an estimation of the background
normalisation but also of the MMC mass shape is obtained.

The ratio of OS and SS events for the QCD multijet backgrodralikl be close to unity. It is checked with a
data control sample that is dominated by I&y4ets from QCD processes. The observed deviati0|r§§)9S Sfrom
unity is taken into account in the systematic uncertainti@s the\W+jets background, a significant deviation of the
ratio r'¥. . from unity is expected and is estimated froriVa-jets dominated control region selected by replacing

0S/SS
themr < 30 GeV requirement in the nominal selectiontoy > 50 GeV. The contributions frod — 77 are
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Figure 7.1: Effective mass distribution for theu (a), MMC mass distribution for théraq (b) and visible mass
distribution for thernhaqrhag (C) final states. The data are compared with the backgroupdogation
and an added hypothetical MSSM signai\(= 120 GeV,targ = 20 for (a) and (b)ma = 200 GeV,
tans = 20 for (c)). “OS-SS” denotes theftltrence between event yields with the opposite or the same
charges of the lepton and thecandidate [177].

taken from the embedded samples and remaining backgroumaissimulation. The total estimated background
is (210 + 0.05 (stat))x 10%. The resulting MMC mass distribution is shown in Fig. 7.1 (b)

Background estimation in thethagrhagfinal state  The QCD multijet background is estimated by using a similar
method as described for tlea final state where the four control samples are defined by ts@hecriteria on the
product of the twar candidates charges and the tightness ofrtinkentification criteria. For the latter, the nominal
7 identification used in this analysis has been relaxed todbeer identification, corresponding to an 80%
identification éficiency. The shape of thes distribution is taken from sample C with candidates with the
opposite charges and passing loosaentification. It is scaled by the ratio of event yields imgdes B and D with

7 candidates with the same charges and passing ngfoweer identification. In all control samples the non-QCD
background contributions are subtracted. The resultitignage for the QCD multijet background in the signal
sample is 157 18 (stat) events. The electroweak backgrounds are the sittedrle background components in
this final state. They are estimated from simulation andieddid with data using embedded samples. The resulting
visible mass distribution is shown in Fig. 7.1 (c).
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Table 7.1: Uncertainties on the number of selected events for thoskgbaend contributions that are at least
partially estimated from simulation and for a hypothetisiginal fn, = 120 GeV and tag = 20 for the
eu and fthaq final states andna = 200 GeV and tafg = 20 for thethagrhad final state). All numbers
are given in %. When three numbers are given the first refethdeu final state, the second to the
{Thag final states and the third to th@agrnag final state. If an uncertainty is not relevant for a certain
background, this is indicated by a “-". For tleg final state, the uncertainty on tN&é+jets background
is dominated by the statistical component and the systematiertainty is neglected; for thfenaqfinal
state thaN+jets background is estimated from data [177].

W+jets  Di-boson tt+ vIZ— Y- Signal
single-top o T
Tinclusive -/-/5 7 10 95/- 5 1414/16
Acceptance /-/20 42/7 32/9 2/14/- 5/14/14 57/9
e efficiency 7-/0.8 43.1/0.5 43.60.3 43.7/- 4/3.00.5 43.60.1
u efficiency 7-/0.3 21.20.4 21.7/0.0 21.3- 2/1.80.4 21.00.1
7 efficiency and fake rate /421 49.1/15 49.1/13 /48/- -/9.7/15 49.1/15
Energy scales and resolution /-/£3} ~ 2/+39/+28 6/5/12 3Y- 11183 30
Luminosity 4-/3.7 3.7 3.7 3.B.7- 3.7 3.7
Total uncertainty e 1072732 131523 groy- 92145 173438

7.1.4 Systematic uncertainties

Systematic #ects on the signalfciency and the estimated number of background events carobpeyl in the
following categories: theoretical inclusive cross setdicacceptance, knowledge of detector performance (lepton
identification and mis-identificationfiéeciencies, trigger €iciencies, energy scales and resolution) and systematic
uncertainties of the data-driven background estimatiothous.

The uncertainties from fierent sources of various background processes which ati@llyaor completely
estimated from simulated events are summarised in Table 7.1

Systematic uncertainties for simulated samples accourth&following efects. The uncertainty on the the-
oretical inclusive cross sectionrcusie) for each individual signal and background process is abthifrom
variations of the renormalisation and factorisation ssaed a variation of the strong coupling constant and the
PDF sets within their uncertainties. The uncertainty onatbeeptance is estimated by varying the renormalisation
and factorisation scales, the matching parameters in AUR& kI the choice of the PDF to MRST2001J [203] in
the generation of simulated event samples.

The uncertainty on the triggeffeciencies (included in leptorfigciencies in Table 7.1) for electrons and muons
is 1%. For ther triggers this #iciency is determined from data oy bins for r candidates and QCD multijets
mis-identified as hadronie decays. The uncertainty for QCD multijets that are mis-itfiexl ast candidates is
combined with the uncertainty of theéfiine mis-identification probability, resulting in a combthancertainty of
~ 10%. The uncertainties due to the limited knowledge of theater performance are evaluated by varying the
trigger, reconstruction and identificatiorfifieiencies for electrons, muons amccandidates, and by varying the
energy resolution and energy scale of electrons, muocandidates, and energy deposits outside of these objects.
These are propagated in a fully correlated way into Iﬂ'{fbiss scale and resolution. TheftBrence in the impact
of the energy scale and resolution uncertainty on the egpeetent yields in dierent final states is caused by
requiring a hadronie decay(s). The luminosity uncertainty is%6 [106]. The uncertainties, apart from the ones
related to the data-driven techniques, are treated asdaitglated between the three final states.

The systematic uncertainties from the data-driven estiroaithe QCD background fiier between final states.

In the eu final state it includes the systematic uncertainty on thdaraated non-QCD background and on the
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Table 7.2: Observed numbers of events in data and total expected lmagtdrcontributions for the final states
considered in this analysis, with their combined statgtand systematic uncertainties [177].

Final state Data Expected Background

eu 2472 (26 + 0.2) x 10°
LThad 1913  (21+0.4)x 10°
ThadThad 245 2333‘3

Sum 4630 (©+06)x10°

assumption of identicaheeciive Shapes in the lierent control regions.

For thefrhaq final states, the most important uncertainties for the datgen estimation of the QCD multijet
andW-+jets backgrounds are the statistical uncertainty on thebmurof SS events in the signal region and the
uncertainty on the ratios between the OS and SS regions f&r @dtijets andW-+jets. An additional uncertainty
of 10% is derived from theny dependence of this ratio fak+jets events.

For thethagrhag final state, the statistical uncertainty on the number of &its in the signal region is the
dominant uncertainty of the data-driven estimate of the QRitijet contribution. The systematic uncertainties
on the non-QCD background contributions in the controloagiare propagated to the QCD multijet estimate. The
systematic uncertainty is dominated by the energy scaler amg-identification iciency uncertainty.

For the energy scale uncertainty, variations of the ele¢trouon,r candidate, an(IE$1iss not only changes
in normalisation but also in the shapes of the discrimirmatimss variables and therefore it was included as an
additional uncertainty in the derivation of the Higgs bosaglusion limits in Section 7.1.5. In the channels where
embedded data are used, systematic uncertainties aredlddr the final decay products that are taken from
simulation.

