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Stresz
zenieDetektor ATLAS jest najwi�kszym z 
ztere
h detektorów na Wielkim Zderza
zu Ha-dronów (LHC), usytuowanym w laboratorium CERN w Szwaj
arii. Jako jeden z dwó
hdetektorów przezna
zenia ogólnego nadaje si� doskonale do obserwa
ji pro
esów ModeluStandardowego (SM), poszukiwania bozonu Higgsa, 
zy 
z¡stek Supersymetry
zny
h, aletak»e do pomiarów z �zyki B oraz �zyki 
i�»ki
h jonów. Zapewnia on pokry
ie niemal peª-nego k¡ta bryªowego wokóª punktu zderzenia i pozwala na sz
zegóªowe i dokªadne badaniaprzypadków zderze« proton - proton.Niniejsza rozprawa doktorska prezentuje dwa aspekty analiz pro
esów Modelu Stan-dardowego. Przedstawiony zostaª pomiar przekroju 
zynnego dla pro
esu W → eν, prze-prowadzony na pierwszy
h 315 nb−1 dany
h zebrany
h przez eksperyment ATLAS. Zapre-zentowano m. in. opis pro
edury wyboru przypadków sygnaªu, osza
owanie ilo±
i przy-padków tªa, a tak»e obli
zenie niepewno±
i systematy
znej. Otrzymany wynik jest zgodnyz opublikowanym przez Wspóªpra
� ATLAS oraz z przewidywaniami teorety
znymi. Za-prezentowano tak»e studia nad mozliwo±
i¡ obserwa
ji pro
esu W → τν w eksperymen-
ie ATLAS, oparte na analizie dany
h po
hodz¡
y
h z symula
ji Monte Carlo i skupionena optymaliza
ji pro
edury wyboru przypadków sygnaªu, wª¡
zaj¡
 selek
j� na poziomieukªadu wyzwalania (trigger) oraz o�ine. Przygotowana analiza wskazywaªa na mo»liwo±
obserwa
ji sygnaªu w eksperymen
ie ATLAS dla s
aªkowanej ±wietlno±
i poni»ej 100 pb−1.Obserwa
ja ta, przygotowana przez wspóªpra
� ATLAS, zostaªa przeprowadzona w du»ymzakresie w opar
iu o analiz� przygotowan¡ w rama
h prezentowanej rozprawy doktorskiej.Jako dodatkowy materiaª pra
a prezentuje pro
edur� odwikªywania (unfolding) widmapedu kosmi
zny
h mionów w zalezno±
i od i
h ªadunku. Pra
e nad opmiarem asyme-trii ªadunkowej mionów kosmi
zny
h nie zostaªy przez wspóªpra
� ATLAS doko«
zone,ani opublikowane, gdy» otrzymane niepewno±
i systematy
zne nie pozwoliªy na dokonaniezna
z¡
ego wkªadu do wyników ±wiatowy
h.
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Abstra
tThe ATLAS dete
tor is the largest of the four experiments at the Large Hadron Collider(LHC) lo
ated at CERN, Switzerland. It is one of two so-
alled general-purpose dete
tors,not designed for observations of a parti
ular bran
h of high-energy physi
s, but suitable formost expe
ted measurements, in
luding Standard Model (SM) tests, Higgs boson sear
hes,Supersymmetry (SUSY) sear
hes, but also aspe
ts of B-physi
s and Heavy Ion 
ollisions.It provides almost full solid-angle 
overage around the beam 
rossing point and allows fordetailed and pre
ise studies of 
ollision events.This thesis presents two aspe
ts of SM analyses. A des
ription of a measurement of
W → eν 
ross-se
tion at√s = 7 TeV based on �rst 315 nb−1 is given with the des
ription ofsignal events sele
tion, ba
kground estimation and assessment of systemati
 un
ertainties.The result, obtained as a part of this thesis is 
ompatible both with the result publishedby the ATLAS Collaboration and with theoreti
al expe
tations. A study on the possibilityof observing the W → τν pro
ess is also presented. This analysis is based on MonteCarlo simulated events and was fo
used on the optimization of signal extra
tion 
riteria,in
luding the sele
tion at trigger and o�ine level. It has been shown that for the integratedluminosity below 100 pb−1 signal observation should be feasible. This observation hasbeen already made by the ATLAS experiment, to large extent following the analysis stepspresented in this thesis.As an additional material 
ompleted during the 
ourse of do
toral studies, an unfoldingof 
osmi
 muon 
harge-dependent momentum spe
trum is presented. The analysis of
osmi
 muon 
harge ratio was however not 
ompleted by the Collaboration, be
ause thesystemati
 un
ertainties did not allow for a signi�
ant 
ontribution to world results.
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Chapter 1. Introdu
tionFollowing the dis
overy of W and Z bosons in 1983 [1℄, the properties of these par-ti
les have been thoroughly measured in many experiments on hadron-hadron ma
hines,in
luding UA1 and UA2 at Spp̄S 
ollider at CERN [2℄ with √
s = 540 GeV and D0 [5℄and CDF [4℄ at Tevatron a

elerator at Fermilab, with √

s = 1.8 TeV and √
s = 1.96 TeV.Pre
ise measurements of the Z-boson properties were obtained with the LEP a

eleratorat CERN [3℄ with ele
tron-positron 
ollisions and, re
ently, at Tevatron experiments for

W -boson.Theoreti
al 
al
ulations of the ele
troweak intermediate bosons produ
tion propertiesin hadron-hadron intera
tions have been 
ondu
ted and provide a very pre
ise information,a
knowledging higher-order perturbative 
orre
tions [6℄. They are sensitive to variousproperties of the Quantum Chromodynami
s (QCD), namely Parton Density Fun
tions(PDF) of a proton, so a pre
ise measurement of their properties at the energy of the LargeHadron Collider (LHC) will provide new and very signi�
ant 
onstraints on the StandardModel (SM) predi
tions in previously experimentally ina

essible energy region [7℄.At the Large Hadron Collider (LHC) the W and Z bosons are produ
ed abundantly,allowing for �rst observations of their appearan
e and measurements of their properties atvery early stage of data-taking. First and already fundamental tests of SM predi
tions atsu
h high energy s
ale 
an therefore be made even with quite small data sample, but the fullproje
ted dataset will provide a very detailed insight into ele
troweak bosons produ
tionproperties in previously unexplored kinemati
 domain. Moreover, proton-proton 
ollisionsare signi�
antly di�erent from proton-antiproton intera
tions (
ondu
ted at Tevatron and
Spp̄S) in terms of ele
troweak boson produ
tion (i.e. W 
harge asymmetry is expe
ted atthe LHC [7℄). Apart from better understanding of SM, the W and Z-related measurementsare also 
ru
ial in des
ribing the SM ba
kground from New Physi
s (NP) pro
esses. Thedi-lepton, or lepton+missing energy �nal states are predi
ted for many Beyond-Standard-Model (BSM) phenomena, su
h as the de
ays of supersymmetri
 (SUSY) parti
les [8℄.The last but not least reason for the importan
e of SM measurements is the dete
tor andsoftware 
ommissioning. Basi
 re
onstru
tion and identi�
ation of obje
ts, su
h as leptonsor missing energy, 
an be studied with the de
ays of W and Z bosons. The energy s
aleat di�erent levels 
an be also 
onstrained with data-driven estimations, i.e. with highstatisti
s of Z → ee de
ays.Chapters 2 and 3 and Appendi
es A, B present the original work performed by theauthor, or pie
es of work, to whi
h he has made a signi�
ant 
ontribution. Author's work
onsisted of:

• A 
ontribution to the W → eν observation and 
ross-se
tion measurement with�rst ATLAS data, published by the ATLAS Collaboration in [17℄ and in so-
alledsupporting notes, internal to the ATLAS Collaboration: [21℄-[25℄. The author'sanalysis, parallel and 
ompatible with the published one, 
ontaining full pro
edureof signal and ba
kground extra
tion, 
ross se
tion determination and 
al
ulation ofun
ertainties is presented in Chapter 2.
• Full analysis 
hain for the W → τν pro
ess signal extra
tion for √

s = 14 TeV,in
luding development of analysis 
ode, �nding optimal trigger menu and sele
tion
uts with high-statisti
s Monte Carlo samples with both full and fast dete
tor simu-lation, and an outlook on this analysis with √
s = 10 TeV. This has been publishedin ATLAS notes: [19℄, [20℄ and is presented in Chapter 3. Author's 
ontribution isalso in
luded in the 
hapter on τ -leptons of [27℄.8



• The Krakow ATLAS group has been developing a tau re
onstru
tion pa
kage, tau1p3pfor many years. The author has taken part in validation and tests of the pa
kageand also in optimisation of trigger menu for W → τν 
hannel studies presented inthis thesis.
• Author has taken a
tive part in the ATLAS dete
tor operation, performing dete
torshifts in the Atlas Control Room at the Transition Radiation Tra
ker 
ontrol desk,espe
ially during the re-start of the LHC in November and De
ember 2010 and duringthe 7 TeV 2010 run.
• Author has taken part in the 
osmi
 muon 
harge asymmetry measurement with2008 
osmi
 data. Author has developed a method to unfold dete
tor e�e
ts on thetransverse momentum spe
tra of in
oming muons. This analysis was not published,as systemati
 un
ertainties turned out to be too large to make a signi�
ant 
ontri-bution with respe
t to earlier measurements. Part of this work is do
umented inAppendix B
• A signi�
ant amount of author's work has been dedi
ated to exploiting the maximumpotential of lo
al available 
omputing 
lusters, the Tier-2 site at Cyfronet (see [28℄),and a Tier3 
luster at the Institute of Nu
lear Physi
s, in
luding managing thesoftware versions and data samples for analyses 
ondu
ted by the whole KrakówATLAS group.The results presented in this dissertation have been previously published in ATLASCommuni
ations or Physi
s notes ([19℄) or providing material 
ontributing to results pub-lished in [20℄, [17℄, [21℄-[25℄ and [27℄. The results were dis
ussed during many meetingof the ATLAS Tau and e/gamma Working Groups. The author has presented the over-all results measurement on W/Z produ
tion 
ross-se
tions by ATLAS Collaboration atEpiphany Conferen
e 2011 [26℄.This thesis is organized in the following way. In the �rst Chapter an introdu
tionaryoverview on the ele
troweak boson physi
s is given, des
ribing the motivation of the obser-vation of W -bosons at the LHC. A brief des
ription of the ATLAS experimental setup isalso given in this Chapter. Chapter 2 reports the measurement of W -boson 
ross-se
tionin ele
tron-neutrino 
hannel with �rst 315 nb−1 of data 
olle
ted by ATLAS in spring andsummer 2010. Des
ription of analysis strategy and expe
ted dete
tor performan
e, whi
hwould allow for W → τν observation in ATLAS is addressed in Chapter 3. Finally, thelast Chapter provides a summary of presented work.It has to be noted, that this thesis was prepared at a time of rapid 
hanges of predi
tedLHC running 
onditions. The �rst approa
h to W → τν analysis was made, when theproton-proton 
enter-of-mass energy was assumed to be 14 TeV, and Monte Carlo samplesprodu
ed with this assumption were used for these studies. An update was made, when thepredi
tions 
hanged to 10 TeV and 
orresponding Monte Carlo was produ
ed. These studieswere made in preparation of "�rst data analysis", and the estimated integrated luminosityof �rst year of data-taking was 100 pb−1, so the presented results are normalized to thisnumber. Due to the delays in LHC start-up and its heavy damage in 2008, it turned out,that preparation of W → τν 
hannel analysis on real data is beyond the times
ale for thisthesis. Therefore, the ele
tron 
hannel studies have been undertaken with the experimentaldata analysis, as the dataset size requirements for the �rst measurements were mu
h lowerthan for the τ 
hannel. 9



Chapter 1. Introdu
tion1.1 The Large Hadron ColliderThe Large Hadron Collider [9℄ at CERN has been designed and 
onstru
ted to studythe nature of parti
les and their intera
tions at previously unavailable energy regime. Ex-ploration of Standard Model phenomena at very high energies is being performed, togetherwith ongoing sear
hes for New Physi
s signatures, sin
e De
ember 2009. It is expe
ted,that new 
onstraints on the SM parameters will be found to help the understanding of itsin
onsisten
ies. Moreover, the LHC is thought of as a dis
overy ma
hine. Many Beyond-Standard-Model theories are about to be deeply investigated, as the LHC is 
apable ofproviding the �rst information on the existen
e of extra-dimensions or supersymmetri
partners of Standard Model parti
les. A better understanding of the universe is expe
tedto be the key result of the LHC operation.The a

elerator is built in a 
ir
ular tunnel of 27 km 
ir
umferen
e, that has beenpreviously o

upied by the LEP 
ollider. The designed energy of 
olliding proton beamsof 7 TeV has not been rea
hed in 2009 and 2010, when the ma
hine was operating with3.5 TeV of energy per beam. The proton-proton 
enter-of-mass energy of √s = 7 TeVhowever is still the highest energy ever available for 
ollider physi
s, with √
s = 1.96 TeVbeing the previous limit a
hieved by the Tevatron a

elerator at Fermilab, and alreadyallows for performing measurements at previously ina

essible energy regions. In addition,the LHC may also a

elerate and 
ollide heavy ion beams, 
urrently with 2.76 TeV pernu
leon pair, a
hieved with lead ion beams in De
ember 2010.There are four large parti
le dete
tors at the LHC ring. Two of them, ATLAS (AToroidal LHC ApparatuS, des
ribed in mu
h more detail in Se
tion 1.2) and CMS (Com-pa
t Muon Solenoid) 
over almost full solid angle around the intera
tion point and are
onsidered general-purpose dete
tors, suitable for most of desired measurements and dis-
overies of New Physi
s. Two other experimental set-ups have been 
onstru
ted for dedi-
ated studies, namely heavy ion 
ollisions (ALICE - A Large Ion Collider Experiment) andheavy �avor physi
s (LHCb).1.2 The ATLAS dete
torThe ATLAS dete
tor [10℄ is the largest of the four experiments at Large HadronCollider. Being the general-purpose dete
tor, fo
used on 
omplete measurement of eventsfrom various 
lasses it has a 
ylindri
al symmetry and provides almost full solid angle
overage. All dete
tor subsystems are subdivided into three parts - the 
entral one, 
alledthe barrel, and two symmetri
 end-
aps. Figure 1.1 presents an overview of the system.Various subdete
tors are indi
ated, in
luding the innermost part, the Inner Dete
tor(ID), responsible for 
harged parti
le tra
king, the 
alorimeters, that measure energies ofprodu
ed parti
les, and muon system, used for dete
tion and measurements of muons.Besides, a forward dete
tors, not shown on the Figure, are present, or under 
onstru
tionand development. The ATLAS dete
tor is 44 m long and has a diameter of 25 m. Su
h sizeis a 
onsequen
e of requirements on dete
tor 
apabilities at very high 
ollision energies,giving a good transverse momentum resolution with long lever arm and providing almostfull 
ontainment of showers in thi
k 
alorimeter layers. Another key part of the ATLAShardware system is the fast ele
troni
s for trigger and data a
quisition, optimized for veryhigh event rates expe
ted and already observed at the LHC.10



1.2. The ATLAS dete
tor

Figure 1.1: ATLAS dete
tor overviewATLAS provides extremely good 
overage in pseudorapidity η1. Tra
k re
onstru
tionof 
harged parti
les is possible up to |η| < 2.5. Measurement of energies of parti
les andjets is possible up to |η| < 3.2 in both ele
tromagneti
 and hadroni
 parts. A forwardhadron 
alorimeter provides pseudorapidity 
overage within 3.1 < |η| < 4.9. Forwarddete
tors 
an rea
h even farther with 5.4 < |η| < 6.1 for the luminosity dete
tor LUCIDand |η| > 8.3 for the zero-degree 
alorimeter (ZDC). Muon dete
tion is possible up to
|η| < 2.7.An overview of the main subsystems is given in the following Subse
tions.1.2.1 Inner Dete
torThe subdete
tor pla
ed 
losest to the intera
tion point is the Inner Dete
tor. Immersedin B = 2T magneti
 �eld provides tra
king and momentum measurement for 
hargedparti
les over 5 units of rapidity in the 
entral region. It 
onsists of three parts presentedin Fig. 1.2.The innermost one is the most pre
ise Pixel dete
tor, with three 
on
entri
 layers,parallel to the beam, in the barrel region and three disks, perpendi
ular to the beam axis,in ea
h end
ap, giving typi
ally 3 hits per 
harged parti
le tra
k traversing the dete
tor.The layer 
losest to the beampipe is often referred to as the B-layer and the granularityof sili
on pixel sensors is �nest here. The pixel dete
tor has over 80M of readout 
hannels1In the ATLAS 
oordinate system the z-axis is parallel to the beam-line and points towards the anti-
lo
kwise dire
tion of the beam in LHC ring. The x-axis points towards the ring 
enter, setting the φ = 0value of the azimuthal angle and the y-axis points upwards. The transverse quantities (like transversemomentum pT or missing transverse energy EMiss

T ) are de�ned in the x − y plane. The polar angle θ ismeasured starting from the positive dire
tion of z-axis and pseudorapidity η is de�ned as η = −lntanθ/2.The distan
e in η−φ is de�ned as ∆R =
p