Systematic fects of the embedding method are estimated from variatibtte@mbedding procedure. While
in the analysis no isolation is required for the selected msuia order to avoid a bias on the embedded objects,
the procedure is repeated @n— uu data fulfilling standard isolation criteria for theg and thefrhag channel. A
second variation accounts for the energy deposition frarséiected muons in the calorimeter, which is by default
completely removed in a cone of radid®k < 0.1 around the muon direction. The systematic uncertaint@® f
these variations enter the limit calculation in the formladige systematics. All other systematic uncertainties have
no significant &ect on the mass shape.

7.1.5 Results for the neutral MSSM Higgs bosons searches

Combining the estimated contribution from the various lgmoknd processes and their uncertainties results in the
final background estimate shown in Table 7.2. No significaoéss of events over the Standard Model background
expectation is observed in the data in any of the studied stadés.

Exclusion limits at the 95% confidence level are set for MSSiggd bosomA/H/h production as a function
of the parameterma and tarB. The exclusion limits are derived with the profile likelibonethod [188] based
on theCLg parameter from the analysis of th&gective distribution for theeu final state, thenﬁ",’v'c distribution for
the {haq final state and thenjs distribution for thernadqrhad final state.

For the limit derivation, systematic uncertainties areasafed into common, fully correlated (energy scale,
acceptance, luminosity) and final state specific ones anidcteled as nuisance parameters. Tiagective, MIVC
andmy;s shape uncertainties due to the uncertainties in the eneagssof leptons, hadronic candidates and
ErTniSS for the backgrounds, obtained from simulation, are takém&tcount. Asymptotic formulae are used to find
the median expected limit along with tado- and+20- error bands. The combined limit and the contributions of
the individual channels to the combination limits on thedurction of neutral MSSM Higgs bosodgH/h in the
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Figure 7.2: Expected and observed exclusion limits in thg — tang plane of the MSSM as derived from the
combination of the analyses for thga, {Thag and thadrhad final states. The exclusion limits from
analysing of 36 pb! of data and from LEP are also shown (a). The region above terdfimit
curve is excluded at the 95% confidence level. The dark grnse(g and light grey (yellow) bands
correspond to the lo- and+20- error bands, respectively. The contribution of the indidtichannels
to the combined limit (b) [177].

tang — ma plane, for them® scenario and Higgsino mass parameier 0 [65] are shown in Figure 7.2. These
results exclude regions of parameters space beyond thagximits from previous experiments at LEP [66] and
the Tevatron [67, 68] and are similar to those recently ole@iby the CMS Collaboration [192].

7.2 Search for charged Higgs bosons itt decays

This section describes a search for charged Higgs bosohswésses in the range 90160 GeV, usingt events
with a leptonically or hadronically decayingepton in the final state. Two final states, which are expetiefive
the highest sensitivity, are analysed:

e Thag+jets [204]: tt — bbWH" — bbW(qdr)H * (thad v), i.e. bothwW andr decay hadronically;

o Tiep+leptonjjets [205]: tt — bbWH" — bbW(qd /¢v)H* (tiep v), i.€. T decays leptonically and/ decays
leptonically or hadronically, so called one or two leptomafistate.

7.2.1 Data sample and Monte Carlo simulations

For thernagtjets final state, the combinedand E;”‘SS trigger [206, 138], with a threshold of 29 GeV on the
object and of 35 GeV o&"**is used for data selection. The one or two leptons final stetysis relies on events
passing a single-lepton (electron or muon) trigger, witbrahreshold at 20 GeV for the electron trigger and at
18 GeV for the muon trigger.

The Monte Carlo simulation df, single-top, single vector boson and di-boson events isdhee as described
in Section 6.1.1. Overlap betweérand single-top final states is taken into accountt production cross section
of 165 pb [207] obtained from the approximate NNLO calcalasi [202] is used (both for S decays and decays
via a charged Higgs boson). A top quark mass of 172.5 GeV igwasd and the PDFs is CTEQG66 [156]. THé
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signal events are generated with PYTHIA using TAUOLA fdiepton decays and PHOTOS for charged leptons
radiating photons.

The Monte Carlo pile-up samples are reweighted in order ttcimeertex distribution in data. Only events
with a reconstructed primary vertex with at least five asstecl tracks are considered.

7.2.2 Therygtjets final state

This study relies on the detection ofjets intt events, where the hadronically decayindepton comes from
H* — 1haq v, While jets originate from hadronically decayiMy boson. This topology has several advantages:
the W boson can be fully reconstructed, thE candidate can be reconstructed in the transverse planghand
branching ratio of th&V boson decay to quarks is larger than that to leptons. Howivereds to be distinguished
from a large QCD multijet background. The background preessnclude the production tif single-top W+jets,
v*/Z+jets, and QCD multijet events where there is either a trdepton, or another object mis-identified as a
hadronically decaying.

Objects and events selection

Electron candidates are required to hde> 20 GeV and|y < 2.47 (excluding the transition region in the
calorimeters) and to be isolaté® < 3.5 GeV. Combined muon candidates are required to ipave 10 GeV and
Inl < 2.5 and isolatior 23 and12: < 4 GeV.

Jets are reconstructed with the aktialgorithm with a size parameter &= 0.4. They are required to have
pr > 20 GeV andp| < 25. To identify jets initiated byb quarks, a combination of a discriminant based on
an impact parameter in three dimensions and a secondagxMagger [208] with an identificationffeciency of
about 60% fomb jets with pr > 20 GeV intt events is applied.

7 candidates are required to hapg > 20 GeV,|n| < 2.3 and 1 or 3 associated tracks. They are identified
using a likelihood identification method with affieiency of about 30% fot candidates wittpr > 20 GeV in
Z — 77T events. In some control regions, a loasielentification is used corresponding to dfi@ency of 60%. A
dedicated algorithm is used to reject electrons.

The missing transverse energy is calculated using a refial@aration method described in Section 3.5.

When candidates, selected using the above criteria, gvgdametrically withiAR < 0.2, only one candidate
in the following order of priority: muon, electron, or jet, is kept.

An event is required to haveracandidate and at least 4 jets wiph > 20 GeV andy| < 2.5. A r candidate
is asked to havepr > 35 GeV and to be matched to thdrigger object withinAR < 0.1. Events with a second
identifiedr candidate withpr > 20 GeV or any identified electrorEg > 20 GeV) or muon pr > 10 GeV) are
vetoed. ErTniss is required to be larger than 40 GeV. Events with large retrooted E?issdue to the limited reso-
lution of the energy measurement are rejected with a cut esitinificance oET"*Yas defined in Section 5.2.2),
Sgmiss > 8. At least ondo-tagged jet is required. Thagbcandidate, built from three jets with one of thértagged,
with the highest sum of the constituents transverse momemtat satisfym(qqb) € [120,240] GeV in order to
be consistent with the top decay. For events passing theeamgction cuts, the transverse mass ofrthandi-

date andE"sS, my = \/ZpTET”f“SS(l — cosA¢(r, EMS9), is defined. This variable discriminates betwatn- v
background and thEl* signal.

At the end of the selection cut flow, after applying data-elnnmethods as detailed in the next Section;+37
7 background events are expected fior > 40 GeV. A potential signal yield depends on the charged Higgs
boson mass and the branching ratie> bH*. For example, 70 events are expectedrfgr- = 130 GeV and
BR(t — bH*)=0.1.

Background estimation

For backgrounds with intrinsiE?iSSfrom W decays the contribution from events in which electrons t3rgee mis-
identified asr candidates is predicted using appropriate control samplele events with correctly identified
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candidates are studied with the embedding method. Backdsodue to QCD multijet events wiEi}“SSgenerated
by detector &ects are estimated using the shape ofEff€* distribution in a suitable control region.

The background from events where electron is mis-identdiedr candidate is measured with a tag-and-probe
method ony*/Z — eeevents (see Section 4.3.3). The result is compared to dimuland used to correct MC
samples.

To study the probability for jets to be mis-identified as lwaiically decayingr leptons, ay-jet control sample
is used. The method is the same as described in Section AA&igH based on a larger data set corresponding
to 1.03 forl. Jets in the control sample, similarly to the domintribackground, originate predominantly from
quarks. The main dlierence betweett andy-jet events is the dierent fraction ob jets which is smaller in-jet
events. However, the probability fortgiet to be mis-identified as-acandidate is smaller than the corresponding
probability for a light-quark jet. The average track muigjy of b jets is higher, and variables which measure the
mass of ther candidate allow for a good discrimination. Hence, usingytjet mis-identification probability leads
to a higher background estimate and is thus conservative. dEhominator of the calculated mis-identification
probability is the number of events with the reconstructerindidate withpr greater than 20 GeV angl| < 2.3,
which passes an electron veto. The mis-identification poilibais evaluated separately for thecandidate with
1 or 3 associated tracks and measured as a function pf isd». Further, it is applied to simulate, single-
top, andW-jets events. These events are required to pass the full setttion except for the identification.
For these eventg; candidates, fulfilling the same requirements as in the démaior of the mis-identification
probability measurement which do not overlap with a trdepton, are identified. Out of the remainingcandi-
dates, each one is considered to be potentially mis-idedtéis ar candidate separately. The identified jet that
corresponds to the candidate is removed from the evenfieating the number of reconstructed jets, EIESS
significance of the event, and the numbetdahgged jets. If, after taking this into consideration, #went still
passes the selection, then the event is counted as backigewant with a weight given by the mis-identification
probability corresponding to ther andy of the r candidate. The predicted number of events fromtttsample
is 28 + 1.0 (stat)+ 0.5 (syst). It is in agreement, within errors, with the MC pidin using truth information,
3.8 + 0.6 (stat). All other backgrounds with jets mis-identifiedrasandidates and with intrinsiE$1iSS are at least
two orders of magnitude smaller thén

The QCD multijet background is estimated by fitting Eﬂé‘ssshape (and thEg‘Jissshape of other backgrounds)
to data. For this purpose a control region is defined wherer tidentification ando-tagging requirements are
inverted. Ther candidates must pass a loasglentification but fail the tight identification used in the baseline
selection. In addition, the event is required not to congaiyb-tagged jets and therefore also the requirement on
theggbmass is removed. Assuming that the shapd‘ﬁ{&?sandmr distributions are the same in the control sample
and signal regions, the shape of £ distribution is used to model tHe["*® distribution for the QCD multijet
background (after subtracting the background from othec@gses). ThET'*® distribution measured in data (for
the baseline selection) is then fitted using two shapes:QRIB multijet model, and the sum of other processes
(dominated bytt, W+jets) for which the shape and the relative normalisatiortaken from MC simulation. The
free parameters in the fit are the overall normalisationi{&odne in data) and the QCD multijet fraction. The QCD
multijet fraction estimated with this method is (2310)%.

An embedding method is used for estimating the backgroumu fruer candidates. The method consists of
collecting a control sample df, single-top, andV+jets events with a muon in data, and replacing the detector
signature of this muon with that of a simulatedepton. The method has been validatedr#jets events using
early ATLAS data [182]. The contribution of backgroundsiwihe truer to the finalmy distribution is estimated
from this distribution for embedded events. The normaligais taken from data in the region-040 GeV of this
distribution, where both the QCD background and the sigoatamination for the expected range of sensitivity
(BR({t — bH* =~ 5%)) are low. Such a contamination is dealt with by subtracthe expected signal from the
observed data before normalising the shape to the ragion 40 GeV. In the range 4@ my < 300 GeV, there
are 21+ 5 background events with truecandidates expected where the uncertainty is due to theetimumber of
events in the control sample and in the data in the region tolmthe shape is normalised to. In data, 26 events are
observed after subtracting the background predicted byriseidentification probability methods and the QCD
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multijet estimate. Within statistical uncertainties, treckground prediction and data agree well.

Systematic uncertainties

The main detector-related systematic uncertainties arstlyncelated to identification féciencies and the en-
ergymomentum resolution and scale of the physics objects destabove. Uncertainties on triggefieiency,
luminosity, cross sections and acceptance are also takeagoount.

The main systematic uncertainties on electrocandidates mis-identification include the systematic unce
tainty due to the subtraction of QCD multijet and electrokvbackgrounds and dependence on the tag selection.
The total uncertainties on the scale factors (combiningsthagstical and systematic uncertainties of the measure-
ment) are 24% in the barrel, 29% in the end-caps, and 100%eirrémsition region. Except for the end-cap
region, they are dominated by statistical uncertaintiagotal, the expected contribution of events with electrons
mis-identified asr candidates in the signal region is about 2 events which isitab% of the expected back-
ground. Thus, reducing the current relatively large uraieties would only lead to a minor improvement in the
H™* sensitivity.

The dominant systematic uncertainties on mis-identificatf jets asr candidates include contamination of
the control sample with truenaq from Z — rr andW — v events, contamination of the control sample with
QCD multijet events with a larger fraction of gluon-initt jets thary-jet events and contamination of the control
sample by three-jet events. Also uncertainties conneaetied assumption that the measurement of the mis-
identification probability on the probe object is uncortethfrom the selection of the tag object is evaluated.

Additionally, the statistical uncertainty of the measuegrnof the mis-identification probability enters as uncer-
tainty on any application of the mis-identification proldai The total systematic uncertainty is about @24)%,
depending orpr andn. The systematic uncertainties on the mis-identificatiavbpbility are propagated into the
background prediction for the baseline selection and ehtestatistical evaluation as shape uncertainties.

The dominant systematic uncertainties on the QCD multgekbround estimate are the uncertainties on the
assumption that thE?‘iss shape is identical in the signal and control regions and enttandW-+jets shapes and
relative normalisation from Monte Carlo (dominated by utai@ties on thdt cross section). The uncertainty on
the QCD multijet fraction is dominated by the statisticatertainty of the data set on which the fit is performed.

The systematic uncertainties on embedding method inchelefiect of additional QCD multijet background
in the embedding and control sample selectioitedence in thenr shape as a consequence of loosening the
selection with respect to the baseline selection, the itnphathe incomplete treatment of thepolarisation in
embedded events and the impact onrthedistribution due to the uncertainty on thenergy scale. The statistical
uncertainty of the estimate is 8% due to the limited size ef¢bntrol sample, and additionally 20% due to the
normalisation to data.