∆η2 + ∆φ2. A slight ambiguity o

urs, as the R as a 
oordinateis de�ned as a transverse distan
e from the z-axis, R =
p

x2 + y2, but this is mostly 
lear from the 
ontext.11
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Figure 1.2: ATLAS Inner Dete
tor overviewand the designed resolution of hit position in R − φ is 10 µm, whilst in the z (or R inend
aps) 
oordinate the resolution is 115 µm.The Semi-Condu
tor Tra
ker (SCT) is another pre
ision tra
king dete
tor lo
ated justbehind the pixel dete
tor looking from the intera
tion point. Built of sili
on mi
ro-stripsprovides 17 µm hit position resolution in R − φ and 580 µm in z (or R in end
aps). Itsstru
ture is similar to that of Pixels, with 4 
ylindri
al layers in barrel part and 9 disks inea
h end
ap. Total number of readout 
hannels is approximately 6 M.Large number of hits per tra
k is provided by the last of the tra
king dete
tors, theTransition Radiation Tra
ker (TRT). Typi
ally 36 spa
epoints per tra
k are expe
ted upto |η| < 2.0. The TRT is built of straw tubes of 4 mm in diameter, providing only
R−φ information with a

ura
y of 130µm in 350k of ele
troni
s 
hannels. In addition, its
onstru
tion allows for e/π dis
rimination using the di�eren
es between transition radiationindu
ed signals from di�erent parti
le types.A 
ombination of �ne-pre
ision sili
on dete
tors with large number of spa
epointsfrom the TRT provides good pattern-re
ognition and high pre
ision in both R − φ and
z 
oordinates. Momentum measurement pre
ision is extended with the hits in the outerradius of the Transition Radiation Tra
ker.1.2.2 CalorimetryThe 
alorimeter system is responsible for measurements of the energy of the parti
les(both 
harged and neutral) produ
ed in 
ollision, and is used for re
onstru
ting jets andtransverse missing energy of an event. A parti
le entering the 
alorimeter initiates a showerof parti
les of either ele
tromagneti
 or hadroni
 nature, whi
h is then dete
ted and itsenergy is measured in a
tive layers. The ATLAS sampling 
alorimeter system 
onsists ofseveral parts that are presented in Fig. 1.3. It provides the 
overage up to |η| < 4.9. Ea
h12
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tor

Figure 1.3: ATLAS Calorimeters overviewsubsystem is segmented transversally and longitudinally into 
ells grouped in layers, withvariable size, depending on the 
ell position, allowing for studies of shower shapes whi
hgreatly help in the pro
ess of identi�
ation of parti
les and jets.The ele
tromagneti
 (EM) 
alorimeter, with Liquid Argon (LAr) as an a
tive materialand lead plates as an absorber, provides a 
overage up to |η| < 3.2, with �ne-granularityregion mat
hing the a

eptan
e of the ID, |η| < 2.5, allowing for pre
ise measurements ofele
trons and photons. Its total thi
kness is above 22X0 (X0 is the radiation length) inbarrel region and over 24X0 in end
aps.Liquid Argon is also used as an a
tive material in parts of hadroni
 
alorimeter, For-ward (FCal, with �rst layer optimized for ele
tromagneti
 measurements) and end
ap(HEC). Also, plasti
 s
intillating tiles with steel absorber are used in the Tile part lo
atedjust on top of EM 
alorimeter. The approximate thi
kness of 9.7λ (λ is the intera
tionlength) is su�
ient for good resolution of measurements of high-energy jets and is su�-
ient to redu
e pun
h-through e�e
ts to Muon Spe
trometer well below the rate of genuinemuon produ
tion.1.2.3 Muon 
hambersThe Muon Spe
trometer (MS) forms the outermost layer of sensors in ATLAS. It isdesigned to measure tra
ks of high-momentum muons with tra
king 
hambers of varioustypes within a toroidal magneti
 �eld around the dete
tor, averaging from 0.5T to 2T. Inthe barrel region the muon 
hambers are grouped in three 
ylindri
al layers around thebeam axis. In addition, three disks of dete
tors are present in ea
h end
ap.Most of the 
overage of the muon system is a
hieved with Monitoring Drift Tubes(MDT). Cathode Strip Chambers (CSC) provide the possibilities of pre
ise muon tra
kmeasurements in the forward regions, 2 < |η| < 2.7. Resistive Plate Chambers (RPC) and13



Chapter 1. Introdu
tionThin-Gap Chambers (TGC) are used for triggering purposes and allow the measurementof se
ond tra
k 
oordinate, orthogonal to that measured by pre
ision 
hambers.1.2.4 Trigger systemThe designed event rate at the LHC is 40 MHz. With the average event size of 1.3MB it is neither possible nor useful to re
ord and store all the events. A robust triggersystem is therefore used. The ATLAS trigger system 
onsists of three levels, namely L1, L2and Event Filter. The �rst level uses only a limited part of the dete
tor information andits de
isions are taken by dedi
ated fast ele
troni
 systems, within the time of 2.5µs. Itsear
hes for high-momentum muons, ele
trons, hadroni
ally-de
aying τ 's, jets and photons,exploiting the data from muon trigger 
hambers and redu
ed-granularity information from
alorimeters. It redu
es the event rate down to 75 kHz. Higher levels (High-Level Trigger,HLT) of trigger system are software-based and the information (already �ltered at L1) ispro
essed at dedi
ated 
omputer farms to re�ne the information from L1-de�ned Regionsof Interest (RoI) with full information from all dete
tors. Level-2, using simple and fastalgorithms, redu
es the event rate down to 3.5 kHz with de
ision time around 40 ms.Final re�nement is made at Event Filter (EF), whi
h redu
es the rate down to 200 Hz.Algorithms used at this �nal sele
tion step are based on the o�ine software and theiraverage de
ision time is 4 s.1.2.5 Data pro
essing and ATLAS 
omputing modelIn 
omparison to earlier experiments, the amount of data re
orded by the ATLASdete
tor, even after extensive trigger sele
tion, is unpre
edently large. Event rate of 200Hz and its average size of 1.5 MB require an enormous 
omputing power to be pro
essed. AGrid infrastru
ture has therefore been developed to allow for distributed data managementand 
omputing.Event Data ModelThe data from 
ollision events in ATLAS is strongly re�ned before being available foranalysis. Many intermediate �le formats for storing the information have been developedin the re
ent years. The Event Summary Data (ESD), with average event size of 500 kB,provides all the information needed for re-re
onstru
tion of events, in
luding 
alorimeter
ells, hits from Inner Dete
tor, together with already re
onstru
ted tra
ks, 
lusters and
andidates for ele
trons, muons and τ 's. In a redu
ed form of so-
alled Distilled ESD(dESD) �les, this information is available for performan
e studies in dedi
ated groups.Physi
s analysis was intended to be done on Analysis Obje
t Data (AOD), with 100 kB ofinformation per event on average, 
ontaining redu
ed information from the ESD, fo
usedon parti
le 
andidates, jets and other physi
s obje
ts, together with more detailed dataon their identi�
ation. In the analysis of �rst data in 2009 and 2010 however the most
onvenient format, Derived Physi
s Data (DPD) was used in form of ROOT ntuples. Manydi�erent �avors of these data be
ame available, 
ontaining only the information relevant toparti
ular studies (i.e. so-
alled egamma ntuples were used for W → eν studies presentedin this thesis). At the time of writing the strategy for further ATLAS analyses is evolvingand it is not yet 
lear, whi
h data format will be used as a baseline.14



1.3. Standard Model physi
s at the LHCGrid infrastru
tureAs a matter of fa
t, it is not possible that a single 
omputer-
entre would handle theneeds of ATLAS data analysis. Therefore, already at the R& D stage of LHC experiments,the Grid idea was developed. A large number of various-size 
omputer 
entres have been
onne
ted with fast networks to form a 
ommon infrastru
ture, allowing for distributeddata management and 
omputing. They are grouped in hierar
hi
al ar
hite
ture, withCERN's Tier-0 being the 
entral point for data distribution. Eleven Tier-1 sites, lo
atedin large 
omputer 
entres all over the world, storing a proportional share of raw andre
onstru
ted data and allowing for large-s
ale repro
essing. Data �les are also distributedto around 140 of smaller, lo
al Tier-2 sites, with Kraków's Cyfronet (CYF) being noex
eption. Spe
i�
 analysis tasks 
an be 
ondu
ted on these sites. Even smaller Tier-3sites exist, providing helpful 
omputer resour
es for individual studies, like the Tier-3 siteof Institute of Nu
lear Physi
s. The author has made a signi�
ant 
ontribution to thedevelopment of this parti
ular site, taking 
are of keeping the required ATLAS softwareup-to-date and managing the data samples for lo
al analyses of the Kraków ATLAS group.1.3 Standard Model physi
s at the LHC1.3.1 Introdu
tionFollowing the idea of Glashow, Weinberg and Salam [11℄ in the 1960's, the StandardModel (SM) has been extensively tested for over forty years with experiments performed ina wide range of available energies, leading to dis
overies of intermediate ve
tor bosons, Wand Z [1℄ and measurements of their properties, su
h as produ
tion 
ross-se
tions, masses,de
ay widths and bran
hing fra
tions, with in
reasing pre
ision ([2℄ - [5℄). The StandardModel does, however, require the existen
e of 
urrently unobserved parti
le, namely theHiggs boson [12℄. One of the LHC's main goals is the dis
overy (or ex
lusion) of this bosonand determination of its basi
 properties, whi
h would give a 
ru
ial hint on Beyond theStandard Model (BSM) sear
hes.1.3.2 The Standard ModelThe Standard Model [13℄ des
ribes the elementary 
onstituents of the universe andintera
tions between them. It is a gauge �eld theory, based on the symmetry group
SU(3)C × SU(2)L × U(1)Y , with the �rst term being responsible for Quantum Chro-modynami
s (the theory of strong intera
tions of 
olor obje
ts, namely quarks and gluons)and the other two des
ribing the se
tor of ele
troweak for
es.Two kinds of �elds are des
ribed by the SM. The fermion �elds (with spin s = 1/2)des
ribe the fundamental 
onstituents - quarks and leptons, forming three generations (seeTable 1.1). The bosons (with integer spin) mediate intera
tions between the �elds. Fourof them are available in the ele
troweak se
tor, with one related to the U(1)Y symmetrygroup, denoted as B and three 
orresponding to SU(2)L group generators, denoted W i(i = 1, 2, 3). The a
tual parti
les 
arrying the ele
troweak intera
tions are the 
ombinationsof these �elds (symmetri
 and antisymmetri
 
ombination of �rst two W i �elds form W±bosons, whereas W 3 and B are 
ombined into Z0 boson and photon via θW Weinbergmixing angle). Similarly, eight gluon �elds represent eight generators of the SU(3)C group.15



Chapter 1. Introdu
tion Fundamental fermionsgeneration quarks (
harge) leptons (
harge)I u (+2/3e) νe(0)d (−1/3e) e−(−1e)II 
 (+2/3e) νµ(0)s (−1/3e) µ−(−1e)III t (+2/3e) ντ (0)b (−1/3e) τ−(−1e)Table 1.1: Elementary fermions and their properties.It has been proven, that W and Z bosons are heavy, massive parti
les. However,introdu
ing mass terms into the SU(2)L × U(1)Y lagrangian breaks its gauge invarian
e.Therefore, a me
hanism of spontaneous symmetry breaking has been introdu
ed by Higgsand others [12℄, being the minimal add-on to the model and 
onserving unitarity an renor-malizability of the theory. Its simplest formulation requires an SU(2) doublet of 
omplexs
alar �elds. Its neutral term a
quires a va
uum expe
tation value (VEV) leading to spon-taneous breaking of SU(2)L×U(1)Y symmetry, whi
h is redu
ed to U(1)Q ele
tromagneti
symmetry. Four new degrees of freedom appear, out of whi
h three are absorbed in W and
Z longitudinal polarization states, and the remaining one 
orresponds to a s
alar parti
le,the famous Higgs boson (H). It is the only missing pie
e of the Standard Model, that hasnot yet been observed. Fermions a
quire their masses with Yukawa-type intera
tions withthe Higgs �eld.Many of the Standard Model parameters are not derived from any theory, but have tobe measured experimentally. A �nite number of these parameters are needed to 
onstraintthe model. Three quantities serve as a typi
al input to the Standard Model, namely ([14℄):

• The �ne-stru
ture 
onstant, αs, whi
h is the 
oupling 
onstant of ele
tromagneti
intera
tions. It 
hanges with energy s
ale of the pro
ess, and its value at 0-energys
ale is αs = 1/137.035999084(51), 
urrently known with the best pre
ision from e±anomalous magneti
 moment observations.
• Fermi 
onstant GF whi
h determines the strength of 
harged 
urrent. It is measuredwith muon lifetime and the result is GF = 1.166364(5) × 10−5 GeV−2. It is obtainedwith muon-lifetime measurements.
• Mass of Z-boson, MZ = 91.1876 ± 0.0021 known from LEP lineshape s
ans.These three parameters 
orrespond to three degrees of freedom in the gauge se
tor, two
oupling 
onstants of the SU(2)L ×U(1)Y group and one va
uum-expe
tation-value of theHiggs �eld. With this input, every SM pro
ess 
an be 
al
ulated at tree-level (when hadron�avor mixing pro
esses are in
luded, one needs also the parameters of Cabibbo-Kobayashi-Maskawa matrix). For higher-order 
al
ulations at loop-level, another parameters areneeded:
• fermion masses, 
ontributing to photon self-energy, as well, as weak-boson self energyand vertex 
orre
tions, with the most signi�
ant 
ontribution from the top-quarkmass;16
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• the mass of the Higgs boson mH , with small, logarithmi
 e�e
t;
• strong 
oupling 
onstant at Z-mass energy s
ale, αS(M2

Z).The pre
ision of estimation of the input parameters (and not missing orders in radiative
orre
tions) is the main limitation on the pre
ision of predi
tions obtained within theSM framework. Mixing the input from experimental measurements and the best-knowntheoreti
al predi
tions helps in obtaining 
onstraints for the least-known SM parameters,su
h as the Higgs boson mass.1.3.3 Ele
troweak bosons at the LHCThe W and Z bosons are abundantly produ
ed at hadron-hadron 
olliders, with noex
eption in 
ase of the LHC. The main pro
esses, 
ontributing to weak boson produ
tionin proton-proton 
ollisions are shown in Fig. 1.4, with quark-antiquark annihillation beingthe �rst-order term.
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Figure 1.4: The W boson produ
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esses. The Feynman diagram for the Born termis presented in the upper-left plot, with examples of higher-leading order diagrams on otherplots . 17



Chapter 1. Introdu
tionThe 
ross-se
tion for in
lusive produ
tion of ve
tor intermediate bosons in proton-proton intera
tions 
an be written in the following way [15℄:
σW (Z) =

∑

ab

σab→W (Z) ⊗ PDF (xa, xb, Q
2). (1.1)It is a 
onvolution of ab → W (Z) parton-parton 
ross-se
tion with Parton DistributionFun
tions (PDF ) of partons a and b inside two in
oming protons. It is then summedover all partons. Quantities xa and xb represent momentum fra
tion 
arried by parton

a and b respe
tively. The PDF 's 
annot be 
al
ulated in the perturbative QCD and areextra
ted from global �t to experimental data, mainly from Deep-inelasti
 S
attering (DIS)experiments [7℄. The hard-pro
ess 
ross-se
tion (σab→W (Z)) is, however, easily 
omputable.On the other hand, the 
ross-se
tion is an observable and 
an be dire
tly measured withthe rate of W (Z) events o

uring in 
ollisions. It 
an be expressed as follows:
σW (Z) × BR(W (Z) → ℓν(ℓℓ)) =

Nobs − Nbkg

αW (Z)ǫW (Z)Lint

. (1.2)In the above Nobs denotes number of events passing �nal sele
tion. Number of ba
k-ground events Nbkg (estimated during the data analysis) must be then subtra
ted. In thedenominator there are two fa
tors, that are used to "
orre
t" the number of observed sig-nal events to get the number of a
tually produ
ed ones, the αW (Z) states for dete
tor andsele
tion pro
edure a

eptan
e, and des
ribes the fra
tion of events that a
tually have the
han
e to be sele
ted. The ǫW (Z) denotes the e�
ien
y of sele
tion of events provided theyare 
ontained within a

eptan
e. The integrated luminosity of the analyzed data sampleis denoted Lint.Comparing equations 1.1 and 1.2 one 
an solve them to extra
t the PDF 's [15℄. TheLHC will provide the information on Parton Distribution Fun
tions in (x,Q2) regions, thatwere previously not a

essible in low-Q2 experiments (HERA and �xed-target). For the
Q2 of the order of W -mass (say Q2 = 104 GeV2) and rapidity 
overage |y| < 2.5 withthe nominal 
ollision energy √

s = 14 TeV the x range is within 10−4 and 10−1, see Fig.1.5. With the 
urrent theoreti
al knowledge of the W produ
tion 
ross-se
tion, 
omputedat NNLO [6℄, a pre
ise measurement is sensitive to higher-order QCD 
orre
tions at thisenergy regime. In addition, the PDF un
ertainty is the main theoreti
al un
ertainty inthe W -mass measurement at the LHC [16℄.1.3.4 ATLAS program for W/Z boson measurementsThe ATLAS program for early physi
s involves extensive studies on ele
troweak bosonproperties, whi
h are 
ru
ial in understanding the Standard Model at su�
iently pre
iselevel. It is absolutely fundamental to 
on�rm good understanding of SM pro
esses beforemoving on to New Physi
s sear
hes. The ATLAS program in
ludes measurements of:
• in
lusive W and Z produ
tion 
ross-se
tion;
• W 
harge asymmetry;
• di�erential 
ross-se
tion of ele
troweak bosons produ
tion, with respe
t to transversemomentum and pseudorapidity;
• W -boson mass and de
ay width.18



1.3. Standard Model physi
s at the LHC

10-7 10-6 10-5 10-4 10-3 10-2 10-1 100
100

101

102

103

104

105

106

107

108

109

 

fixed
target

HERA

x
1,2

 = (M/14 TeV) exp(±y)

Q = M

LHC parton kinematics

M = 10 GeV

M = 100 GeV

M = 1 TeV

M = 10 TeV

66y = 40 224

Q
2    

(G
eV

2 )

xFigure 1.5: Representation of (x,Q2) 
overage of Large Hadron Collider experiments (AT-LAS and CMS). The 
overage of HERA and �xed-target dete
tors is shown for 
omparison.[7℄ The W/Z 
ross-se
tion measurement has been performed by the ATLAS Collaborationalready, with low statisti
s of data, being the �rst possible and fundamental measurementin ele
troweak se
tor with the ATLAS dete
tor [17℄. The 
harge asymmetry measurementwas about to be published by the Collaboration at the time of writing and there was anongoing work on di�erential 
ross-se
tion studies.First published measurements have been performed with ele
tron and muon 
hannelsonly. The τ 
hannel requires mu
h more integrated luminosity, as the pro
ess of signalextra
tion is mu
h harder and less e�
ient, due to the di�
ulties in suppressing the QCDba
kground. As stated in Chapter 3, for a similar number of observed signal events, as inthe ele
tron 
hannel, the required integrated luminosity is 30 times larger. Therefore, theATLAS Collaboration has not yet (by the time of writing) published 
ross-se
tion estima-tions based on W → τν pro
ess, only an observation has been 
ondu
ted and do
umentedin [18℄.The analyses of the two aforementioned 
hannels di�er signi�
antly, due to diverseproperties of the �nal states. In the τ 
hannel the lepton is not observed dire
tly, butonly after a τ hadroni
 de
ay. This implies the existen
e of another neutrino in the event,resulting in smoother EMiss
T spe
trum, with average value larger than in ele
tron 
hannel.This allows for more restri
tive EMiss

T -based sele
tion, whi
h is 
ru
ial for ba
kgrounddis
rimination. The QCD dijet ba
kground is mu
h more dominant for W → τν , be
ause19



Chapter 1. Introdu
tionhadroni
ally de
aying τ leptons produ
e genuine jets of π mesons. An e�
ient signalonline and o�ine sele
tion is therefore mu
h more di�
ult here, as the signal signature ismu
h less distin
tive, than in ele
tron 
hannel. It is therefore impossible to a
hieve signalsele
tion e�
ien
y at the same level, as in ele
tron 
hannel whilst keeping the ba
kgroundrate su�
iently low. Therefore in this thesis no data-based measurements nor observationsof W → τν 
hannel are presented, as it was beyond the available times
ale to obtain theresults in τ -
hannel with data.