Results for the thagtjets final state

In Table 7.3 the final results on the backgrounds estimatieisammarised. The obtaineg distribution is shown

in Fig. 7.3. The total systematic uncertainty on the backgdoprediction is about 30% but can reach up to 70% for
my > 100 GeV. For the signal, the total systematic uncertaintyheryield is about 40% with a small dependence
oNn My«

The number of events with truecandidates is estimated with the embedding method. The euailevents
with jets mis-identified as candidates and with intrinsiErTniSS is taken fromy+jets control samples and with
electrons mis-identified as candidates fromy*/Z — ee control samples. The QCD multijet contribution is
estimated by taking its shape from a sideband region andfiitito the data. The number of events with > 40
GeV is given which allows for a better comparison of data dredexpectation as the estimate from the embedding
method is normalised to data in the range < 40 GeV. A good agreement between the estimated background
and the observed number of events is seen. Therefore, uatagddven background estimates, no statistically
significant excess of events is observed in data.
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Table 7.3: Expected number of background events from data-drivemnestis after all selection cuts, and with
an additional requirement afir > 40 GeV and number of events observed in data. Only statfistica
uncertainties are given [204].

Events withifrom
truer jets jet— tmis-id e— rmis-id QCD multijet expected (sum) data
mr > 40 GeV 21+5 24+07 19+0.2 12+5 377 43

Exclusion limits are set on the branching ratio for» bH*, and in themy+ — tang plane, by rejecting the
signal hypothesis at the 95% confidence level applyingthgprocedure. A profile likelihood ratio [188] is used
with the my distribution as the discriminating variable. The statistianalysis is based on a binned likelihood
function for themy distribution. Systematic uncertainties in shape and nbisatéon are incorporated via nuisance
parameters. The final limits are based on the asymptotidhisbn of the test statistic [188].
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Figure 7.3: The my distribution after event selection. The observation inadaind the estimates from data-
driven methods are compared. The distribution of kHhe signal is given for a reference point in
parameter space corresponding to BR{ bH*) = 10%, thus the SM-likét background is reduced
correspondingly [204].

The resulting exclusion limit is shown in Figure 7.4 in terofBR({t — H™b) x BR(H* — 7*v). Values of
the product of branching ratios, BRG bHY) x BR(HY — tFv), larger than (@3 — 0.10) have been excluded in
the H* mass range (96 160) GeV. Figure 7.5 shows the upper limit in the context efrtf{'® scenario of the
MSSM in themy--tang plane. No exclusion limit is shown for charged Higgs bosorssea close to 160 GeV as
no reliable calculations for BR(— H™*h) exist for tans values in the range of interest. Interpreted in the context
of the mi'® scenario of the MSSM, values of tArabove (22- 30) (depending omy-+) can be excluded in the
mass range 90 Ge¥ my: < 140 GeV as shown in Figure 7.4. This result constitutes afggnt improvement
compared to existing limits provided by the Tevatron expents [71] over the whole investigated mass range, but
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in particular for charged Higgs boson masses close to thgquagk mass.
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Figure 7.4: Expected and observed 95% CL exclusion limits for the cldhtgggs boson production from top
quark decays as a functionwfy+ in terms of BR{ - H*b) x BR(H* — 7*v) [204]. For comparison,
the best limit provided by the Tevatron experiments is shih.
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Figure 7.5: Limit for the charged Higgs boson production from top quaecalys in thany+-tang plane. Results
are shown for the MSSM scenaniq'® [204].

7.2.3 The one or two light leptons final state

This analysis is focused on the search for charged Higgsnisosdt events with one or two electrons or muons
in the final state. For the charged Higgs boson fiom bH™ process decaying only intos, a small increase in
the branching fraction for single-lepton and di-leptonajecoftt pairs occurs, as thedecays leptonically more
often than théV boson:B(H* — tjgp + v) ~ 35% whileB(W — ¢ + Nv) =~ 25%. In addition, the search strategies
for charged Higgs bosons use variables discriminating éetwlight leptons produced inep decays (fromW

or charged Higgs bosons) and light leptons arising direfttiyn W boson decays. The background processes
that enter the search for a charged Higgs bosott @vents with one or two leptons include the production of
tt — bbWW, single top,y*/Z+jets, W+jets and di-boson events, as well as QCD multijet events.
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Object and event selection

Selection for electrons, muons, jets aﬁ@iss is the same as described in Section 7.2.2. The otffgréince iy
selection for electrond; > 15 GeV) andpr selection for muonsgr > 15 GeV).

In order to distinguish between leptons producedip decays and leptons from direct decays/dbosons,
the following discriminating variables are constructetheTirst one is cog;, a variable connected to the invariant
mass of @-quark and a light lepton coming from the same top quagk, defined as:

amy, A

mtzop_nﬁv _mtzop_mgv

where p? and p’ are the four-momenta of the-quark and of the leptoti (in any reference frame, since afs
contains an invariant product) aégr is the angle between them. Note that bn'@andm[? are neglected, hence
mﬁf ~ 2pP. p’. If atop quark decay is mediated throughi and if theH* is heavier than th&/ boson, thé-quark
usually has a smaller momentum than in the case\Wtmediated top quark decay. Also, a light leptoarising
from at decay is likely to have a smaller momentum than a lepton cgrdirectly from a reaMW boson. As a
result, the presence of a charged Higgs boson in a leptopiquark decay strongly reduces the invariant product
p° - pf, leading to cog; values mostly close tel.

A second discriminating variable is the charged Higgs bdsmmsverse mass [2051)?, obtained by fulfilling
the constraint g™'sS+ p’ + p°)? = mfop on leptonxjetstt events, with more than one neutrino accounting for missing
momentum and its transverse comporiéﬁﬂ‘r’ss.

cost; = — 1 with p°- p’ = 2EpE(1 — coSOh) = 4ELE, Sin?(Bpe/2), (7.1)

. 2 .
(mH)? = (\/mfop +(p + P2+ pIis92 — p—?) - (p'T + E?"Ss)z. (7.2)

By constructionnﬁ| gives an event-by-event lower bound on the mass of the cti@wyer Higgs) boson produced
in the leptonic top quark decay.

In di-leptontt events, the final state includes two leptons and missingggnaraking its full reconstruction
more complicated. In that case the generalised chargedsHiggon transverse ma$8?2, is computed by the
numerical maximisation of

mry = max  [mF(pr)], (7.3)
where ,
(M) = (b + (B + 202 = 8] = ()’ (7.4)

andconstraintsstands for a set of constraints on masses of two top quarkss of&V/ boson,ErT“iSSand momenta
of neutrinos. It leaves two free parameters over which treegdd boson Higgs mass is maximised.

The transverse masseg' andmt, are larger than the true charged Higgs boson massand smaller than
the top quark mass used in the constraintg,. Therefore, they can serve as discriminants between togkqua
decays mediated by\W or charged Higgs boson, based on theffedent masses.

Event selection for single-lepton events In order to select single-leptanevents the following cuts are applied.
Exactly one trigger-matched electron wily > 25 GeV or muon withpr > 20 GeV is required. Only events
with at least four jets wittpr > 20 GeV andn| < 2.5, including exactly twd-tagged jets are accepted. To select
events with a IargE?isswhiIe rejecting those in which the latter arises mostly framongly reconstructed leptons
(i.e. where the azimuthal ang&gﬂiss between the lepton arl"**is small), it is required that:

EMISS> 40 GeV iflp gmissl > 7/6 rad
E.rPiSSX |Sin(¢€’E_lrpiss)| > 20 GeV if|¢€’E_|rpiss| < /6 rad
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Table 7.4: Number of selected events for the simulated SM processéisimgle-lepton channel (here, the fitted
value of 165.1 pb is used forypww) compared to that observed in data. The expected numbeenfsev
for H* of mass 130 GeV is also given [205].

tt Single  W+jets Z+jets Di-boson QCD Y SM Data 130 Ge\H™
(bbWW  top quark B(t —» bH*) = 10%
3081 88 85 5.2 2.0 56 3317 3421 190

The iteration over all selected jets is performed and thel@oation of oneb-jet and two light-quark jetsjj
minimising:

M — 2 (mi— 2

X2 _ (Mjjb — Mop) N (mjj — my)

2 2 ’
Otop Ow

(7.5)

is chosen in order to assign correctly jets dnfbts to theW and top decays.oip and oy are the assumed
mass widths of the reconstructed top quark svithoson, as estimated from correctly-identified combinagtion
simulatedtt events. The corresponding assignmefitiency is 74%. At this stage, events are removed i 5.
Events having a second electron wih > 15 GeV or muon withpr > 15 GeV are also removed.

Table 7.4 shows the number of selected events of the SM mesemndt events with at least one decay
t —» bH*, assumingny+ = 130 GeV and a cross section of 38.7 pbh. As expected, eventiviagrthe selection
cuts are mainly single-leptoti events. The value of 165.1 pb is used &ww, as obtained when setting the
exclusion limit for that mass point, ari8(t — bH*) = 10%. It is obtained from the control region enriched in
tt — bbWWevents, defined by requiring0.2 < cosy; < 1.

Figure 7.6 (a) shows the césdistribution obtained by using the charged lepton and tBeaatedo-jet. A
signal enriched region wittt — bbH*W andtt — bbH"H™ events is selected by requiring atjs< 0.6, as
indicated by the arrow. Also, in order to enhance decays afgdd (V or Higgs) bosons viaep, the cutrn¥v <
60 GeV is applied. In a such defined signal region, the trasevmassrﬁ is used as a discriminating variable to
search for charged Higgs bosons, as shown in Figure 7.6 (ig.data agree well with the SM expectations and
neither an excess of events nor a significant deformatioheafit! distribution is observed.

Event selection for di-lepton events In order to select di-leptott events the following cuts are applied. Ex-
actly two oppositely charged leptons, including at least amatched to the single-lepton trigger, electron with
Er > 25 GeV or muon withpr > 20 GeV, are required. An event is selected if at least twowts pr > 20 GeV
and|n| < 2.5, including exactly twd-tagged jets are present. Feeanduu events, the di-lepton invariant mass
my, must be larger than 15 GeV and must satjgfiy — mz| > 10 GeV (i.e.Z veto), together witrErTniss > 40 GeV.
For eu events, the scalar sum of the transverse energies of theeptonls and all selected jets must satisfy
> Er > 130 GeV.

There is a four-fold ambiguity in assigning the two leptond éhe twob-jets to their parents. In the first stage,
the events which have a clearly incorrect pairing: €os 1 for either of the twa’-b pairs are rejected. For events
with cos#; < 1 for all pairings, the twd-b pairs that minimise the sum of the distaned¥(¢, b)pair 1+ AR(¢, b)pair 2
in then-¢ plane are chosen. In simulatéidevents, the assignmenffieiency is 66%. The particles of theb pair
with the smallest cog; value are then assigned to thd™* side” and its partner pair to théV side”. In simulated
events with a 130 GeV charged Higgs boson, this second assignhas anféciency of 62%. The events for
which the numerical computation off, does not converge are discarded.

Table 7.5 shows number of events surviving the selectios. cAg expected, surviving background events are
mainly tt events. The expected number of events for the Monte Geslample with at least orte—» bH* decay is
also shown in the last column, assuming- = 130 GeV and a cross section of 35.3 pb. It corresponds to tkd fit
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Figure 7.6: Reconstruction of cag (a) in the single-lepton events and of the transverse mé;bib) when
cosd" < —0.6 andm¥ < 60 GeV. The fitted value of 165.1 pb is used &ag,ww and the hatched
area shows the systematic uncertainties for the SM backgsouThe grey histogram shows the pre-
dicted contribution of events with a 130 GeV charged Higgsang assumin@(t — bH*) = 10% and
B(H" — 7v) = 1 [205].

Table 7.5: Number of selected MC events in the di-lepton analysis (haréitted value of 150.4 pb is used
for oppww) compared to that observed in data and expected number otse¥er H* of mass

130 GeV [205].
tt Single  Z+jets Di-boson QCDand ), SM Data 130 Ge\H*
(bbWW  top quark W+jets B(t » bH*) = 10%
864 18 15 0.3 40 924 992 115

value of 150.4 pb forppww (as obtained when setting the exclusion limit for that masatpandB(t — bH™) =
10%. Here, the control region enriched with—» bbWWevents is defined by requiring0.4 < cosf; < 1. In this
final state, a downward fluctuation of data in the control@agiields fitted values afppww Slightly smaller than
the SM prediction. 3

In Figure 7.7 (a) the cag distribution on the H™ side” is shown. A signal region enriched with— bbH*W
andtt — bbH*H™ events is selected by requiring a@js< —0.6 on the ‘H* side”, as indicated by the arrow. For
the events found in this signal region, the generalisedstanse mas:sn?2 is used as a discriminating variable
to search for charged Higgs bosons, as shown in Figure 7.7NBjther an excess of events nor a significant
deformation of them?2 distribution is observed.

Estimation of background with mis-identified leptons

The backgrounds with mis-identified leptons come from remiaited leptons, arising from the semileptonic decay
of heavy quarks, from the decay-in-flight ofrd or K-meson and, in the case of fake electron objects, from the
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Figure 7.7: Reconstruction of cag on the ‘H™ side” of the di-lepton events (a) and of the generalisedstrarse
massm?2 when co® < -0.6 (b). A fitted value of 150.4 pb is used fof,wwand the striped area
shows the systematic uncertainties for the SM backgrouhlds.grey histogram shows the predicted
contribution of events with a 130 GeV charged Higgs bososuming B(t — bH*) = 10% and
B(H" — 7v) = 1 [205].

reconstruction of a®, photon conversion and shower fluctuations. All leptonsiognirom such mechanisms are
referred to agakeleptons, as opposed to true isolated leptons (e.g. fromabaydofW andZ bosons) which are
referred to ageal leptons. In the case of the single-lepton final state, fakttes originate from QCD multijet
events, in which a jet is mis-identified as a lepton. In thiegton final state, fake leptons can originate from QCD
multijet events an®V(— ¢v) + jets. The background due to fake leptons is estimated frdm ¢rr this purpose,
the two data samples are definedffeling only in the lepton identification criteria. The firstnggle contains
mostly events with real leptons and is referred to astigiiet sample. The second one, obtained by loosening the
lepton isolation requirements, contains mostly events fake leptons and is referred to as tbesesample. In
case of di-lepton channel, due to the presence of two leftoihe event, one of the leptons is required to pass the
tight selection criteria, while the other lepton is reqdite pass the loose selection criteria in the loose sample, or
the tight selection criteria in the tight sample.