20
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Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS data2.1 Introdu
tionThe pro
ess of W boson produ
tion is one of the �rst ele
troweak physi
s pro
essespossible to be observed and measured at the LHC, as they are expe
ted to be produ
edabundantly, even at 7 TeV 
enter-of-mass energy. Further measurements with far largerintegrated luminosity and dataset size will in
rease the possibility of detailed studies of
W produ
tion properties at high energy s
ale. Su
h results will be important as they willprovide new information on parton distribution fun
tions (PDFs), and on perturbativeQCD in general. This is due to the fa
t, that the in
lusive W produ
tion 
ross-se
tion issensitive to higher-order QCD 
orre
tions. Theoreti
al 
al
ulations have been performeddown to next-to-next-to-leading order (NNLO) terms [6℄.Due to experimental 
onstraints, �rst W bosons in ATLAS have been observed in
W → eν and W → µν de
ays. The W → τν , although produ
ed at the same rates (dueto lepton universality) requires more integrated luminosity to extra
t signal from QCDba
kground (see Chapter 3). This Chapter 
overs the details of �rst observation and 
ross-se
tion measurement of W in the ele
tron 
hannel with 315 nb−1 of integrated luminosity.It is organised as follows. Se
tion 2.2 lists the Data and Monte Carlo samples used in thisanalysis, Se
tion 2.3 des
ribes brie�y the pro
ess of re
onstru
tion and identi�
ation ofele
tron 
andidates and of transverse missing energy (EMiss

T ), whereas in Se
tion 2.4 asele
tion �ow of W → eν 
andidates is dis
ussed. In Se
tion 2.5 
al
ulation of a

eptan
eand e�
ien
y for signal sele
tion is des
ribed and in Se
tion 2.6 the systemati
 un
ertaintiesof sele
tion e�
ien
ies are assessed. Se
tion 2.7 presents the extra
tion of the number ofba
kground events from the �nal sample and Se
tion 2.8 shows the results of �nal sele
tionand 
al
ulation of W → eν 
ross-se
tion.Results des
ribed in this Chapter present author's own work (unless 
ited di�erently)and are in some details di�erent than those published by the ATLAS Collaboration in [17℄.It has to be noted, that the published result ([17℄) is the �rst W → eν 
ross-se
tionmeasurement at su
h high energies. Being one of the �rst ATLAS physi
s analyses with
ollision data, it is kept rather 
onservative in terms of un
ertainty estimations, and there-fore may not seem as 
ompli
ated, as further, planned studies in this se
tor, i.e. di�erential
ross-se
tion measurements. At this stage of data-taking it was not justi�ed to try to fur-ther redu
e systemati
 un
ertainties with more re�ned methods of signal extra
tion, asthe statisti
al un
ertainty would dominate the measurement. It is however expe
ted, thatfor studies with larger dataset (i.e. the full 2010 set of around 36 pb−1) the systemati
un
ertainty will be mu
h lower, due to mu
h better understanding of dete
tor propertiesand re
onstru
tion performan
e, obtained with fully data-driven methods, whi
h were notappli
able here be
ause of small statisti
s available. More re�ned methods of analysis willbe then applied with performan
e �gures measured dire
tly from data. Also, it is expe
ted,that the un
ertainty on luminosity determination will be
ome signi�
antly smaller.2.2 Data and Monte Carlo samplesFor the 
urrent analysis a data sample 
olle
ted between Mar
h and August 2010 hasbeen used. Estimated integrated luminosity of the sample is 315 nb−1 with un
ertaintyof 11% [29℄. Events for ele
tron 
hannel analysis were sele
ted using 
alorimeter-basedLevel-1 trigger, L1_EM10 . No higher-level triggers were used in this sele
tion. The triggeralgorithm bases on ele
tromagneti
 deposits in LAr 
alorimeter within |η| < 2.5 and looks22



2.2. Data and Monte Carlo samplesfor a 
luster of 
alorimeter towers with energy above approximately 10 GeV. A total of
6.5 × 106 events are sele
ted for further analysis.In order to make 
omparisons with theoreti
al predi
tions, as well as to 
al
ulate theba
kground rates and 
ross-se
tion, a number of Monte Carlo samples were produ
ed:

• W → eν signal sample;
• W → τν - this pro
ess may 
ontribute to ele
tron 
hannel mostly via τ → eν de
ayand is 
onsidered as a ba
kground;
• Z → ee - if one of the ele
trons is not re
onstru
ted (i.e. outside of dete
tor a

ep-tan
e or lost due to re
onstru
tion ine�
ien
y) this pro
ess may generate a signi�
antmissing transverse energy a

ompanying a single re
onstru
ted ele
ton;
• Z → ττ may also yield a small 
ontribution to the W → eν �nal state;
• produ
tion of the top-quark pairs forms an additional ba
kground to W analysis;
• jet produ
tion in QCD pro
esses is a very signi�
ant part of ba
kground pro
esses.It 
ontains ele
trons 
oming from semi-leptoni
 quark de
ays, 
onversions, and mis-identi�ed hadrons. Its huge 
ross-se
tion (see Table 2.1) makes this set of ba
kgroundpro
esses the most di�
ult to 
ope with in the 
urrent analysis.Table 2.1 lists the Monte Carlo samples used. All these samples were generated at7 TeV 
enter-of-mass energy and simulated with the GEANT4[30℄ ATLAS dete
tor simulation[31℄.Further steps of re
onstru
tion and event sele
tion are the same as for the data sample.Table 2.1 presents also the 
ross-se
tions to whi
h the samples were normalized. Ex
eptthe QCD dijets, all the samples were normalized to 
ross-se
tions, 
al
ulated in
ludinghigher-order 
orre
tions, and the 
ross-se
tion for dijet produ
tion is given in leading or-der (LO). A large expe
ted un
ertainty (of the order of 200%) of the predi
ted 
ross-se
tionand sele
tion a

eptan
e requires, that the overall normalization of QCD ba
kground willhave to be performed with data-driven methods. To a

ount for expe
ted pileup in data,the Monte Carlo samples were produ
ed with two primary intera
tions on average, andthen reweighted to mat
h the primary vertex multipli
ity observed in data.Pro
ess Generator Order Cross-se
tion

W → eν PYTHIA[32℄ NNLO 10.46 ± 0.52 nb
W → τν PYTHIA NNLO 10.46 ± 0.52 nb
W → τν → ℓννν PYTHIA NNLO 3.68 ± 0.18 nb
Z → ττ PYTHIA NNLO 0.99 ± 0.05 nb
tt̄ MC�NLO[33℄, POWHEG NLO+NNLL 0.16 ± 0.01 nbDijet, p̂T > 15 GeV PYTHIA LO 97707 nbTable 2.1: Details on the Monte Carlo samples used. All 
ross-se
tions are at next-to-next-to-leading order, ex
ept the QCD dijets (see text). The produ
tion of dijets 
ontained arequirement of the transverse momentum of partons involved in hard-s
attering, to be

p̂T > 15 GeV. The Z and W 
ross-se
tions in
lude the bran
hing fra
tion to the spe
i�edlepton. 23



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS data2.3 Ele
tron and missing transverse energy re
onstru
tion2.3.1 Ele
tronsThe ele
tron re
onstru
tion and identi�
ation pro
edure, that has been used in thiswork is the standard ATLAS pro
edure, des
ribed in [34℄. Ele
tron 
andidates are seededwith an ele
tromagneti
 
luster with transverse energy above 2.5 GeV in the se
ond layerof ele
tromagneti
 
alorimeter. Then the algorithm looks for a re
onstru
ted tra
k, that,after extrapolation, mat
hes the seed 
luster. The sear
h is performed within a windowof ∆η × ∆φ = 0.05 × 0.1. The 
losest mat
hing tra
k to the 
luster's bary
enter, with
pT > 0.5 GeV is then 
onsidered to be the ele
tron tra
k. Final 
andidates have 
alorimeter
lusters of the size of∆η×∆φ = 0.075×0.175 in the barrel part and ∆η×∆φ = 0.125×0.125in end
aps. Transverse energy of su
h 
andidates is the energy of ele
tromagneti
 
luster.After re
onstru
tion, the 
andidates are examined by the identi�
ation algorithms.Identi�
ation 
riteria have been optimised through the phase-spa
e divided into 11 bins in
η and 10 bins in ET . Three referen
e set of 
uts have been prepared, based on the expe
tedreje
tion fa
tors of the QCD ba
kground. However, with in
reasing reje
tion power thee�
ien
y of ele
tron identi�
ation de
reases.

• Loose identi�
ation 
riteria provide high e�
ien
y and uniformity of ele
tron iden-ti�
ation, but have poor QCD reje
tion power. This set of 
uts exploits the showershape variables from the se
ond layer of 
alorimeter (lateral shower 
ontainment andshower width) and also the leakage of energy into hadroni
 
alorimeter.
• Medium sele
tion 
uts make use of �rst-layer energy deposits and tra
k quality vari-ables in addition to requirements de�ned for the loose sele
tion. The shower widthin the �rst layer, as well as the ratio of energy di�eren
e between two largest depositsto their sum is taken into a

ount. Tra
k-quality 
riteria are based on the numberof hits in Pixels and SCT and the transverse impa
t parameter of a tra
k. Moreover- a ∆η tra
k-
luster mat
hing is performed. Su
h set of 
riteria provide mu
h betterba
kground reje
tion.
• Tight identi�
ation adds further 
uts on tra
k-based variables strongly in
reasing thereje
tion of fake ele
trons from QCD as well as 
onversions. There are 
uts pla
edon the ratio of 
luster energy and tra
k momentum, the number of hits in TRT, theratio of the number TRT high threshold hits to the total number of TRT hits. Atleast one hit in the pixel dete
tor �rst layer is required to remove ele
trons from
onversions.More details on ele
tron identi�
ation 
riteria 
an be found in Appendix C.The performan
e of medium and tight identi�
ation will be determined using Z → eepro
ess from data, using tag and probe method. However, 
urrently due to the la
k ofstatisti
s, numbers extra
ted from Monte Carlo (W → eν and Z → ee) samples areused. The e�
ien
y of medium identi�
ation is found to be 94.3% within kinemati
 andgeometri
al a

eptan
e (transverse energy above 20 GeV and |η| < 2.47 with the ex
lusionof barrel-end
ap transition region 1.37 < |η| < 1.52). The number is given with respe
t tore
onstru
tion e�
ien
y, whi
h is estimated to be 85.8%. Similarly, for the tight 
uts thee�
ien
y is found to be 74.9%. Reje
tion fa
tor for fake ele
trons has been found usingthe dijet Monte Carlo sample and is, on average, respe
tively, 5700 and 77000.24



2.4. W → eν event sele
tionDuring the 
ourse of data taking it be
ame 
lear, that some regions of the LAr 
alorime-ter are a�e
ted by signi�
ant hardware problems and, in addition, number of su
h regionsmay 
hange in time. Hen
e, an o�ine tool was developed by members of the E/gammaWorking Group. It �nds and removes ele
trons that fall in the a�e
ted 
alorimeter regions.This 
ut is known as the dead OTx removal. Problems in the mentioned regions may 
omefrom various sour
es, in
luding major high voltage problems, bad 
ells (produ
ing no signalor a very high 
onstant noise) or dead opti
al readout lines. The dead OTx removal 
ausesa drop in ele
tron re
onstru
tion e�
ien
y, whi
h has already been a

ounted for in thenumbers dis
ussed in the previous paragraph.2.3.2 Missing transverse energyThe missing transverse energy, EMiss
T , is 
al
ulated basing on information from
alorimeter 
ells from inside topologi
al 
lusters. Su
h 
lusters are built around a seed
ell, whi
h has an energy deposit E > 4σ where σ is the Gaussian width of 
ell energyspe
trum 
olle
ted in randomly-triggered events and quanti�es the 
ell noise level. In nextsteps the neighbouring 
ells with energy E > 2σ are added, and in the �nal step, all sur-rounding 
ells are added to the sum [36℄. In this analysis the transverse missing energyis 
al
ulated at ele
tromagneti
 s
ale (under assumption, that all pro
esses here are ofan ele
tromagneti
 nature). A 
orre
tion weights are applied if the 
luster is 
lassi�ed ashadroni
. Another 
orre
tions are applied afterwards. The out-of-
luster 
orre
tions areused to a

ount for low-energeti
 tails of hadroni
 showers that are lost during 
lusteriza-tion pro
ess. The losses of energy in dead material are also 
orre
ted for in this pro
edure[37℄.The x and y 
omponents of the EMiss

T , the EMiss
x,y , are 
al
ulated using 
orresponding
omponents of energies of 
ells i, the Ei

x,y, 
ontained in the aforementioned topologi
al
lusters:
EMiss

x,y = −
∑

i

Ei
x,y. (2.1)The transverse missing energy is then obtained with the following formula:

EMiss
T =

√

(EMiss
x )2 + (EMiss

y )2 (2.2)2.4 W → eν event sele
tionThe event sele
tion pro
edure that has been applied in the 
urrent work 
onsists ofseveral steps. At �rst, good 
ollision events are sele
ted. Apart from trigger requirement,already des
ribed in Se
tion 2.2, additional requirements are applied. An event should haveat least one re
onstru
ted primary vertex, with at least 3 asso
iated tra
ks. In addition, aso-
alled MET-
leaning (sometimes referred to as jet-
leaning) is performed. It removes asmall fra
tion of events (0.01% in Minimum-Bias, 0.004% in W → eν and 0.01% in dijets),that fall into one of the three 
ategories listed below:
• Mis-re
onstru
ted jets may appear due to huge noise-bursts in the hadroni
 end
ap
alorimeter (HEC). Su
h fake jets have usually a high energy deposit in HEC in veryfew 
ells (i.e. number of 
ells 
ontaining 90% of jet energy is not larger than 5).Energy fra
tion of a jet deposited in HEC is above 80%. 25



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS data
• Another type of fake jets may appear due to noise bursts in ele
tromagneti
 
alorime-ter. They have a very high energy fra
tion deposited in EM part, above 95%, and thepulse shape of su
h noise-bursts is far from what is expe
ted as a referen
e. A qualityvariable des
ribing the fra
tion of jet energy 
oming from noisy 
ells is denoted fQLarand the event is removed if fQLar > 0.8.
• Energy depositions in LAr 
alorimeter that are not timed-in with the a
tual eventmay 
ome from various sour
es, in
luding 
osmi
 rays. These e�e
ts may bias EMiss