The number of events containing fake lepton can be estinfeded those tight and loose samples using the
rates for a real or fake lepton to be identified as a tight lep&95]. The measurement of these rates is derived
using a tag-and-probe method in data> ¢¢ events with a di-lepton invariant mass in the range 86—96, &bere
one lepton is required to fulfil the tight selection criterighe rate at which the other lepton passes the same tight
selection criteria defines a rate for a real lepton to pastigheidentification criteria. On the other hand, a control
sample with fake leptons is selected by considering datateweith exactly one lepton passing the loose criteria.
To select events dominated by QCD procesEéﬁs,sis required to be between 5 and 20 GeV. After subtraction of
other SM processes with true leptons, the rate at which almpgon passes tight selection criteria defines the fake
rate for a fake lepton to pass the tight identification cidten the final parametrisation of the rates, any significant
dependence on kinematical or topological observables asithe transverse momentum and pseudorapidity of the
lepton, the jet multiplicity, the number &ftagged jets, etc, are taken into account.
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Systematic uncertainties

As for thagtjets final state, the main detector-related systematicrtaeinées are due to identificatiorffieiencies
and the energynomentum resolution and scale of the physics objects usthe imnalysis. Uncertainties on trigger
efficiency, luminosity, cross sections and acceptance ardaiso into account.

In the single-lepton channel, thg+jets background is not precisely predicted, especiallgrafieb-tagging
requirement. Hence, a factor 2 up and down normalisatioreri@ioty is assigned to the Monte Callé+jets
background sample.

In the data-driven methods used to identify events with fak¢ons, the main systematic uncertainties arise
from the control region selection (the fake rates are cateal in a control region dominated by gluon-initiated
events, but are later used in a data sample with a higheidraof quark-initiated events) and from the Monte
Carlo samples used for the subtraction of real leptons indétermination of the fakefciencies, which are
sensitive to the dominant detector-related systematiemaioties.

Limits on the Branching Ratio of t — bH*

AssumingB(H* — 7v) = 1, upper limits are extracted on the branching r&{® — bH") as a function of the
charged Higgs boson mass. As already mentioned, in themmres# a charged Higgs boson one can not rely on
the predicted cross section ftirdecaying into théobWWfinal state and it has to be estimated from data. Since
the signal and th& background are correlated, the event rate oftthe bbWWbackground is derived from the
measurement in the control region wit.2 < cos#; < 1 in the single-lepton analysis 0.4 < cosf; < 1in

the di-lepton analysis, while the signal region correspoiadcosy; < —0.6 (with the additional cu[n‘{" < 60 GeV

in the single-lepton case). Because» bbH*W can be found in the control regibnoppww is treated as a free
parameter when the upper limits on the branching fracB@n— bH") are derived.

A profile likelihood ratio is used with thm? distribution for single lepton ann‘#2 distribution for di-lepton
final state as the discriminating variables. The statiséinalysis is based on a binned likelihood functions of those
distributions. The limit itself is derived using ti@&ls method.

Figure 7.8 shows the 95% confidence level upper limits on ta@dhing fractionB(t — bH™), obtained
with the assumption tha8(H* — 7v) = 1. In the single-lepton channel, the fitted valuestafross section lie
between 0.99 and 1.03 times the SM prediction, with ungdita in the range (2-3)%. In the di-lepton channel,
a downward fluctuation of data in the control region yieldséitvalues oft cross section between 0.78 and 1.06
times the SM prediction, with uncertainties in the range2%. When a charged Higgs boson mass of 160 GeV
is assumed, thb-jets coming fromt — bH* are usually so soft that they are not likely to survive thecut at
20 GeV, leading to a significant loss of sensitivity for thaisa point.

In the combined exclusion limit for both final states, thetsgsatic uncertainties are assumed to be 100%
correlated. Although the expected limit improves after ¢toenbination, the observed combined limit Bt —
bH™") is actually found to be slightly worse when combining the tanalyses than for the single-lepton channel
only, see Figure 7.9 and Table 7.6. The compatibility witlkkkgemound is measured by{values, which range
between 26% and 50%. Hence, no indication ofdnlike excess is found. Assumir§(H* — 7v) = 1, leads to
the upper limits on the branching fracti@{t — bH") between 5.2% and 14.1% for charged Higgs boson masses
in the range 90 Ge\k my+ < 160 GeV. This result constitutes an improvement comparededimits provided
by the Tevatron experiments. Except for the mass point al@®@ obtained exclusion limits are also comparable
to (or somewhat higher than) those presented by CMS [209bsind,++jets analysis.

Finally, Figure 7.10 shows the upper limit in tihg,:-tang plane, in the context of the'® scenario of the
MSSM. No exclusion limitis shown for charged Higgs boson seasabove 140 GeV since no reliable calculations
of B(t — bH™) exist for targ values in the range of interest. Also, since the assum@{gh™ — 7v) = 1 is not

1Also tt — bbH*H- events can contribute, but they are not considered in thewislg. Other searches for charged Higgs bosons,
such as the one reported in Ref. [204], indeed suggest thafuarks decay intbH* in less than 10% of the cases, hence the contribution
from tt — bbH*H- remains very small. By not considering these events, thimaton of the upper limit orB(t — bH*) is somewhat
conservative.



110 CHAPTER 7. MSSM HIGGS BOSONS SEARCHES WITH.LEPTON FINAL STATES

S — At ettt
+ + L -

T = - E T .
E ATLAS Preliminar B 1— ATLAS Preliminar —
T 0355 Y Data 201115 = 7 TeV 5 . Y Data 201115 = 7 TeV -
Lo T S | L P oo :
= E ermeeees X| g = = P g b
L el — ILdt=1.03fb1 . V| S —a ILdt=1.03fb1 .
o F =2 E Q r C—J+20 1
5 0250 = 5 g 1
o E E T 0.6 ]
S 02 = 5 r ]
o C — o r 1
Qo C 7 Qo L i
y 0.15— - s 04— -
g F B g [ ]
S5 01 = S L ]
_i C J 0.2 ]
O o.05- - © C ]
= = 3 N L ]
By [ N T S S S S . 9 ) PR N O R S AT AT AN AR W
90 100 110 120 130 140 150 160 90 100 110 120 130 140 150 160
m,- [GeV] m,- [GeV]

(@) (b)

Figure 7.8: Upper limits onB(t — bH*) in the single-lepton (a) and di-lepton (b) channels, asnatfan of the
charged Higgs boson mass, obtained with the assumptiorB(ilt — 7v) = 1. All systematic
uncertainties are included, as described in the text. Sioles denote the observed 95% CL upper
limits, while dashed lines represent the expected limitee duter edges of the green and yellow
shaded regions show the-land 2r error bands on the expected limits [205].
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Figure 7.9: Upper limits onB(t — bH*) for the combined single-lepton and di-lepton channels amction of
the charged Higgs boson mass, obtained with the assumpavB{H* — 7v) = 1 [205].

fulfilled at low tang, no limits are derived in this region. In the context of ﬁ’@ax scenario of the MSSM, values
of tang larger than (30-56) are excluded in the mass range 8- < 140 GeV.