Tmeasurements and hen
e, they are removed. A 
riterion is set to |tjet| > 50 ns.As mentioned in Se
tion 2.2, the available Monte Carlo programs for QCD dijetsgeneration used the 
ross-se
tion 
al
ulated at leading order (LO), whi
h means that thereis a huge un
ertainty of that value. Therefore, at loose sele
tion level, a normalizationfa
tor was obtained, by 
omparing the ele
tron ET distributions between data and MonteCarlo, see Fig. 2.1. The fa
tor was found to be 0.4167 and is used only for normalizationof plots, for 
ross-se
tion studies it will be extra
ted with data-driven methods. The next
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Figure 2.1: Left: Transverse energy of ele
tron 
andidates after pre-sele
tion, without QCDs
aling fa
tor applied. Right: Transverse energy of ele
tron 
andidates after pre-sele
tion,with QCD ba
kground s
aled down by 0.4167 (see text).step of the event sele
tion is a so-
alled pre-sele
tion of a loose ele
tron sample. Ele
tron
andidates have to be re
onstru
ted by either egamma-only algorithm (the basi
 ATLASele
tron-photon re
onstru
tion pa
kage) or by both egamma and softe algorithms (thelatter is optimised to �nd soft ele
trons, i.e. low-energy ones). Su
h 
andidates must notfall into a barrel-end
ap transition region in ele
tromagneti
 
alorimeter, so the region of
1.37 < |η| < 1.52 is ex
luded. Also, the 
andidates must be 
ontained within the innerdete
tor a

eptan
e, |η| < 2.47. Dead OTx removal is applied at this stage (see Se
.2.3). Finally, only 
andidates with loose identi�
ation requirements ful�lled are a

epted.This sample will be used to �nd the QCD 
ross-se
tion normalization fa
tor, as at thissele
tion step, it is dominated by QCD events. Figure 2.2 shows the distributions ofele
tron 
andidate transverse momentum (left) and missing transverse energy (right).Final sele
tion step will provide a sample of W → eν 
andidates. An ele
tron ful�llingtight identi�
ation requirements needs to be present in the event. Additionally, a transverse26



2.4. W → eν event sele
tion
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Figure 2.2: Left: Transverse momentum of ele
tron 
andidates after pre-sele
tion. Right:Missing transverse energy after pre-sele
tion. In both plots data is shown with points witherrors and Monte Carlo samples are plotted as �lled histograms.missing energy should be at least 25 GeV, and a transverse mass of ele
tron-EMiss
T pairneeds to be above 40 GeV. The transverse mass is de�ned as follows:

mT =
√

2pe
T pν

T (1 − cos(φe − φν)). (2.3)In the formula above the φe,ν denotes the azimuthal angle of ele
tron or neutrino, whereas
pe,ν

T stands for ele
tron (neutrino) transverse momentum. Neutrino variables are obtainedfrom transverse missing energy measurement.Additionally, events with se
ond ele
tron passing medium identi�
ation 
uts are re-moved, as they 
ome from Z → ee pro
ess. Figure 2.3 shows the distributions of transversemissing energy (left) and transverse mass of W → eν 
andidates (right) after tight sele
-tion, but before EMiss
T and mT 
uts. Figure 2.4 shows the distribution of transverse massof a W → eν 
andidate with all 
uts ex
ept the mT itself. Figure 2.5 shows transverseenergy distribution for ele
tron 
andidates (left) and transverse momentum of the W bo-son (right) after �nal sele
tion. QCD 
orre
tion fa
tor (see Se
. ??) is applied in all plotslisted above.A total of 1061 events were sele
ted from data following the pro
edure des
ribed above.Table 2.2 summarizes numbers of events remaining after ea
h major sele
tion step.Sele
tion Events remainingTrigger 6.5 × 106Pre-sele
tion 1.2 × 105Tight ele
tron identi�
ation 3857

EMiss
T > 25 GeV 1107

mT > 40 GeV 1061Table 2.2: Numbers of events remaining after 
ertain sele
tion steps. 27
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ross-se
tion with �rst 315 nb−1 of ATLAS data
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Figure 2.3: Left: Missing transverse energy of W → eν 
andidate events after tight ele
tronsele
tion. Right: Transverse mass of ele
tron-EMiss
T system after tight ele
tron sele
tion,without EMiss

T requirement.
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Figure 2.4: Missing transverse energy of W → eν 
andidate events after tight ele
tron and
EMiss

T > 25 GeV sele
tion.
28



2.5. Signal a

eptan
e and e�
ien
y
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Figure 2.5: Left: Transverse energy of ele
tron 
andidates after �nal sele
tion. Right:Transverse momentum of W -boson 
andidate after �nal sele
tion.2.5 Signal a

eptan
e and e�
ien
yThe 
ross-se
tion measurement, as des
ribed in Se
tion 2.8, requires a knowledge ofsignal a

eptan
e α and sele
tion e�
ien
y ǫ.
• A

eptan
e α 
an only be 
al
ulated on Monte Carlo samples. It represents a ratio ofevents passing geometri
al and kinemati
al 
uts at generator level to the total numberof generated events. These 
uts are applied on true ele
tron transverse momentum,its pseudorapidity, the transverse momentum of a neutrino and transverse mass ofthe e − ν system.
• Sele
tion e�
ien
y ǫ 
ontains all dete
tor-related ine�
ien
ies and the e�e
t of QED�nal-state-radiation (FSR). For analysis presented here it is also based on MonteCarlo 
al
ulations. It 
an be fa
torized as follows:

ǫ = ǫevent × ǫreco × ǫid × ǫtrigger. (2.4)In the equation above, four fa
tors appear, that 
an be des
ribed as follows:� ǫevent is the e�
ien
y of 
ollision event sele
tion (requirements su
h as primaryvertex 
ut or MET-
leaning).� ǫreco denotes the 
orre
tion fa
tor related to re
onstru
tion and 
ontains thefollowing e�e
ts:
∗ geometri
al and kinemati
al 
uts applied at re
onstru
ted quantities (notlike in α 
al
ulation, where the 
uts are applied on true quantities);
∗ re
onstru
tion ine�
ien
ies, namely - the probability that the ele
tromag-neti
 
luster passes dead OTx removal and is loosely mat
hed to a tra
k,provided it 
omes from a true ele
tron;
∗ QED �nal state radiation photons;
∗ all bin-migrations and 
ombinatori
s. 29



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS dataThis fa
tor 
an, in prin
iple, be higher than 1, as 
utting on generator-levelvariables may remove more events, than 
utting on re
onstru
ted quantities.This is parti
ularly true for EMiss
T 
ut.� ǫid is the e�
ien
y of identi�
ation 
riteria 
al
ulated with respe
t to re
on-stru
ted obje
ts (i.e. the denominator is the number of re
onstru
ted 
andi-dates mat
hed to true ele
trons in MC and the numerator is the number of
andidates not only re
onstru
ted and mat
hed to MC but also passing the
onsidered identi�
ation 
riteria).� ǫtrig is the e�
ien
y of trigger 
al
ulated with respe
t to all 
andidates passing�nal sele
tion 
uts.All the quantities des
ribed above are 
urrently estimated using Monte Carlo sam-ples. Further analyses will 
ertainly aim for more data-driven determinations ofthe e�
ien
y fa
tors. All these fa
tors 
an be repla
ed by data-driven estimationsone-by-one, when the su�
ient statisti
s be
omes available.Final a

eptan
e and e�
ien
y 
orre
tions are given in Table 2.3. The errors representsystemati
 un
ertainties, whi
h are dis
ussed in Se
tion 2.6.W

α 0.462 ± 0.014
ǫ 0.671 ± 0.040Table 2.3: Summary of the values of geometri
al a

eptan
e and event sele
tion e�
ien
y.Systemati
 un
ertainties are dis
ussed in Se
tion 2.6.2.6 Systemati
 un
ertaintiesThe systemati
 un
ertainties of sele
tion e�
ien
ies, as de
omposed in Se
tion 2.5 areassessed here. Various sour
es of un
ertainty are presented and their impa
t on the totale�
ien
y is estimated.2.6.1 Distorted materialThe upstream material un
ertainty in�uen
es ele
tron re
onstru
tion and identi�
atione�
ien
ies. An assessment of this 
ontribution is done with dedi
ated Monte Carlo samplessimulated with well-de�ned dete
tor geometry distortions. Realisti
 estimates of su
h wereguided by the single hadroni
 tra
k e�
ien
y measurements performed on 2009 and 2010datasets of Minimum Bias data events [38℄. The following samples have been used:

• Additional material of 0.1 X0 at 
alorimeter barrel 
ryostat and 0.05 X0 betweenpresampler and �rst 
alorimeter layer
• In the Inner Dete
tor: 5% (respe
tively 10%) in
rease of material with ex
lusionof sensitive dete
tors. Minimum Bias measurements suggest that the reasonableestimate of extra material inside ID is 5%. However, due to larger un
ertainties, andthe presen
e of di�
ult to model servi
e pat
h panels in the region of 2 < |η| < 2.5,the estimate of 10% will be used in this region.30



2.6. Systemati
 un
ertainties
• A relative in
rease of 20% of pixel servi
es material.It has been found, that the impa
t of additional 20% in
rease of material amount inSCT servi
es region, as well as 0.15 X0 at the end of SCT and TRT end
aps is negligible.Table 2.4 summarizes all the results of this estimation.

∆ǫreco/ǫreco ∆ǫmedium/ǫmedium ∆ǫtight/ǫtightNominal + 
alo -0.5% -0.5% -0.4%Nominal + 5% ID -0.5% -0.2% -0.9%Nominal + 10% ID -1.0% -0.4% -1.8%Nominal + 20% pixel servi
es -0.2% < 0.1% -0.2%Total with 5% ID -1.2% -0.7% -1.5%Total with 10% ID -1.7% -0.9% -2.4%Weighted total -1.3% -0.7% -1.7%Table 2.4: Summary of relative 
hanges in ele
tron re
onstru
tion, medium and tightidenti�
ation e�
ien
ies due to distorted material e�e
ts.Total un
ertainty from distorted material is 
al
ulated by adding all the 
ontributionswith 5% ID material in
rease for |η| < 2 and with 10% for 2 < |η| < 2.5 as mentionedabove. A weighted average of those numbers is then used as a �nal estimation of systemati
un
ertainty from this 
ontribution. Its impa
t on re
onstru
tion e�
ien
y un
ertainty is1.3%. Medium identi�
ation e�
ien
y is a�e
ted by 0.7% whereas tight one - by 1.7%.The un
ertainties on re
onstru
tion and identi�
ation e�
ien
ies are 
orrelated and willbe added linearly.2.6.2 Shifting of dis
riminating variable distributionsSome dis
repan
ies have been noti
ed between data and Monte Carlo ele
tron iden-ti�
ation e�
ien
ies. A study involving shifting the distributions from Monte Carlo tomat
h observed shapes in data has been performed. An illustration of this pro
edure 
anbe found in Fig. 2.6. Clearly, it is not the most perfe
t method for pre
ise estimation ofthe impa
t of identi�
ation variable modelling on systemati
 un
ertainty (see i.e the TRThigh threshold hit distributions), but it provides a simple way to get a rough estimate ofthe numbers. It has been later 
he
ked with data-driven methods [25℄, that this estimationis 
onsistent with results obtained from more robust methods.In the medium identi�
ation step only a very small variation of ele
tron identi�
atione�
ien
y has been observed. An overall estimate of systemati
 un
ertainty of this step is1%. At tight level, more 
uts are applied, namely the E/p ratio, B-layer hits (if ele
trondoes not 
ross a dead B-layer module) and a fra
tion of TRT high threshold hits. Mapof dead B-layer 
hannels is implemented in the Monte Carlo and therefore no signi�
ant
ontribution from this 
ut is observed and the quoted number has to be 
onsidered a very
onservative estimation, obtained by 
omparing number of events passing tight sele
tionwith and without this parti
ular requirement. Summary of 
ontributions from these 
utsis presented in Table 2.5. These 
ontributions are treated as un
orrelated, as the sele
tionis performed on di�erent variables, and will be added in quadrature. The total systemati
un
ertainty of ele
tron identi�
ation e�
ien
y at tight level is estimated to be 1.9%. 31



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS dataMedium 
uts E/p B-layer hits TRT HTVariation 1% 0.3% 0.9% 1.2%Table 2.5: Relative variations of number of sele
ted signal events due to shifting of dis-
riminating variables used in tight identi�
ation. Numbers shown here are obtained aftertight ele
tron and EMiss
T sele
tion.
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Figure 2.6: An example of shifting of Monte Carlo distributions of dis
riminating variables(histograms) to mat
h data distributions (points). Left 
olumn shows distributions beforeapplying the shift and the right 
olumn presents shifted ones. In the top row the ratioof ele
tron 
luster energy to tra
k momentum is shown, whereas bottom row presents thefra
tion of TRT high threshold hits. Clearly, the shifting te
hnique is not perfe
t in this
ase.2.6.3 Pile-up e�e
t on ele
tron identi�
ationDedi
ated Monte Carlo samples were produ
ed to estimate the impa
t of pile-up onele
tron identi�
ation e�
ien
y. A sample with average number of 2 primary verti
es perbun
h-
rossing was produ
ed. Number of 
ollisions per bun
h 
rossing was, however, mu
h32



2.6. Systemati
 un
ertaintieslower in data, so a reweighting pro
edure was applied on simulated samples to mat
h thedata. Figure 2.7 shows the fra
tion of events in data and Monte Carlo as a fun
tion ofnumber of primary verti
es with at least 3 asso
iated tra
ks.
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Figure 2.7: Fra
tion of events in data and various Monte Carlo samples divided into binsby number of primary verti
es with at least three tra
ks.It has been made after applying trigger sele
tion (and all earlier steps, as des
ribedin Se
tion 2.4). Number of primary verti
es does not depend on Monte Carlo sample (i.e.signal or ba
kground sample).The relative impa
t on W-event re
onstru
tion e�
ien
y is found to be almost insignif-i
ant, around 0.1%. Tight identi�
ation e�
ien
y is a�e
ted more, by 0.3% - see Table2.6. Relative di�eren
e in e�
ien
yRe
onstru
tion 0.1%Medium identi�
ation < 0.1%Tight identi�
ation 0.3%Table 2.6: Impa
t of pileup on ele
tron sele
tion e�
ien
y
2.6.4 OTx 
utDead OTx regions have been simulated in the available Monte Carlo samples. However,a dis
repan
y between data and simulated events was expe
ted, as not all the a�e
tedregions were modelled in the Monte Carlo, as new dead OTx regions were appearing duringthe data taking. The dead OTx 
ut is applied at presele
tion level, both on Monte Carloand data samples. Di�eren
e between a

eptan
es of this 
ut between Monte Carlo QCDba
kground and data sample is taken as an estimate of systemati
 un
ertainty of this step.It has been found to be 0.8% for ele
trons from W de
ays. 33



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS data2.6.5 Ele
tron energy s
ale un
ertaintyAn ele
tron energy s
ale un
ertainty is found to be ±3% from the π0 studies with 7 TeV
ollsion data [39℄. It a�e
ts sele
tion e�
ien
y in several ways. Firstly, ele
tron transverseenergy, measured in ele
tromagneti
 
alorimeter is a�e
ted. To estimate this e�e
t, ele
trontransverse energy is varied by δE = ±3%, as shown in the following equation:
ET (e) → (1 + δE)ET (e). (2.5)Also, the measurement of transverse missing energy is sensitive to ele
tromagneti
energy s
ale. Its 
omponents are varied as follows:

EMiss
x → EMiss

x − px(e)δE, (2.6)
EMiss

y → EMiss
y − py(e)δE. (2.7)Moreover, two identi�
ation variables used in ele
tron 
andidate sele
tion, namelyhadroni
 leakage and E/p, are also a�e
ted. This e�e
t is assessed using the followingtransformation:

Ehad/pT → Ehad/(pT (1 + δE)), (2.8)
E/p → (1 + δE)E/p. (2.9)Table 2.7 summarizes the e�e
t of ±3% and ±1.5% energy s
ale variation on sele
tion(re
onstru
tion and identi�
ation) e�
ien
y. In a 
onservative approa
h, a maximum e�e
tis regarded as the systemati
 un
ertainty resulting from energy s
ale measurement. Anoverall e�e
t on ele
tron sele
tion e�
ien
y is found to be 1.6%. Adding up the e�e
t on

EMiss
T sele
tion linearly as 
orrelated, and 
onsidering the maximal variation from defaultnumber, a �nal relative un
ertainty of 3.4% is obtained.

δE + 3% δE + 1.5% δE − 3% δE − 1.5%ele
tron re
onstru
tion +1.4% +0.7% -1.6% -0.8%ele
tron identi�
ation -0.4% -0.2% 0.3% 0.1%
EMiss

T 
ut +1.6% +0.8% -1.8% -0.9%overall 3.1% 1.5% 3.4% 1.7%Table 2.7: Relative 
hanges in W → eν numbers after energy s
ale variations with respe
tto nominal energy s
ale.2.6.6 Missing transverse energyThe measurement of transverse missing energy is also a�e
ted by sour
es other thanele
tromagneti
 energy s
ale dis
ussed above, su
h as energy s
ale of a 
lustering algorithmused in EMiss
T re
onstru
tion, impa
t of pile-up and problemati
 
alorimeter regions . Atotal un
ertainty resulting from those e�e
ts has been found to be ±2% [40℄.2.6.7 Trigger e�
ien
yThe trigger e�
ien
y is estimated to be 99.8% with an un
ertainty of ±0.2% [23℄.34



2.6. Systemati
 un
ertainties2.6.8 Other e�e
tsThe impa
t of other e�e
ts, su
h as LAr gain 
orruption and mismat
h between dataand Monte Carlo modelling of soft photons has been estimated to be 1.1% [25℄.2.6.9 Summary of systemati
 un
ertainties on sele
tion e�
ien
yA list of all assessed systemati
 un
ertainties for the ele
tron sele
tion (re
onstru
tionand identi�
ation) e�
ien
y is given in Table 2.8. In ea
h 
olumn, all 
ontributions aretreated as un
orrelated and added in quadrature, however a 
orrelation between the �nal
∆ǫreco/ǫreco and ∆ǫtight/ǫtight is 
lear, as the same error sour
es are involved, so the �nalnumbers from last row of Table 2.8 are added linearly. Total systemati
 un
ertainty ofele
tron sele
tion e�
ien
y is therefore 5.1%.The �nal un
ertainty of full event sele
tion e�
ien
y is a�e
ted by ele
tron sele
tion,energy s
ale, EMiss

T , trigger and other e�e
ts listed before. To avoid double-
ounting ofenergy-s
ale 
ontribution, this term is subtra
ted from ele
tron sele
tion e�
ien
y un
er-tainty. Proper treatment of 
orrelations between the in�uen
e of energy s
ale un
ertaintyon ele
tron and EMiss
T sele
tion e�
ien
ies is presented in Se
tion 2.6.5, resulting in a totalimpa
t of ele
tron energy s
ale on full sele
tion e�
ien
y un
ertainty of 3.4%. This is thentreated as separate term in �nal estimation of systemati
 error. All the listed 
ontributionsare treated as un
orrelated. This results in a total systemati
 un
ertainty of event sele
tione�
ien
y of 6.0%.