7.3 Summary

This Chapter presents the first searches for the MSSM Higgertsoby the ATLAS experiment, based on the
1.03-106 fb™! of proton-proton collision data a{/s = 7 TeV. In all presented studies, observed number of events
is consistent with the total number of background events.

A search for neutral Higgs bosons decaying to pairs lefptons is described. Fourfterent dir decay final
states are considered. Exclusion limits at the 95% confieléwe! are derived for Ad/h production in MSSM as
a function of tag8 andma, for the m"™® scenario. These results exclude regions of parametere sggond the
existing limits from previous experiments and are simitattiose recently obtained by the CMS Collaboration.
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Table 7.6: Observed (expected) 95% CL upper limits Bt — bH*) in the single-lepton and di-lepton chan-
nels, and after their combination, as a function of the ab@rgiggs boson mass, obtained with the
assumption thaB(H* — 7v) = 1 [205].

my+ (GeV) 90 100 110 120 130 140 150 160

95% CL observed

(expected) limit on 11.1% 9.9% 9.3% 6.3% 5.8% 5.2% 4.2% 11.6%
B(t — bH™) for the (11.6%) (9.5%) (9.7%) (7.0%) (7.2%) (7.7%) (5.3%) 14.6%)
single-lepton channel

95% CL observed

(expected) limit on 20.0% 19.2% 20.7% 32.0% 18.8% 242% @2.7 47.3%
B(t —» bH™) for the (24.7%) (22.6%) (22.4%) (26.9%) (19.8%) (22.6%) 9.0R6) (43.7%)
di-lepton channel

95% CL observed

(expected) limit on 10.4% 9.8% 9.5% 7.7% 6.6% 7.1% 5.2% 14.1%
B(t —» bH™) for the (10.2%) (8.5%) (8.9%) (6.9%) (6.7%) (7.5%) (5.2%) 12.0%)
combined channels

I L L L T

tan g

60— -
r  ATLAS Preliminary ]
50[— -
40~ =
30? - «
e Expected Limit ]
20 j I Expected + 10 ]
C 1 Expected + 20 ]
Lof Data2011 J-Ldt =1.03fb? == Obsenediimt ]
L = = Observed, + 1o i
r theor. uncertainties ]
0 v v v b v b b e b 0 d
90 100 110 120 130 140
m,;- [GeV]

Figure 7.10: Limits for charged Higgs boson production from top quarkaecin themy+-tang plane, in the
context of them"™® scenario of the MSSM, obtained with the assumption B@&t* — 7v) = 1.
The 1o band around the observed limit (blue dashed lines) is obtaby adjusting the theoretical
uncertainties listed in the text and adding them linearQ5[2

A search for charged Higgs bosons with masses in the rangel80 GeV usingt events with a leptonically
or hadronically decaying lepton in the final state is also described. Assun(g™ — 7v) = 1, the upper limits
on the branching fractio®(t — bH") between 5.2% and 14.1% for charged Higgs boson masses naribe
90 < my+ < 160 GeV are set. In the context of thl'®* scenario of the MSSM, values of tartarger than (30-56)
are excluded in the mass range 90my+ < 140 GeV Those results constitute an improvement comparéueto
limits provided by the Tevatron experiments.

The most recent results for the neutral MSSM Higgs search#d®ei ATLAS experiment corresponding to the
luminosity of 47-4.8 fb~1 [210] tightened allowed phase space even more. The mosttnesilts for the charged
Higgs searches [211] are based obi#b~ of proton-proton collision data a{/s = 7 TeV. With respect to the early
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results presented in this Chapter, the upper limits on thaditing fractiorB(t — bH"), assuming(H* — 7v) =

1, are narrowed to 1% and 7.5% for charged Higgs boson massles range 96< my+ < 160 GeV. Interpreted

in the context of then"® scenario of the MSSM, values of tararger than (14-28) can be excluded in the mass
range 90< my+ < 150 GeV.

In light of the recent observation of a Higgs-like boson a tHHC, there is still a considerable part of the
MSSM parameter space that is not excluded and is still cabipatith the scenario that the recently discovered
boson corresponds to the lightest CP-even MSSM Higgs boson.

The studies of the dataset collected in 2012 with the cesftraass energy of 8 TeV are ongoing.



This is also the place to summarize my thoughts about thegesathat have
occurred in elementary-particle physics in the past fodgrg. Most of the
changes have been very good: we know a tremendous amountaimaue
elementary particles; we have much more powerful and Jeagtrticle
detectors; we have much higher energy accelerators andersli and our
students are better trained. But some changes, | believ@oaso pleasant:
we have lost the freedom to move quickly into new experimeab$ost
all experiments are large and complicated; usually expamters have to
work in very large collaborations; and it is no longer pofsiior a particle
physicist to be a productive experimenter and at the same ienable to
make calculations from first principles in much of moderntjoée theory.
I do not see a way to reverse these unpleasant changes.

Martin L. Perl; Phys. perspect. 6 (2004) 401

Summary

This monograph summarises the first analyses of proces#ies l@ptons in the final state, performed with the data
collected by the ATLAS detector at LHC with proton-protorilisions at the centre-of-mass energy¢§ = 7 TeV
in 2010 and first few months of 2011. However, there is a lostpny behind those results.

The LHC accelerator was originally conceived in 1980’s appraved for construction by the CERN Council
in late 1994. In 1992 the ATLAS collaboration wrote a Lettéfrdent in which the building of a general purpose
proton-proton detector for the LHC was proposed. Turnirig #mbitious scientific plans into reality proved to
be an extremely complex and long task. Physicists of the ASIcallaboration, working only with Monte Carlo
simulations, were patiently waiting almost 20 years fof deda to come. The last years before first collisions were
particularly dtficult because of multiple delays in the date of the LHC sthd,race for the Higgs boson with the
Tevatron and the infamous LHC accident in Autumn 2008.

Finally, in Autumn 2009, the LHC began operation and stapieahing completely new energy regimes. The
ATLAS experiment started to successfully collect real ddtae last three years were quite successful for the field
of particle physics. Many known processes of the Standarddiaere reproduced at the new, high centre-of-
mass energies. The first results concerning New Physicegses were published in order to set new limits on
discovery potential. In addition, there is already a hinttfee Higgs boson discovery, as a new boson with mass
of about (125-126) GeV was observed this Summer by both ATRAG CMS collaborations.

With the first collision data, physics afleptons at hadron colliders entered a new era. After yeavgadfng,
we finally could see the first leptons decaying in the ATLAS detector. This monograph duenits these first
observations.

As the first step, the ATLAS package for the reconstructiod afentification of hadronically decaying
leptons was tested and optimised with data. The mis-ideatifin probabilities for QCD multijets and electrons
to be reconstructed ascandidates were measured with data using tag-and-probd@dsetAlso the first attempt
to estimate the signal dficiency fromW — 7v process was performed. The packagedeeconstruction and
identification was found to be robust and ready to be usedeifiitst physics studies withleptons in final states.