∆ǫreco/ǫreco ∆ǫtight/ǫtightMaterial e�e
ts 1.3% 1.7%Identi�
ation variables - 1.9%Energy s
ale 1.6% 0.4%OTx 0.8% -Pile-up 0.1% 0.3%Other e�e
ts - 1.1Overall 2.2% 2.9%Table 2.8: Contributions to systemati
 un
ertainty of ele
tron sele
tion e�
ien
y. Impa
tof dead material was dis
ussed in Se
tion 2.6.1, 
ontribution from identi�
ation variablesmodelling 
an be found in Se
tion 2.6.2, whereas the energy s
ale in�uen
e was presentedin Se
tion 2.6.5. A total systemati
 un
ertainty of 5.1% on ele
tron sele
tion e�
ien
y hasbeen estimated (see text)2.6.10 Systemati
 un
ertainty on geometri
al a

eptan
e determinationThe un
ertainty on geometri
al a

eptan
e results from limited knowledge of PartonDistribution Fun
tions of a proton and the modelling of W produ
tion at the LHC. Threedi�erent 
omponents are 
ombined to obtain the value of systemati
 error. The 
ontribu-tion from within one PDF set was obtained with CTEQ 6.6 PDF error eigenve
tor setsat 90% 
on�den
e level limit [41℄ with 
ombination with MC�NLO [33℄ a

eptan
e 
al-
ulation. In addition, a more signi�
ant 
ontribution was found between MRST LO* [7℄,CTEQ 6.6 and HERAPDF 1.0 [42℄ sets. Di�eren
es between PYTHIA [32℄ and MC�NLO35



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS data
W produ
tion modelling were taken into a

ount as another a

eptan
e un
ertainty 
on-tribution. An overall un
ertainty on geometri
al a

eptan
e was found to be ±3% [17℄.2.7 Ba
kground estimationAs mentioned already in Se
tion 2.2, various possible ba
kground sour
es are 
onsid-ered in this analysis. They 
an be divided into two main 
lasses: the non-QCD ele
troweakpro
esses, that involve Z → ee, Z → ττ , W → τν and tt̄ and QCD dijets. Di�erent ap-proa
hes are needed to estimate 
ontributions from those two ba
kground 
lasses.2.7.1 Ele
troweak pro
essesIn this 
lass of events a high-pT ele
tron is produ
ed from a real W or Z boson. In 
aseof W → τν , ele
trons from τ de
ays are 
onsidered. Estimates of numbers of ele
troweakba
kground events in the �nal sample are based entirely on Monte Carlo predi
tions and areobtained by s
aling sele
tion a

eptan
e for ea
h pro
ess by its 
ross-se
tion and integratedluminosity. Systemati
 un
ertainty of su
h pro
edure in
ludes theoreti
al 
ross-se
tionun
ertainty of 5.0% for W and Z pro
esses (fully 
orrelated) and 6.0% for tt̄. Moreover,3.0% of a

eptan
e un
ertainty is 
onsidered as well as 6.7% of sele
tion e�
ien
y, bothtreated as 
orrelated among all ba
kgrounds. Predi
ted number of non-QCD ba
kgroundevents in the �nal sample is therefore 36.6±0.2(stat)±3.5(sys)±4.0(lum). A summary isshown in Table 2.9.Sample Expe
ted number of events

W → τν 25.7 ± 0.2 (stat) ± 2.4 (sys) ± 2.8 (lum)
tt̄ 7.6 ± 0.0 (stat) ± 0.7 (sys) ± 0.8 (lum)

Z → ee 1.8 ± 0.0 (stat) ± 0.2 (sys) ± 0.2 (lum)
Z → ττ 1.5 ± 0.0 (stat) ± 0.2 (sys) ± 0.2 (lum)Total 36.6 ± 0.2 (stat) ± 3.5 (sys) ± 4.0 (lum)Table 2.9: Ba
kground expe
tations from ele
troweak pro
esses.2.7.2 QCD ba
kgroundThe 
ontribution from QCD dijet produ
tion to the �nal sample 
annot be estimated inthe same way, as for the ele
troweak pro
esses. The 
ross-se
tion for this 
lass of pro
essesis determined only at LO and has therefore large systemati
 un
ertainties. A partiallydata-driven te
hnique has been therefore applied to extra
t the number of QCD eventsafter �nal sele
tion. A binned maximum likelihood �t of EMiss

T as dis
riminating variablewas performed. As an input, templates for signal and ba
kground samples are needed.The template for QCD ba
kground shape was obtained from data, using 
ontrol sample,sele
ted similarly to W → eν sample but with some 
uts from tight identi�
ation beingreversed and, in addition, ele
tron 
andidates were required to fail an optional isolation
ut. The isolation variable used here is de�ned as a fra
tion of transverse energy depositedin a 
one of ∆R < 0.3 around ele
tron 
luster relative to the transverse energy of the
luster. The value of the 
ut varies depending on η and ET of ele
tron 
andidate, between36



2.7. Ba
kground estimation
E
one 0.3

T /ET < 0.062 and E
one 0.3
T /ET < 0.304. Shape for W → eν signal is obtained fromMonte Carlo with full treatment of pile-up events. Results of the �t are shown in �gure2.8.
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Figure 2.8: Result of EMiss
T template �ts in number of QCD ba
kground events estimation.Number of QCD events is estimated to be NQCD = 27.0± 3.0(stat). Statisti
al un
er-tainty 
ontains 
ontributions from the number of data events and from templates.Systemati
 un
ertainty of this estimation is obtained by 
he
king three possible 
ontribu-tions. Stability of the result is �rstly 
he
ked versus the 
omposition of QCD template.This is a
hieved by requiring the reversed 
uts to be passed instead of failed, one by one.The maximum observed variation here is ±1 event. Se
ondly, the reversed isolation 
utis also varied globally within a range between minimal and maximal 
ut values over allphase-spa
e (E
one 0.3

T /ET > 0.062 and E
one 0.3
T /ET > 0.304). This redu
es the amountof signal events in the ba
kground template and also does not allow for too mu
h eventswith semi-leptoni
 b-quark de
ays, that 
ontain genuine EMiss

T . Di�eren
e between twoextremes is taken to be a systemati
 un
ertainty 
ontribution of the order of ±8 events.Thirdly, �t range is 
hanged to put a bias on either signal or ba
kground dominated re-gions. For the region of 0 < EMiss
T < 25 GeV the result varies by ±1 event, whereas for

15 GeV < EMiss
T < 120 GeV the 
hange is ±2 events.The total systemati
 error on this estimation is taken to be ±11 events whi
h is 40%of relative un
ertainty. This is 
onsistent with a Monte Carlo based estimate of number ofQCD events using the s
aling fa
tor (see Se
. ??) whi
h is 28±7(stat).2.7.3 Summary of ba
kground 
ontributionsThe total amount of ba
kground events des
ribed above for 315 nb−1 of data after�nal sele
tion is 63.6±3.2(stat)±14.5(syst)±3.5(lum). Systemati
 un
ertainty 
onsists ofall 
ontributions listed above, in
luding 40% on QCD events, 5.0% - 6.0% from ele
troweakpro
esses normalization, 3.0% of a

eptan
e un
ertainty and 6.0% un
ertainty of signalsele
tion e�
ien
y. All these numbers are summarised in Table 2.10. 37



Chapter 2. Measurement of W → eν 
ross-se
tion with �rst 315 nb−1 of ATLAS dataSample Expe
ted number of events
W → τν 25.7 ± 0.2 (stat) ± 2.4 (sys) ± 2.8 (lum)

tt̄ 7.6 ± 0.0 (stat) ± 0.7 (sys) ± 0.8 (lum)
Z → ee 1.8 ± 0.0 (stat) ± 0.2 (sys) ± 0.2 (lum)
Z → ττ 1.5 ± 0.0 (stat) ± 0.2 (sys) ± 0.2 (lum)QCD dijets 27.0 ± 3.0 (stat) ± 11.0 (sys) ± 0.0 (lum)Total 63.6 ± 3.2 (stat) ± 14.5 (sys) ± 3.5 (lum)Table 2.10: Ba
kground expe
tations from ele
troweak and QCD pro
esses.2.8 Cross-se
tion 
al
ulationThe total 
ross-se
tion forW boson produ
tion times the bran
hing fra
tion ofW → eνis expressed by the following formula.

σtot
W × BR(W → eν) =

N sig
W

αǫLint
. (2.10)In the formula above the following terms are present:

• N sig
W stands for the number of observed signal events in the �nal sele
ted sample.

• α denotes the geometri
al a

eptan
e for W event sele
tion pro
edure. It is under-stood as the ratio of events passing kinemati
al sele
tion applied at generator-levelquantities, to the total number of produ
ed events.
• ǫ des
ribes the sele
tion e�
ien
y on 
andidates within sele
tion a

eptan
e and is
al
ulated as the ratio of events passing �nal sele
tion on re
onstru
ted variables tothe number of events passing a

eptan
e 
uts as above.
• Lint denotes the total integrated luminosity for the W → eν 
hannel.Computation details of both 
entral values and un
ertainties of all the items listedabove was already des
ribed in previous Se
tions of this Chapter. A

ording to the formulaabove, a �nal result on W → eν 
ross-se
tion is the following:
σtot

W × BR(W → eν) = 10.21 ± 0.33 (stat) ± 0.70 (syst) ± 1.13 (lum) [nb℄ (2.11)Based on the 
omplete analysis, in whi
h the author has taken a
tive part, the ATLASCollaboration has published a result in [17℄, whi
h is quoted below:
σtot

W × BR(W → eν) = 10.51 ± 0.34 (stat) ± 0.81 (syst) ± 1.16 (lum) [nb℄ (2.12)These numbers are in good agreement. Dis
repan
ies in the 
entral values result fromminor di�eren
es in event 
ut-�ow, whi
h results in di�erent number of events passing fullsele
tion 
hain (the author has obtained 1061 events, whereas in the analysis published byATLAS this number was 1069). Similarily, the numbers for signal sele
tion e�
ien
y alsodi�er slightly.38



2.9. Summary2.9 SummaryThe theoreti
al 
ross-se
tion times bran
hing fra
tion for the W → eν 
hannel, 
al
u-lated at NNLO [6℄ is the following:
σNNLO

W→eν = 10.46 ± 0.52 nb (2.13)The measured value, published by the ATLAS Collaboration [17℄ of the 
ross-se
tionis in a very good agreement with theoreti
al predi
tion. Figure 2.9 shows the 
omparisonbetween the result obtained by ATLAS as a 
ombination of ele
tron and muon1 
hannelanalysis, and previously available experimental results, namely those from UA1 and UA2[2℄ experimets at √s = 0.63 TeV at Spp̄S 
ollider, and by Tevatron experiments, CDF[4℄and D0[5℄ at √s = 1.8 TeV and √
s = 1.96 TeV. In addition, a PHENIX[43℄ measurementfrom the RHIC a

elerator at √s = 0.5 TeV is also shown.
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Figure 2.9: Experimental results on σW ×BR(W → ℓν) 
ompared with NNLO theoreti
alpredi
tions (see text) from [17℄.

1The 
ross-se
tion obtained for the muon 
hannel is the following:
σtot

W × BR(W → µν) = 9.58 ± 0.30 (stat) ± 0.50 (syst) ± 1.05 (lum) [nb℄. (2.14)It was published in [17℄ 39
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Chapter 3. Studies on W → τν observability potential with ATLAS dete
tor3.1 Introdu
tionIn the early period of LHC operation the amount of 
olle
ted data will allow for adetailed observation of Standard Model (SM) pro
esses. Their role is 
ru
ial in the LHCphysi
s program, as it is needed to understand them in terms of unpre
edented energy s
aleof LHC 
ollisions. In parti
ular, 
ross-se
tions for W → τν and W → τν are needed tobe measured as these pro
esses form a signi�
ant ba
kground for the New Physi
s (NP),su
h as Supersymmetry (SUSY). Additionally, the performan
e of τ re
onstru
tion andidenti�
ation algorithms needs to be well understood for further sear
hes. The W → τνpro
ess is the �rst sour
e of isolated medium-pT τ leptons.Previous measurements of the W → τν pro
ess have been performed at Tevatron in
pp̄ 
ollisions, with √

s = 1.8 TeV (Run I). The CDF[44℄ and D0[45℄ have measured the
ross-se
tion for pp̄ → W × BR(W → τν) and the ratio of bran
hing fa
tors BR(W →
τν)/BR(W → eν), with integrated luminosity of 4.05 pb−1 and 18.04 pb−1 respe
tively.The CDF 
ollaboration has also presented the results with Run II data (√s = 1.96 TeV)with the sample of 72 pb−1[46℄.Su
h measurement is planned to be repeated at the LHC with �rst data and lowinstantenous luminosity. Trigger rates at higher luminosities will ex
eed the availablebandwidth, as the sample of events with hadroni
ally de
aying τ leptons is dominated byQCD ba
kground events, whi
h are produ
ed with very high 
ross-se
tion (see Se
tion 3.5).This observation will also be far more di�
ult than at Tevatron, as the QCD produ
tion
ross-se
tion is expe
ted to be nearly 100 times larger at 14 TeV than it is at 2 TeV. Thesignal produ
tion 
ross-se
tion grows only by a fa
tor of 10 in this energy region.The signal pro
ess, W → τν at 14 TeV is produ
ed with σ × BR = 1.7 × 104 pbat leading order. The sample is dominated by low-pT W bosons whi
h de
ay into soft τleptons with 10 < pT < 40 GeV and missing transverse energy (due to es
aping neutrino)typi
ally 20 < EMiss

T < 70 GeV. The ba
kground pro
esses, listed in detail in Se
. 3.4are dominated by QCD di-jet events with 
ross-se
tion of the order of 1010 pb (with hards
attering phard
T > 8 GeV), about 6 orders of magnitude over the signal 
ross-se
tion. Thereis however a large systemati
 un
ertainty, whi
h is related to the reliability of the availableMonte Carlo predi
tions for the QCD produ
tion at high energies. This un
ertainty willin�uen
e the amount of ba
kground events, but also the trigger rate and thresholds.In this Chapter we des
ribe the pro
edure of sele
ting events, whi
h would allow usto perform observations of hadroni
ally de
aying τ leptons and to measure the W → τνsignal events at the LHC. This sele
tion was performed with the assumption of 14 TeV
enter-of-mass energy in the 
ollisions. As this sele
tion was intended to be performed inthe so-
alled "�rst data", we assume 100 pb−1 of integrated luminosity with instantenousluminosity of 1031 − 1032cm−2s−1. The 
urrent Chapter is organized as follows: Se
tion3.2 des
ribes the simulation, digitization and re
onstru
tion pro
ess, Monte Carlo samplesare des
ribed in Se
tion 3.4. Se
tion 3.3 lists obje
ts used for this analysis. Triggerperforman
e for these studies is dis
ussed in Se
tion 3.5. A full o�ine sele
tion of tauevents is des
ribed in Se
tion 3.7, whereas Se
tion 3.8 is 
on
erned with studies of ele
tronstream.42



3.2. Generation, simulation and re
onstru
tion3.2 Generation, simulation and re
onstru
tionThe Monte Carlo samples used in this analysis were produ
ed with PYTHIA[32℄ MonteCarlo generator, only the tt̄ sample was obtained with the MC�NLO[33℄ generator. TheTAUOLA generator is used to generate the de
ays of τ lepton and PHOTOS[47℄ was applied toobtain simulated photon radiation. All the samples were generated with √
s = 14 TeV.In the generated events, all parti
les 
onsidered as stable before intera
ting with mate-rial of the dete
tor, are stored and afterwards passed through GEANT4[30℄ ATLAS dete
torsimulation. Subsequently, a digitization pro
ess is performed on the simulation results
onverting GEANT4 output into a dete
tor response signals, adding dete
tor noise and ba
k-ground pro
esses, like beam-gas, beam-halo and 
avern ba
kground. Also, if required,pile-up is simulated at this step. A Level 1 (hardware-based) trigger de
ision is simulateddire
tly after this stage. During Monte Carlo sample produ
tion no events are dis
ardeddue to trigger de
isions, however the pro
ess of de
ision-taking is simulated and the resultstored for the use in the analysis [31℄.3.3 Obje
ts used for analysisIn this analysis a set of default obje
ts, available within ATLAS framework, was used.Full list of these obje
ts is presented below. Full des
ription of those obje
ts 
an be foundin [10℄.3.3.1 Tau leptonsThis analysis was performed based on tau leptons re
onstru
ted by the tra
k-basedre
onstru
tion algorithm, 
alled tau1p3p. Su
h re
onstru
tion is understood as the re
on-stru
tion of hadroni
ally de
aying τ leptons, as it is very di�
ult do distinguish leptoni