With increasing statistics of data, the measurementVof> v andZ — 77 cross sections was possible.
Although it was a rediscovery of well known processes, thosasurements were done for the first time at the
centre-of-mass energy of 7 TeV. Furthermore Vds— 7v andZ — tr are important background processes
to Higgs boson(s) and New Physics searches, their productioss sections needed to be measured precisely.
Finally, they dfered the first opportunity to studyhadronic decays in detail. The measured cross sections agre
well with theory predictions and measurements by other éxjasts.

The first analyses of Higgs boson(s) searches widptons in final states presented in this monograph cover
searches for both the SM and MSSM neutral Higgs boson(s)yderinto therr final state as well as MSSM
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charged Higgs boson decay$! — rv. No significant excess over the expected background is wdbdén any of
those studies. Nevertheless, even if performed on limitgd dtatistics, they improved exclusion limits obtained
previously by the Tevatron experiment and paved the pathttod, full statistics studies.

It has to be stressed that the — 77 final state is particularly important for assessing prapsrof the new
recently found boson, and for checking if this new partislénie Standard Model Higgs boson. With this final state
we can check if the new boson couples to fermions and studyHtproperties.

Presented studies represent only the very beginning of THeAS8 adventure withr leptons. They open a
way for high statistics and more sophisticated analysefsoagxample, the measurement ofpolarisation in
various production processes. Also, possible improvesant reconstruction and identification methods can
give better background rejection in almost all describedlfstates withri,q decays. Those improvements can
include for example development of the reconstruction bfstucture ofrpaq decays and also optimisation of the
7 reconstruction and identification for higs.

All the great results obtained by the ATLAS collaboratioalescribed in the presented monograph, as well as
all the following, high statistics studies, show that ndichlanges in the high particle physics are so unpleasant as
in pessimistic view of Marin Perl used as an opening quote@b®he ATLAS collaboration, consisting of about
3000 physicists, is one of the largest collaboratii®rés ever attempted in physics sciences. This community
proved that people from fierent countries and culture can work in harmony, share kedge, perform very
complex analyses and in parallel enjoy their work a lot.



Appendix:t*t~ mass reconstruction techniques

An accurate mass reconstruction of‘ar~ system is challenging due to the presence of multiple rmeagrin the
final state resulting in aErT“iss signature. Therefore, either partial reconstruction rméthor approximations are
used to obtain information about the invariant mass ofithe resonance. Four of them are commonly used in
the ATLAS experiment.

The simplest method is the so-calleidible massmyis, defined as the invariant mass of visiblelecay prod-
ucts. The visible mass provides no direct link to the invarimass of the resonance as the contributions of the
neutrino momenta are ignored.

The visible mass can be extended todffiective massSnegeciive, DY Calculating the invariant mass of the visible
7 decay products and tl@}“ss according to

Mefrective = \/ (Pr+ + Pr- + Pmis9)?, (A.1)

wherep.+ and p.- denote the four-vectors of the electron, the muon frodecay orr candidates, and the missing
momentum four-vector is defined @gjss = (E'SS, EJSS, E{}“SS, 0). This definition extends the visible mass with
information on the neutrino momenta. However, it providesapproximation, since thErTniss measurement is
sensitive only to the sum of all neutrino transverse momeifiigh contains large cancellations. Additionally, it is
based on the assumption tlﬁl,’fissonly accounts for neutrinos from the twg,q decays. This hypothesis ignores
possible contributions from detectoffects and simultaneous proton-proton interactions.

The third technique, theollinear approximation methof12] makes use of the large boost of thé&eptons
and assumes that the neutrinos are produced along thaalire€the visibler lepton decay products (i.&, ~ ¢yis
andé, ~ 6is). The second assumption is tlwissin the event is due only to undetected neutrinos ofrtidecay.

In this case, the total invisible momentum carried away hytmgos of eachr decay can be estimated by solving
two equations:

miss
EX

miss
Ey

Pmiss, SiNByis; COSPyis, + Pmiss SiNbyis, COSeyis, , (A.2)
Pmiss, SiNByis; SiNyis; + Prmisg SiNbyis, SiNyis, (A.3)

whereE)r{“SSandE;“‘SSare thex— andy—components of thE?‘SSvector, Pmisg aNdPmiss, are the combined invisible
momenta (there can be two neutrinos indecay) of each decay, and\s,, andgyis, , are the polar and azimuthal
angles of the visible products of eacldecay. The invariant mass of the systemm,., is derived as:

Myis
My = ——,
VX1X2
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(A.4)



116 APPENDIX A. APPENDIX: 7"t~ MASS RECONSTRUCTION TECHNIQUES

wheremy;s is the visible mass, and;x are momentum fractions carried away by visiblelecay products with
momentapyis1 2

Puis1,2
(PvisL2 + Pmis12) -
Despite dfering a fully reconstructed invariant mass of thepairs, the collinear approximation still have signif-
icant limitations. It can give a reasonable mass solutidy for events where ther system is boosted and the
visible r decay products are not back-to-back in the plane transtetbe beam line. This method is also sensitive
to the ET'SS resolution.

The last technique was introduced in Ref. [213] and is retéto as théVlissing Mass Calculato(MMC).
Conceptually, the MMC is a more sophisticated version ofdbinear approximation method, not assuming a
strict collinearity of the visible and invisible decay products. The only assumption is that there are na othe
neutrinos in the even except for those from thepton decays. For each dievent, the MMC solves a system of
four equations:

X12 = (A5)

E)r(niss = Pmiss SiNOmisg COSPmiss + Pmisy SiNOmiss COSPmiss » (A.6)
E;mss = Pmiss SiNOmisg SiNPmisg + Pmise SiNOmiss SINPmisg (A.7)
2 _ 2 2
Mr - m?nissi + I’Tﬁisl + 2\/pvisl + rT6isl \/pmissl + m%nisq’
—2Pvis; Pmiss, COSAGym; , (A.8)
2 _ 2 2
Mr - m?nissQ + m§isz + 2\/pvi32 + ”ﬁisz \/pmiss;g + mﬁ\is&’
—2Pvis, Pmiss COSAGym,, (A.9)

whereEY'"ss and E]"* are thex- andy-components of th&"SS vector, pyis,,» Myis, ., fhis,»» Puis,, are the momen-
tum, the invariant mass, the polar and the azimuthal angleeo¥isibler decay products, anél.=1.777 GeV is
the v lepton mass. The other quantities are unknown, namely theirteed momentamiss , Of the neutrino (or
neutrinos) for each of the two decayimdeptons and the invariant mass of the neutrino(s) inrtdecay,mpiss , -
Finally, A6y, , is the angle between the vectgusiss , and pyis,, for each of the twar leptons, and it can be
expressed in terms of other variables. The number of unke@weeeds the number of constraints and thus the
system is solved for a grid of points in th&d;, A@o) parameter space, whef; is the diference between the
azimuthal angles of the visible and invisihl@lecay products. To determine the best estimate for thdriariant
mass in a given event, the,, distribution from all scanned points in the grid are prodiicé\t each scanned
point, AR between the momentum vector of the visihlelecay products and the neutrino momentum vector is
calculated and the obtained dimass is weighted by a corresponding probability densitgtion. The position

of the maximum of the obtainem,, distribution is used as the final estimata!M“for a given event. The MMC

is becoming more and more popular indgsearches at ATLAS because of its superior performance.
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