τ de
ays from primary ele
trons and muons. A tra
k-based re
onstru
tion is seeded witha leading tra
k of good quality and transverse momentum above 9 GeV. Up to six addi-tional tra
ks are allowed in the 
ore region (∆R < 0.2), however region of higher (abovethree) tra
k multipli
ity is 
onsidered in this analysis to be signal-free after �nal sele
tionand may be useful for data-driven QCD-ba
kground estimations. Only a minimal energydeposit is allowed in the isolation region around the 
ore 
one (0.2 < ∆R < 0.4). In 
aseof many-prong 
andidates, 
harge of ±1 or 0 is required. Energy of su
h τ 
andidate isdetermined using the energy-�ow algorithm. Identi�
ation of re
onstru
ted tra
k-based τ
andidates is performed by 
al
ulating both tra
k and 
alorimeter quantities and the �nalde
ision is taken either by 
ut-based or by more sophisti
ated de
ision methods, like neuralnetworks or boosted de
ision trees [50℄.It has to be noted that there exists another τ -re
onstru
tion algorithm, seeded byjets re
onstru
ted from topologi
al 
lusters [36℄. These jets are re
onstru
ted (at thetime of this analysis) with a 
one-algorithm, in whi
h the 
one size was set to be ∆R =
√

∆η2 + ∆φ2 = 0.4. Su
h jet is required to have transverse energy above 10 GeV and tobe 
ontained within the a

eptan
e of Inner Dete
tor, |η| < 2.5. In the next steps tra
ksare asso
iated with the 
alorimetri
 seed if they are 
ontained within a narrower 
one of
∆R < 0.3 and ful�l minimum quality requirements. The energy of su
h τ 
andidate is
al
ulated from 
lustered 
ells, being iteratively summed up with 
ell weights obtainedfrom H1-style 
alibration [51℄. This algorithm was not used in 14 TeV analysis, but τ -43



Chapter 3. Studies on W → τν observability potential with ATLAS dete
tor
andidates re
onstru
ted by both tra
k and 
alorimeter-based algorithms are exploited in10 TeV W → τν studies, des
ribed in Se
tion 3.10.3.3.2 Ele
tronsEle
tron obje
ts are re
onstru
ted by standard egamma algorithms, with the isEMidenti�
ation �ags set to either loose, medium or tight1 [48℄ (see also Se
tion 2.3 andAppendix C). Events with loose ele
trons not mat
hed to a τ obje
ts are removed fromthe �nal sample, as they, most likely, 
ome from W → eν de
ays. Tight ele
trons are usedin the ele
tron stream analysis, see Se
. 3.8.3.3.3 MuonsSmilarily to loose ele
trons, events with any re
onstru
ted muon, not overlappingwith a re
onstru
ted τ -jet are removed, as these events are dominated by W → µν and tt̄ba
kground.3.3.4 JetsJet obje
ts are re
onstru
ted with the 
one algorithm with ∆R = 0.4 with H1-style
alibration, exe
uted on topologi
al 
lusters [52℄. Jet obje
ts are used in the �nal tau-stream sele
tion, to suppress events with fake-EMiss
T topologies and in
rease signal toba
kground ratio.3.3.5 Missing transverse energyMissing transverse energy is 
al
ulated using standard re�ned pro
edure[53℄. Thisobje
t is 
ru
ial for QCD-ba
kground suppression, as it a

ounts for unobserved neutrinos,present in signal pro
ess, but not expe
ted in QCD dijets.3.4 Monte Carlo samplesVarious pro
esses are taken into a

ount for this work, as there are many possibleba
kground sour
es for W → τν pro
ess. Most of them are easily suppressed at varioussele
tion stages, nevertheless their possible 
ontributions need to be estimated and dealtwith. Details on the signal and ba
kground pro
esses under 
onsideration is given below.Table 3.1 lists all datasets with their produ
tion 
ross-se
tions.

• The W → τν signal sampleThe signal sample exploits the generated qq̄ → W → τν hard pro
ess. It is dominatedby low-pT W bosons de
aying into soft τ 's and relatively low missing transverseenergy. Mean values of the transverse momenta of the system re
oiling against the
W boson, the visible produ
ts of τ lepton de
ay and the true transverse missingenergy are 16.6 GeV, 18.4 GeV and 22.6 GeV respe
tively (
omputed at LO).1The ele
tron identi�
ation 
uts presented in this 
hapter are based on similar pro
edures and the sameset of variables, as des
ribed in Chapter 2 and Appendix C. The 
ut values however have been separatelyoptimised for 14 TeV 
ollision energy and vary between the presented analyses.44



3.4. Monte Carlo samples
• The W → eν ba
kground sample & 
ontrol 
hannelThis pro
ess may mimi
 the signal pro
ess in two ways. The ele
tron 
an be identi�edas single-prong τ lepton, or a fake τ may be re
onstru
ted from QCD Initial StateRadiation (ISR). To ex
lude su
h events we will require a �ag from an ele
tron-veto algorithm for τ 's and remove the events with isolated ele
trons. The remainingfra
tion of events (with lost ele
trons) will 
ontribute if QCD ISR is re
onstru
tedas fake τ , but its tra
k multipli
ity spe
trum will be similar in shape to that of QCDdijets.
• The W → µν ba
kground sampleSimilarly to the pro
ess above, we 
an have either a muon re
onstru
ted as single-prong τ or fake τ from QCD ISR. The �rst 
ase is easily suppressed by requiringhadroni
 
luster from τ de
ay. Additionally, events with isolated muons are ex
luded.Similarly to the 
ase of ele
trons, the fra
tion of events with lost muons will 
ontributeto the fake τ 's with tra
k multipli
ity spe
trum similar to that of QCD dijets.
• The Z → ee ba
kground sampleThis pro
ess may mimi
 the signal pro
ess if one of the ele
trons is re
onstru
tedas single-prong τ and the other is lost. Similarly to the W → eν 
ase, this 
anbe suppressed using ele
tron-veto on single-prong τ 
andidates and removing eventswith identi�ed isolated ele
trons.
• The Z → ττ sampleThis sample does 
ontain true τ leptons. However, its 
ross-se
tion is roughly 10times smaller than the 
ross-se
tion for signal. It may still 
ontribute, if one of the

τ 's is 
ompletely lost, i.e. not re
onstru
ted as τ , nor ele
tron or muon.
• The tt̄ ba
kground sampleThe tt̄ pro
ess (with top quarks de
aying predominantly into a W boson and b quark),with mu
h smaller 
ross-se
tion, will 
ontribute, if one of the W bosons de
ays into

τ and the other into pair of quarks or into leptons, that are lost. In other 
ases it isremoved by vetoing events with isolated leptons.
• QCD ba
kground sampleThis is the dominant ba
kground pro
ess, with 
ross-se
tion ex
eeding the signal
ross-se
tion by six orders of magnitude. They are re
onstru
ted as signal events in
ases, where one of the jets is wrongly re
onstru
ted as τ lepton. The methods ofsuppressing the QCD ba
kground do a
tually determine the event 
ut-�ow of thisanalysis. The overall normalization of this sample has to be attributed by largesystemati
 un
ertainty, as we use only the LO predi
tions from PYTHIA.The samples listed above were produ
ed 
entrally and belong to o�
ial ATLAS MonteCarlo datasets from the Computer System Challenge produ
tion from the years 2006 -2008 [47℄.Due to enormous 
ross-se
tion and high reje
tion rates when applying sele
tion pro-
edure, it turned out, that the simulated QCD sample was too small. The only possiblesolution was to perform private produ
tion with so-
alled fast simulation (ATLFAST I). Thesimulation program was pro
essed at Tier2 site (Cyfronet). We have used those events toestimate the amount of QCD ba
kground passing the sele
tion 
uts. 45



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torTables 3.1 and 3.2 show the details on the used Monte Carlo samples. The W →
τν → eνν ba
kground was not in
luded in the analysis. The bran
hing fra
tion τ → e isonly 17% and the pT spe
trum of ele
trons from tau de
ays is softer than the one from
W → eν. This redu
es the amount of events possibly passing the sele
tion 
uts, so this
ontribution does not 
hange the results signi�
antly. It was later estimate to 
ontributeby about 1.1% of the signal sample after �nal sele
tion.Pro
ess Dataset ID Events Cross-se
tion

W → τν (�ltered for τ → had ν) 005107 50,000 1.73 · 104 pb
W → eν 005104 150,000 1.73 · 104 pb
W → µν 005105 175,000 1.72 · 104 pb
Z → ττ 005179 50,000 1.70 · 103 pb
Z → ee 005144 50,000 1.67 · 103 pb
tt̄ 005200 175,000 8.33 ·102 pbQCD J0 (phard

T = 8 − 17 GeV) 005009 2 · 106 1.7 · 1010 pbJ1 (phard
T = 17 − 35 GeV) 005010 4 · 105 1.4 · 109 pbJ2 (phard
T = 35 − 70 GeV) 005011 2 · 106 9.3 · 107 pbJ3 (phard
T = 70 − 140 GeV) 005012 2 · 106 5.9 · 106 pbTable 3.1: Details on the full simulation Monte Carlo samples used. All 
ross-se
tionsare at leading order ex
ept tt̄ (at NLO/NLL). The Z and W 
ross-se
tions in
lude thebran
hing fra
tion to the spe
i�ed lepton.QCD pro
ess Comments Available statisti
s

phard
T = 10 − 70 GeV 12 bins with 5 GeV interval 12 × 5.6 · 106 events

phard
T = 70 − 200 GeV 6 bins with 10-20 GeV interval 6 × 2.0 · 106 events

phard
T > 200 GeV 1 × 2.0 · 106 eventsTable 3.2: Details on the fast simulation Monte Carlo samples (ATLFAST I) used.3.5 Trigger performan
eHadroni
 τ trigger at Level 1 is based on the information from hadroni
 
alorimeters.It is seeded with 
alorimeter towers, of the size of around ∆η × ∆φ = 0.1 × 0.1 within

|η| < 2.5 due to Inner Dete
tor and region of high-granularity 
alorimeter a

eptan
e.Candidates a

epted by L1 are subsequently passed to HLT for further 
on�rmation withsoftware algorithms. At L2 a fast pro
edure performs re�nement of the sample, and onlythe hadroni
 τ 
andidates with given quality and energy are further pro
essed at EF withmore robust, o�ine-based re
onstru
tion and sele
tion pro
edures.Due to spe
i�
 event topology, as well as the bandwidth limitations for trigger rates, a
EMiss

T -based trigger signatures had also been used. At Level 1, the EMiss
T is not 
al
ulated46



3.5. Trigger performan
edire
tly, due to time 
onstraints, but rather the 
alorimeter-based EMiss
x and EMiss

y quan-tities are 
ompared with a threshold Table and a fast (yet ina

urate) de
ision is made. Itis therefore not desired to use the L1 EMiss
T thresholds in the analysis, and only the lowestpossible threshold is applied at trigger sele
tion. At HLT the transverse missing energy
al
ulation is performed and the results are more reliable.Dedi
ated trigger has been developed and optimised to sele
t W → τν signal events.It was based on the 
ombination of τ -lepton and EMiss

T triggers. Their names, as listed inTable 3.3, in the form of tauXXi_xeYY denote threshold values for τ transverse momentum(XX) and EMiss
T (YY) in GeV. The i denotes isolation 
riteria being applied at trigger level.The optimal trigger for this analysis, namely the tau20i_EFxe30, was 
on�gured to applythe transverse missing energy threshold of 30 GeV only at the Event Filter level (and15 GeV at lower levels), as it is 
onsidered more reliable with respe
t to o�ine sele
tion infurther steps.The expe
ted trigger rates for the aforementioned menu together with other menusproposed for this analysis are presented in Table 3.3. With the optimisation available atthe time, when this analysis was 
ompleted, it was not possible to keep the ex
lusive rate oftau20i_EFxe30 below 10 Hz (whi
h was 
onsidered to be the available bandwidth for thisanalysis). However this option has been implemented and was available for data taking. Itis expe
ted that the ba
kground rate may be lower with the improved trigger setup, as theperforman
e of transverse missing energy re
onstru
tion at both L1 and EF is improving.Trigger Expe
ted rates (Hz)tau20i_xe30 8.2tau25i_xe30 5.7tau45i (pres
ale 4) 7.1tau20i_EFxe30 50.0Table 3.3: Estimated trigger rates using QCD datasets spe
i�ed in Table 3.1 for anoptimisation as available in usual ATLAS spe
i�
ations by the time of writing.The estimations of trigger rates have been performed for other trigger 
on�gurations,as shown in Table 3.3. The number of signal events a

epted by alternative triggers islower than for the tau20i_EFxe30 
on�guration. The tau45i with pres
ale fa
tor 4 is theleast e�
ient from the listed menus and in addition does suppress the events with low-pT

τ 's due to 45 GeV pT threshold. The tau20i_xe30 (requiring 30 GeV EMiss
T thresholdsat ea
h level) gives a reasonable statisti
s of signal events and lies within the a

eptablebandwidth, so should be 
onsidered as a possible ba
kup solution. Details on the estimatednumber of sele
ted events with 100 pb−1 are presented in Table 3.4.Several plots are presented below to show the impa
t of trigger sele
tion on the eventsamples we use for this analysis. Figure 3.1 shows the in�uen
e of trigger sele
tion on thesignal sample. Left plot shows the spe
trum of transverse visible energy of a tau 
andidate(no identi�
ation 
uts applied) with the o�ine EMiss

T > 30 
ut applied. A huge redu
tionof signal events in the interesting region is observed with tau45i trigger menu due to bothhigh pT threshold and pres
ale fa
tor. Right plot shows the tra
k multipli
ity spe
trumafter the same sele
tion. A possible bias related to di�erent sele
tion 
riteria is within 10%.47



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torTrigger + o�ine EMiss
T > 30 GeV W → τν (Eτ−had

T < 30 GeV) QCDtau20i_xe30 37610 (12950) 1.6 ·107tau25i_xe30 31500 (8970) 1.3 ·107tau45i (pres
ale 4) 4570 (280) 1.2 ·107tau20i_EFxe30 60900 (18500) 2.4 ·107Table 3.4: Estimated number of signal events, after trigger, o�ine EMiss
T > 30 GeVsele
tion and 
ut-based τ identi�
ation for 100 pb−1 using the tra
k-based algorithm.Shown in bra
kets are numbers for events with a τ 
andidate with ET < 30 GeV. Thelast 
olumn presents the numbers obtained for QCD ba
kground.
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Figure 3.1: Signal event 
hara
teristi
s after trigger sele
tion. Left: The transverse mo-mentum spe
tra for τ -jet 
andidates, for an integrated luminosity of 100 pb−1, sele
tedby the triggers tau20i_xe30, tau25i_xe30, tau20i_EFxe30 and tau45i, and an o�ine
EMiss

T > 30 GeV sele
tion. Results were obtained with the tra
k-based algorithm. It isassumed that the tau45i trigger is pres
aled by a fa
tor 4. Right: The tra
k multipli
itydistribution for signal events after the same sele
tion.Figure 3.2 shows the tra
k multipli
ity distributions for all 
onsidered pro
esses aftertrigger sele
tion, left plot shows the signal and all non-QCD ba
kgrounds, whereas in theright plot one 
an �nd the tra
k multipli
ity distribution for QCD dijets. The non-QCDspe
trum is dominated by W → eν pro
ess mostly in 
ase of tau re
onstru
ted with oneasso
iated tra
k (single-prong bin). The spe
trum of QCD ba
kground is di�erent, withmore events with higher multipli
ities. The spe
tra are presented separately, as the fra
tionof non-QCD events in the sample after trigger sele
tion is only 0.1%.As the baseline for this analysis, the trigger menu tau20i_EFxe30 was 
hosen, as themost e�
ient one.48



3.6. O�ine streams presele
tion
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Figure 3.2: The tra
k multipli
ity distribution for nonQCD events (left) and QCD events(right) for events a

epted by the tau20i_EFxe30 trigger.3.6 O�ine streams presele
tionThe event presele
tion in the τ and ele
tron streams at �rst requires the o�ine EMiss
Tto be above 30 GeV. This requirement is ne
essary, as the o�ine EMiss

T is obtained with themore reliable te
hniques in 
omparison to trigger L1 or EF. The 
orrelation plots betweenthe three levels of EMiss
T estimation are shown in Fig. 3.3.The poor 
orrelation 
auses further redu
tion of the sele
ted sample with the o�ine

EMiss
T 
ut. It redu
es the QCD sample by 50% but also a signal sample by 30%. At thispoint one 
an divide the events into two ex
lusive streams - the ele
tron stream and τstream. Those streams are then studied separately.
• The ele
tron stream presele
tion requires one tight ele
tron (a

ording to the de�-nition in [48℄). It sele
ts 2/3 of the triggered W → eν events, around 10% of QCDdijet events available after triggering, and a small addition (around 1% of triggeredevents) of W → τν . The rest of the pro
esses do not 
ontribute signi�
antly. Thissample 
an therefore be used to study ele
tron e�
ien
ies and also for modelling theba
kground from QCD ISR events for W → τν events, provided the QCD 
an befurther suppressed.
• Tau stream a

epts the remaining part of the events. Still, the W → eν 
ontributionto this stream is very signi�
ant, and so are the QCD rates, whi
h ex
eed the amountof sele
ted signal events by a fa
tor of 400. Details on the numbers of a

epted events
an be found in Tables 3.5 and 3.6).3.7 Tau streamThe sele
tion of W → τν events will be a di�
ult task, due to a large ex
ess of QCDevents above the signal rate after trigger sele
tion. We will �rst present a pro
edure of49
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Figure 3.3: The 
orrelations between Level 1, Event Filter and o�ine EMiss
T 
al
ulationsfor QCD samples.extra
ting the signal pro
ess from the non-QCD ba
kground, and afterwards we will tightenthe sele
tion 
riteria to redu
e the amount of QCD ba
kground and obtain a reasonablestatisti
s of W → τν events.3.7.1 Event sele
tion versus non-QCD ba
kgroundThe pro
edure of suppressing the non-QCD ba
kground pro
esses is the following:

• ea
h event is required to have a single tra
k-based (see [50℄) re
onstru
ted τ 
andidatewith the transverse momentum ranging from 20 GeV to 60 GeV;
• a loose 
ut-based identi�
ation requirements were applied on the τ 
andidate, withthe addition of reje
ting the 
andidates �agged by dedi
ated ele
tron/muon vetoalgorithms [50℄;
• events with loose (a

ording to default isEM �ag [48℄) ele
tron with pT > 10 GeV orany muon (
ombined re
onstru
tion [49℄) were re
onstru
ted outside of the τ 
one,at the distan
e of ∆R > 0.4 from the dire
tion of the τ 
andidate;
• a further tightening of the sele
tion was performed, requiring the τ 
andidate to50



3.7. Tau streamEvents in 100 pb−1 W → τν W → eν QCDTrigger tau20i_EFxe30 88800 614000 4.8 · 108O�ine EMiss
T > 30 GeV 60900 453000 2.5 · 107

⇒ Ele
tron stream 400 321000 9.3 · 105

⇒ Tau stream 60500 132000 2.4 · 107Table 3.5: Pre-sele
tion �ow for W → τν, W → eν and QCD events. The number ofevents in 100 pb−1 of data after ea
h sele
tion step is given. The missing W → τν → eννsample would add a small 
ontribution to the W → eν ba
kground.Events in 100 pb−1 W → µν Z → ττ Z → ee tt̄Trigger tau20i_EFxe30 32300 15400 27700 19500O�ine EMiss
T > 30 GeV 22800 6090 750 16700

⇒ Ele
tron stream 180 920 590 7220
⇒ Tau stream 22620 5170 164 9480Table 3.6: Pre-sele
tion �ow for W → µν, Z → ττ , Z → ee and tt̄ events. The numberof events in 100 pb−1 of data after ea
h sele
tion step is given.pass medium sele
tion 
riteria based on the unweighted Neural Network dis
riminant(e�
NN > 0.3)[50℄.Detailed results of the impa
t of the given sele
tion 
uts are shown in Tables 3.7, 3.8 and3.9. We list spe
i�
ally number of events with single-prong τ 
andidates and also show theamount of leptons passing the sele
tion 
riteria mat
hed to true leptons to measure thepurity of sele
ted sample.Events in 100 pb−1 W → τν (true τ) W → eν (true e)

⇒ Tau stream 60500 132000Loose τ -id, ET = 20 − 60 GeV 30000 (26500) 7630 (2690)1-prong 17900 (16800) 3315 (2550)Veto events with loose lepton 28000 (25100) 3840 (2560)1-prong 16800 (15800) 2680 (2420)Medium τ -id (e�
NN > 0.3) 20200 (19000) 2600 (2190)1-prong 12650 (12000) 2210 (2090)Table 3.7: Sele
tion �ow for W → τν and W → eν events. Number of events survivingthe 
orresponding sele
tion 
riterion in 100 pb−1 of data is shown. Numbers in bra
kets
orrespond to truth-mat
hed 
andidates. The missing W → τν → eνν sample would adda small 
ontribution to the W → eν ba
kground.As 
an be seen, the purity of the W → τν sample after all mentioned sele
tion 
utsis very high, at the level of 94%. About 62% of τ leptons in this sample are single-prong51



Chapter 3. Studies on W → τν observability potential with ATLAS dete
tor
τ 's. The W → eν events, initially dominating the Tau stream, are easily suppressed withthe 
uts listed above. As 
an be seen from Table 3.7, majority of these events passing thesele
tion 
uts 
ontribute as single-prong fake τ 
andidates with ele
tron misidenti�ed as τ .The ba
kground from the W → eν sample is estimated to be 13% of the signal. Re
ently,the ele
tron veto algorithm has been improved and reoptimised. Only 0.6% of ele
tronsare identi�ed as τ 's but there is a loss of τ events of about 10% [54℄, [55℄.Events in 100 pb−1 W → µν (true µ) Z → ττ (true τ)

⇒ Tau stream 22620 5170Loose τ -id, ET = 20 − 60 GeV 7000 (970) 2370 (1870)1-prong 2210 (930) 1510 (1370)Veto events with loose lepton 560 (45) 1560 (1290)1-prong 160 (45) 1030 (950)Medium τ -id (e�
NN > 0.3) 195 (45) 1140 (1050)1-prong 95 (45) 840 (800)Table 3.8: Sele
tion �ow for W → µν and Z → ττ events. Number of events survivingthe 
orresponding sele
tion 
riterion in 100 pb−1 of data is shown. Numbers in bra
kets
orrespond to truth-mat
hed 
andidates.The W → µν event rate is suppressed with the sele
tion of Tau Stream (down to only20% of the W → eν rate), and is further redu
ed by the next steps of sele
tion. Majorityof those events 
ontain the QCD ISR misidenti�ed as τ and a muon. With the 
ut forreje
ting re
onstru
ted muons outside the τ 
one a reje
tion fa
tor of 10 is obtained. Aftertight τ identi�
ation only about 1% of muon 
ontamination is present in the sample.The Z → ττ ba
kground pro
ess has a 10 times smaller produ
tion 
ross-se
tionin 
omparison to the signal pro
ess and therefore, after the Tau stream sele
tion it iswell below the level of the dominant W → eν ba
kground (being approximately 4% the
ontribution from W → eν ). After medium τ identi�
ation and removal of events withadditional muons only a small fra
tion of those events is present. About 92% of them
ontain an identi�ed τ mat
hed to true obje
t.Events in 100 pb−1 tt̄ (true τ) Z → ee (true e)
⇒ Tau stream 9480 164Loose τ -id, ET = 20 − 60 GeV 2940 (865) 15 (2)1-prong 985 (590) 4 (2)Veto events with loose lepton 860 (400) 5 (2)1-prong 370 (280) 2 (2)Medium τ -id (e�
NN > 0.3) 430 (300) 4 (2)1-prong 255 (210) 2 (2)Table 3.9: Sele
tion �ow for tt̄ and Z → ee events. Number of events surviving the 
orre-sponding sele
tion 
riterion in 100 pb−1 of data is shown. Numbers in bra
kets 
orrespondto truth-mat
hed 
andidates.52



3.7. Tau streamSele
tion W → τν W → eν Other non QCD bgds.Trigger tau20i_EFxe30 88800 614000 300000O�ine EMiss
T > 30 GeV 60900 453000 53100

⇒ Tau stream 60500 132000 38900Medium τ − id + lepton removal 20250 2600 18001-prong only 12650 2210 1210Table 3.10: Expe
ted number of events in 100 pb−1 of data for signal and ba
kground aftersubsequent steps of the sele
tion. The missing W → τν → eνν sample would add a small
ontribution to the W → eν ba
kground.The remaining 
ontributions, of Z → ee and tt̄ events 
ontain only a small fra
tion ofevents present in the resulting sample due to low 
ross-se
tion and very good suppressionvia the removal of events with additional leptons.Table 3.10 summarizes the number of events from ea
h sample after subsequent 
uts.Figure 3.4 presents the plots of tra
k multipli
ities after various stages of sele
tion.The top-left plot shows the spe
trum after trigger sele
tion. Top-right plot presents thisspe
trum after tau stream sele
tion, the bottom plots show the tra
k multipli
ities afterloose (left) and medium (right) τ identi�
ation. The same s
heme is used in Figures 3.5,3.6 and 3.7 showing the distributions of η, pT and EMiss
T after ea
h 
ut, respe
tively.The distribution of the efficNN dis
riminant is shown in Fig. 3.8 (without the last
ut for obvious reasons). Distribution of events into three 
lasses - single-prong with no

π0 sub
lusters (type 1), single-prong with π0 sub
lusters (type 2), and multiprong (type3) is presented in Fig. 3.9 after trigger and o�ine sele
tion (loose on the left, medium onthe right hand side).

53



Chapter 3. Studies on W → τν observability potential with ATLAS dete
tor

 Track multiplicity
0 1 2 3 4 5 6 7 8 9

 
-1

 E
ve

nt
s 

10
0 

pb

0

50

100

150

200

250

300

350

400

450

310×

ν e →W 
ν τ →W 
ν µ →W 

τ τ →Z 
 e e→Z 

ttbar

 Track multiplicity
0 1 2 3 4 5 6 7 8 9

 
-1

 E
ve

nt
s 

10
0 

pb

0

50

100

150

200

310×

ν τ →W 
ν e →W 
ν µ →W 

τ τ →Z 
 e e→Z 

ttbar

 Track multiplicity
0 1 2 3 4 5 6 7 8 9

 
-1

 E
ve

nt
s 

10
0 

pb

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

24000

ν τ →W 
ν e →W 
ν µ →W 

τ τ →Z 
 e e→Z 

ttbar

 Track multiplicity
0 1 2 3 4 5 6 7 8 9

 
-1

 E
ve

nt
s 

10
0 

pb

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

ν τ →W 
ν e →W 
ν µ →W 

τ τ →Z 
 e e→Z 

ttbar

Figure 3.4: The tra
k multipli
ity spe
tra for signal and non-QCD ba
kground aftertau20i_EFxe30 trigger (top-left), presele
ting into Tau stream (top-right), after loose τ -id sele
tion (bottom-left) and after medium τ -id sele
tion and lepton removal in the restof the event (bottom-right). Loose τ -id in
ludes also sele
ting τ 
andidates with ET =
20 − 60 GeV.3.7.2 The QCD ba
kgroundAs mentioned before, it turned out, that the estimations of QCD event rates aftertighter sele
tion 
riteria 
annot be done with the full simulation samples due to low statis-ti
s available and high reje
tion rates of our sele
tion 
uts. A 
ut-�ow and breakdown ofthe number of expe
ted QCD events is shown in Table 3.11. After the presele
tion intoTau stream the statisti
al un
ertainty of the QCD estimations be
omes 25% and it is 
learthat there is no point in further analysing this fully simulated sample.An attempt was made to fa
torize the e�
ien
ies of trigger and o�ine (τ and EMiss

T) sele
tion. Ea
h of these 
omponents does however indu
e a strong bias on the topologyof sele
ted events, so su
h fa
torisation is not reliable. The only remaining option was toperform further 
ut�ow and monitor QCD suppression with the fast simulated samples.Where adequate, e�
ien
ies measured on the full simulation samples were applied. Moredetails on the sele
tion pro
edure is given below.54



3.7. Tau streamEvents in 100 pb−1 All QCD phard
T = phard

T = phard
T = phard

T =8-17 GeV 17-35 GeV 35-70 GeV 70-140 GeVSimulation (�lter) 1.9e+12 1.8e+12 7.2e+10 9.6e+09 5.9e+08Trigger tau20i_EFxe30 5.0e+08 2.1e+08 1.5e+08 1.2e+08 3.0e+07O�ine EMiss
T > 30 GeV 2.5e+07 1.6e+07 4.9e+06 2.9e+06 1.4e+06

⇒ Tau stream 2.4e+07 1.5e+07 4.9e+06 2.9e+06 1.3e+06statisti
al error ±25% ±25% ±15% ±5%Table 3.11: Sele
tion �ow for QCD events from fully simulated samples. The number ofevents expe
ted in 100 pb−1 after ea
h sele
tion step are given.
• Trigger e�
ien
yThe trigger de
ision is not simulated with the ATLFAST I fast dete
tor simulation.Due to strong bias on the sele
ted event topology, the fa
torization of trigger e�
ien
ywas not possible. A 
onservative approa
h was 
hosen. We apply only the o�inesele
tion 
riteria to the QCD samples from fast simulation. As it was shown before(see i.e. Table 3.5), it would be reasonable to expe
t a signi�
ant redu
tion in thenumber of ba
kground events after applying trigger sele
tion 
riteria be
ause of quitepoor 
orrelation between o�ine and trigger EMiss

T measurement.
• Tau identi�
ationIn the fast simulation samples the reje
tion at re
onstru
tion stage is found to be wellmat
hing the reje
tion obtained with full simulation [57℄. Only the τ identi�
ationpart has to be measured from the full simulation and applied to ATLFAST I samples.It was done for ea
h phard

T bin separately, and then applied as a weight to eventsfrom fast simulation from the 
orresponding phard
T bin. The measured e�
ien
ies arepresented in Table 3.12 for various tightnesses of the sele
tion. The medium sele
tionis 
hosen for this analysis. The range of phard

T studied with the full simulation (70�140 GeV) were used for all fast simulation QCD samples with phard
T > 70 GeV. ForIdenti�
ation Loose Medium Tight Very tightSignal W → τν (true τ) 69.6 ± 0.5% 59.7 ± 0.4% 39.6 ± 0.3% 21.6 ± 0.2%Sample 005009 (fake τ) 30.6 ± 9.7% 9.1 ± 1.0% 4.6 ± 0.3% 2.1 ± 0.1%Sample 005010 (fake τ) 35.5 ± 13.0% 13.1 ± 1.9% 7.3 ± 0.6% 3.4 ± 0.1%Sample 005011 (fake τ) 24.0 ± 5.7% 5.2 ± 0.3% 2.5 ± 0.1% 1.1 ± 0.01%Sample 005012 (fake τ) 11.6 ± 1.4% 1.6 ± 0.04% 0.7 ± 0.01% 0.3 ± 0.001%Table 3.12: The performan
e of τ -id (only identi�
ation part) as measured on thefully simulated samples, without any trigger requirement.
ompletness, Table 3.13 shows the e�
ien
ies measured on fully simulated samplesalready after tau20i trigger sele
tion. As expe
ted, these e�
ien
ies are 2 - 3 timeshigher for ba
kground events (as the trigger-sele
ted events should be more likely topass o�ine 
uts) and about 1.1 times higher for signal sample. 55



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torIdenti�
ation Loose Medium Tight Very tightSignal W → τν (true τ) 72.7 ± 0.7% 65.5 ± 0.6% 44.1 ± 0.4% 24.2 ± 0.2%Sample 005009 (fake τ) 43.0 ± 20% 16.5 ± 3.9% 7.9 ± 0.9% 3.8 ± 0.2%Sample 005010 (fake τ) 55.8 ± 32% 28.8 ± 8.9% 17.1 ± 3.2% 8.7 ± 0.8%Sample 005011 (fake τ) 43.0 ± 19% 15.1 ± 2.4% 8.0 ± 0.7% 3.5 ± 0.1%Sample 005012 (fake τ) 23.0 ± 5.6% 5.3 ± 0.4% 2.5 ± 0.1% 1.1 ± 0.02%Table 3.13: The performan
e of τ -id (only identi�
ation part) as measured on thefully simulated samples sele
ted by the tau20i trigger.
• Transverse missing energyThe re
onstru
tion of EMiss

T in fast simulation has re
ently been proved to mat
h thegaussian part of the distribution of fully simulated samples[57℄. However, the non-gaussian tails 
annot be well reprodu
ed, due to a huge 
ontribution from fake EMiss
Twhi
h is not simulated with the ATLFAST I. This leads to signi�
ant dis
repan
ies inthe estimation of sele
ted number of events from fast and full simulation samples, asthe EMiss

T 
ut is a 
ru
ial part of the presented event sele
tion.Figure 3.10 shows the dis
repan
y of EMiss
T between fast and full simulations. Nosele
tion is applied. Clearly, the dis
repan
y is high, for instan
e almost 10 timesmore events are expe
ted to have EMiss

T > 40 GeV in the full simulation sample thanin the ATLFAST I sample. Note, that only 1% of them have true EMiss
T from neutrinosor muons es
aping the a

eptan
e region. It would be therefore desireable to redu
ethe fake EMiss

T 
ontribution and bring the fast and full simulation distributions 
loserto ea
h other. The following topologies will be removed, as they are known for theirsigni�
ant 
ontribution to fake EMiss
T events:� remove events with either τ or a jet identi�ed in the 
alorimeter 
ra
k region(1.3 < |η| < 1.7);� remove events with the transverse dire
tion of EMiss

T 
lose to the dire
tion of τor jet, namely require, that |∆φ(EMiss
T , jet)| > 0.5 and |∆φ(EMiss

T , τ)| > 0.5.The e�e
t of those 
uts 
an be observed in �g 3.11. These plots show the ratio of
EMiss

T spe
tra from full and fast simulations for signal (left) and ba
kground (right).Input 
urves, together with a 
urve for ea
h 
ut separately and both 
uts appliedtogether are presented.Clearly, the aforementioned 
uts do redu
e the dis
repan
ies, and for the signalsample they bring the ratio to 1.0. Still, in the ba
kground sample the ratio remainsbetween 4 and 5 within the 40 GeV < EMiss
T < 60 GeV region. More dis
ussion ofthe fake EMiss

T redu
tion is presented in Appendix A.
• Sele
tion �owAll the sele
tion 
riteria listed before have been applied to the high statisti
s ATLFASTI QCD sample. Events with EMiss

T above 30 GeV threshold and no isolated ele
tronare presele
ted into the Tau stream. A re
onstru
ted τ 
andidate was required tohave transverse momentum between 20 and 60 GeV. Depending on the phard
T of the56



3.7. Tau streamgenerated event the e�
ien
y measured in full simulation samples was applied. Af-terwards, the fake EMiss
T removal pro
edure was used. The results of this sele
tion onthe fast simulated samples is shown in Table 3.14. It does not 
ontain any 
orre
tionfa
tor for the dis
repan
ies between the fast and the full simulation EMiss

T slopes.Events in 100 pb−1 All QCD 10-20 GeV 20-35 GeV 35-70 GeV > 70 GeVSimulation (�lter) 1.9e+12 1.8e+12 7.2e+10 9.6e+09 6.5e+08O�ine EMiss
T > 30 GeV 2.1e+08 5.6e+07 1.0e+08 4.4e+07 5.8e+06

⇒ Tau stream 2.1e+08 5.6e+07 1.0e+08 4.4e+07 5.8e+06Medium τ -id 1.1e+06 6.7e+04 6.5e+05 2.9e+05 2.4e+041-prong 1.6e+05 1.2e+04 1.0e+05 4.4e+04 3.3e+03Veto fake-EMiss
T topology 7.7e+05 3.4e+04 5.2e+05 2.1e+05 5.4e+031-prong 1.3e+05 9.6e+03 8.7e+04 3.1e+04 7.5e+02Table 3.14: Sele
tion �ow for QCD events from fast simulated sample. Numbers aregiven only for 
andidates in the signal region, i.e. with a tra
k multipli
ity equal toone, two or three. Corre
tion fa
tors are not in
luded.3.7.3 Final sele
tion 
uts and the redu
tion of QCD ba
kgroundAfter applying the sele
tion 
riteria from the previous Se
tion the expe
ted signal toba
kground ratio is around 2.5% (see Tables 3.10 and 3.14). A further suppression istherefore required. It is obtained by requiring a spe
i�
 event topology with at least oneadditional jet. The events with EMiss

T above 40 GeV are 
hara
terized by a W boson withhard re
oil and therefore a signi�
ant fra
tion of those events have an additional jet. Su
htopology does also make the fake EMiss
T removal more e�e
tive. These requirements andtheir impa
t on the number of sele
ted signal and ba
kground events are shown in Table3.15, where the last 
olumn presents the signal to ba
kground ratio after ea
h 
ut. No
orre
tion fa
tor is applied.As seen in Fig. 3.11 a 
orre
tion fa
tor on the QCD events is needed, due to dis
rep-an
ies in EMiss

T spe
tra between the full (more reliable) and the fast simulation. For the�nal numbers a fa
tor of 3 is assumed. It is estimated, assuming the 4 - 5 in
rease fa
-tor from the dis
repan
ies in EMiss
T spe
tra and a fa
tor 2 loss due to poor trigger-o�ine

EMiss
T 
orrelation. After a
knowledging this fa
tor the �nal results are shown in Table3.16. At the EMiss

T threshold of 50 GeV the signal to ba
kground ratio is expe
ted to be1:3 with 3240 signal events in the resulting sample. An in
rease of the threshold to 60 GeVof EMiss
T brings the signal to ba
kground ratio to 3:1, however it redu
es the number ofsele
ted signal events down to 1550.Expe
ted tra
k multipli
ity distributions after �nal sele
tion is shown in Fig. 3.12.The plots in top row are presented for the 50 GeV EMiss

T threshold, whereas the bottomrow shows plots with 60 GeV EMiss
T requirement. A 
orre
tion fa
tor of 3 was applied tothe QCD spe
tra and plots with 
orre
ted spe
tra are shown in the right 
olumn of Figure3.12.Further optimisation of this sele
tion will be performed using 
ontrol samples, with thenatural 
andidate of W → eν pro
ess events from the same trigger stream. The topology57



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torSele
tion W → τν QCD dijet RatioIdenti�ed τ + EMiss
T > 30 GeV 20250 1.0·106 0.02

EMiss
T > 40 GeV 10200 1.1·105 0.10Veto fake-EMiss

T topology 9200 7.0·104 0.15Require jet pT > 15 GeV 6770 3.0·104 0.2
EMiss

T > 50 GeV 4250 1.8·104 0.2Veto fake-EMiss
T topology 3620 6.1·103 0.6Require jet pT > 15 GeV 3240 3.2·103 1.0

EMiss
T > 60 GeV 2000 5.8·103 0.3Veto fake-EMiss

T topology 1580 4.0·102 3.9Require jet pT > 15 GeV 1550 1.7·102 9.1Table 3.15: Expe
ted number of signal and ba
kground events for an integrated luminosityof 100 pb−1. The QCD ba
kground was estimated 
ombining fast and full simulation (seeSe
tion 3.7.2), without applying the EMiss
T 
orre
tion fa
tor. The expe
ted number ofevents for tra
k multipli
ities from one to three, i.e. 
ontributing to the signal region only,are shown.Sele
tion W → τν W → eν W → µν QCD dijet tt̄, Z → ee, ττTrigger tau20i_EFxe30 8.8·104 6.1·105 3.2·104 5.0·108 6.4·104Identi�ed τ + EMiss

T > 30 GeV 20250 2600 200 3.0·106 1575
EMiss

T > 50 GeV 4250 530 90 5.0·104 550Veto fake-EMiss
T topology 3620 500 80 1.8·104 150Additional jet pT > 15 GeV 3240 450 60 9600 80In
rease to EMiss

T > 60 GeV 1550 150 25 500 30Table 3.16: Expe
ted number of signal and ba
kground events for an integrated luminosityof 100 pb−1. The QCD ba
kground was estimated 
ombining fast and full simulation, afa
tor 3 was applied to predi
tions from the fast simulation (
umulative 
orre
tions fortrigger and EMiss
T spe
trum, see Se
tion 3.7.2). The expe
ted number of events with thetra
k multipli
ity of the identi�ed τ in the range one to three (i.e. 
ontributing to thesignal region only) are given. The missing W → τν → eνν sample would add a small
ontribution to the W → eν ba
kground.of those events is similar to that of W → τν and it 
an be used to model the W -bosonre
oil dire
tly from data. The data-driven tuning of EMiss

T sele
tion is however needed instudies with 
ollision data, as the un
ertainties from the Monte Carlo modelling 
an behuge and di�
ult to estimate. It is aimed to 
ontrol the QCD ba
kground by events withtra
k multipli
ity above 3, as this region is almost signal- and non-QCD-free.After performing the o�ine sele
tion, whi
h for the signal pro
ess is well understood,we 
an estimate the trigger e�
ien
y relative to o�ine sele
tion at various stages. Wehave pro
essed the full sele
tion 
hain with and without trigger requirement, and Table3.17 shows the results with respe
t to o�ine sele
tion steps.58



3.8. Ele
tron streamE�
ien
y vs o�ine sele
tion tau20i tau20i_EFxe30 tau20i_xe30Re
o-τ with pT > 20 GeV 65% 43% 27%+ EMiss
T > 30 GeVMedium τ -id + veto ele/muo 79% 49% 30%

EMiss
T > 40 GeV 79% 62% 47%

EMiss
T > 50 GeV 81% 70% 61%Veto fake-EMiss

T topology 81% 71% 63%Additional jet with pT > 15 GeV 81% 71% 63%Table 3.17: Trigger e�
ien
y vs o�ine sele
tion for signal events.The τ -only tau20i trigger e�
ien
y after �nal sele
tion step is estimated to be 81%with the optimisation available at the time of this analysis. Additional requirement of
EMiss

T at EF level results in 10% loss of signal statisti
s. Adding the EMiss
T threshold atL1 indu
es another 8% loss of W → τν events.3.8 Ele
tron streamEvents presele
ted into the Ele
tron stream will provide a quite 
lean W → eν samplewith the topology similar to W → τν events being a

epted by the tau20i_EFxe30 triggermenu. With this sample we 
an study:

• W → eν ba
kground for W → τν ;
• systemati
s on the QCD initial state radiation and the W re
oil in W → τν .This 
hannel 
an also be used to measure the σ(pp → W ) × BR(W → eν). Togetherwith the measurement from Tau stream, it 
an be then used to extra
t the BR(W →

τν )/BR(W → eν). In measurement of this ratio several 
ontributions to systemati
un
ertainties will 
an
el out. Result of su
h measurement 
an be treated as the measure-ment of ele
troweak 
oupling of ele
tron and τ to 
harged 
urrent and a test of leptonuniversality.3.8.1 Non-QCD ba
kgroundSimilarly to the Tau stream analysis we will �rst try to dis
riminate against the non-QCD ba
kground. QCD ba
kground suppression will be des
ribed in the next Se
tion.The requirements for this sele
tion are listed below.
• The re
onstru
ted isolated ele
tron should have pT > 20 GeV.
• We reje
t the evens with additional ele
tron with pT > 10 GeV or with any muon,both at the distan
e of ∆R > 0.4 from the dire
tion of ele
tron. Loose identi�
ation(isEM) was used for ele
trons, 
ombined muon re
onstru
tion for muons.
• Fake EMiss

T removal pro
edure was applied.
• An in
rease in the EMiss

T threshold was required. 59
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tor
• Similarly to the Tau stream analysis, an additional 15 GeV jet was required to bepresent in the event.The sele
tion �ow for signal and non-QCD ba
kground events is presented in Tables 3.18and 3.19. As already explained, the W → τν → eνν was not in
luded but its 
ontributionis small. Events in 100 pb−1 W → τν W → eν

⇒ Ele
tron stream 400 321000Tight ele
tron pT > 20 GeV 90 300000Veto events with loose lepton 90 288000Veto fake-EMiss
T topology 70 268000

EMiss
T > 40 GeV 35 117000

EMiss
T > 50 GeV 10 32100Additional jet with pT > 15 GeV 10 27400Exa
tly 1 or 2 jets with pT > 15 GeV � 22620

EMiss
T > 60 GeV � 10900Additional jet with pT > 15 GeV � 10500Exa
tly 1 or 2 jets with pT > 15 GeV � 7960Table 3.18: Sele
tion �ow for W → τν and W → eν events. The numbers of eventsexpe
ted in 100 pb−1 after ea
h sele
tion step are given. The missing W → τν → eννsample would add a small 
ontribution to the W → eν signal.The resulting purity of the ele
tron sample is high. Plots in Figure 3.13 show the trans-verse momentum (left) and pseudorapidity (right) distributions for events presele
ted intoele
tron stream. The non-QCD 
ontributions are also shown. Tables 3.18 and 3.19 show,that these 
ontributions will be strongly suppressed in the 
ourse of the analysis. Dominantnon-QCD ba
kground 
omes from the tt̄ pro
ess and is suppressed by the requirement oflow jet multipli
ity (exa
tly 1 or 2 jets above 15 GeV). This 
ut is 80% e�
ient on thesignal and reje
ts almost all of the tt̄ events. This, however, may be a�e
ted by unknownsystemati
 un
ertainties from the MC generator and also due to expe
ted pile-up. A morepre
ise data-driven tuning will be required.3.8.2 QCD ba
kground for the ele
tron streamThe presele
tion of events into Ele
tron stream redu
es greatly the number of QCDevents. Statisti
al error on the number of a

epted QCD events is 100% with full simulationsamples, so, similarly to the Tau 
ase, a fast simulation sample was used for further studies.A strategy similar to that of Tau sample was also applied, as follows:

• The performan
e of the tight ele
tron identi�
ation is measured on the full simulatedQCD sample and then applied to the ATLFAST I sample. Numbers obtained fromthis step are shown in Table 3.20 and Fig. 3.14, where the 8 GeV 
olumn shouldbe thought of as the e�
ien
y of Ele
tron stream presele
tion, whereas the 17 GeV60



3.8. Ele
tron streamEvents in 100 pb−1 W → µν Z → ττ Z → ee tt̄

⇒ Ele
tron stream 180 920 590 7220Tight ele
tron pT > 20 GeV 60 470 560 4200Veto events with loose lepton � 340 150 2065Veto fake-EMiss
T topology � 150 30 950

EMiss
T > 40 GeV � 70 5 840

EMiss
T > 50 GeV � 20 � 700Additional jet with pT > 15 GeV � 20 � 700Exa
tly 1 or 2 jets with pT > 15 GeV � 20 � 45

EMiss
T > 60 GeV � 10 � 570Additional jet with pT > 15 GeV � 10 � 570Exa
tly 1 or 2 jets with pT > 15 GeV � 10 � 40Table 3.19: Sele
tion �ow for W → µν, Z → ττ , Z → ee and tt̄ events. The number ofevents expe
ted in 100 pb−1 after ea
h sele
tion step are given.
olumn determines the e�
ien
y of the further o�ine analysis. E�
ien
ies mea-sured in the last bin of phard

T are applied to all events from the fast simulation with
phard

T > 70 GeV.
• Reje
tion of additional medium ele
trons in the fast simulation sample is done ontruth level, additional fake ele
trons are not removed.
• Similarly to the Tau stream, a 
orre
tion fa
tor of 3 is applied to a

ount for dis-
repan
ies in EMiss

T spe
tra.Tight ele
tron True ele
tron Fake ele
tron Fake ele
trone�
ien
y pT > 8 GeV pT > 17 GeVSample 005009 10% 0.05% 0.005%Sample 005010 10% 0.1% 0.01%Sample 005011 25% 0.1% 0.01%Sample 005012 25% 0.2% 0.02%Table 3.20: The e�
ien
ies of the Tight ele
tron sele
tion used for estimating the 
ontri-bution from true isolated ele
trons and jets re
onstru
ted in the fast simulation. Thesefa
tors were applied to isolated ele
trons and jets from fast simulation.Final sele
tion �ow for the total QCD ba
kground is presented in Table 3.21.3.8.3 Final sele
tion on the ele
tron streamThe summary of the sele
tion �ow for signal an ba
kground samples in the ele
tronstream is summarized in Table 3.22.For the estimations on the QCD ba
kground a 
ombination of fast and full simulationsis applied. A 
orre
tion fa
tor of 3 is already a
knowledged in the Table. With transverse61



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torEvents in 100 pb−1 QCD QCD QCDall true ele fake eleSimulation (�lter) 1.9 · 1012O�ine EMiss
T > 30 GeV 2.1 · 108

⇒ Ele
tron stream (tight ele
tron) 6.0 · 104 4.6 · 104 1.4 · 104Tight ele
tron pT > 20 GeV 1.4 · 104 5.2 · 103 9.2 · 103Veto events with loose lepton 1.3 · 104 4.5 · 103 8.8 · 103Veto fake-EMiss
T topology 7.5 · 103 8.2 · 102 6.3 · 103

EMiss
T > 40 GeV 8.2 · 102 9.6 · 101 7.2 · 102

EMiss
T > 50 GeV 9.3 · 101 � 9.3 · 101Additional jet with pT > 15 GeV 6.0 · 101 � 6.0 · 101Exa
tly 1 or 2 jets with pT > 15 GeV � � �

EMiss
T > 60 GeV 1.8 · 101 � 1.8 · 101Additional jet with pT > 15 GeV 1.6 · 101 � 1.6 · 101Exa
tly 1 or 2 jets with pT > 15 GeV � � �Table 3.21: The sele
tion �ow for QCD ba
kground estimated from the fast simulation.E�e
ts from trigger and EMiss

T di�eren
es between fast and full simulation are not in
luded.The number of events expe
ted in 100 pb−1 after ea
h sele
tion step are given.missing energy at the level of 50 GeV already a signal to ba
kground ratio is estimatedto be 30 with 32100 W → eν signal events sele
ted. In
reasing the threshold to 60 GeVredu
es the number of signal events to 10900, with S:B ratio around 17. The dominantba
kground is the tt̄ pro
ess whi
h is redu
ed by the requirement of low jet multipli
ity,whi
h is however a subje
t to large un
ertainties from pileup and MC generators.Table 3.23 presents the e�
ien
ies of trigger measured versus the o�ine sele
ted sam-ples. The baseline trigger, tau20i_EFxe30 is expe
ted to be 92.8% e�
ient for this sele
-tion. Applying a L1 EMiss
T threshold would redu
e the e�
ien
y down by 4%. The pure τtrigger, tau20i is 95.7% e�
ient for the full o�ine sele
tion in the ele
tron stream.3.9 SummaryIn this Chapter we have dis
ussed the perspe
tives for the W → τν observation in�rst 100 pb−1 of ATLAS data with LHC operating at nominal energy of 14 TeV withinstantenous luminosity of 1031 − 1032cm−2s−1. The signature for the pro
ess under 
on-sideration is a hadroni
ally de
aying τ lepton and a large transverse missing energy. Adominant ba
kground pro
ess, the QCD dijet events, are di�
ult to suppressed, as their
ross-se
tion ex
eeds the signal 
ross-se
tion by six orders of magnitude. Other non-QCDpro
esses also 
ontribute as the ba
kground, with W → eν being the most abundant one.Limited statisti
s of the fully simulated QCD sample required to use fast dete
tor simu-lation, the ATLFAST I. Other samples were produ
ed with full simulation of the ATLASdete
tor.The event sele
tion based on these signatures in
luded the trigger of τ + EMiss

T , arequirement on the transverse momentum of the τ lepton to be between 20 and 60 GeV (assoft τ 's are expe
ted from W de
ay) and o�ine EMiss
T above 60 GeV. Events with other62



3.9. SummaryEvents in 100 pb−1 W → eν tt̄ QCD Other non QCDTrigger tau20i_EFxe30 6.1 · 105 19500 4.8 · 108 4.1 · 105Tight ele
tron pT > 20 GeV 3.1 · 105 4200 4.2 · 104 1230Veto events with loose lepton 3.0 · 105 2065 3.9 · 104 610Veto fake-EMiss
T topology 2.7 · 105 950 2.2 · 104 260

EMiss
T > 40 GeV 1.2 · 105 840 2460 110

EMiss
T > 50 GeV 32100 700 270 30Additional jet with pT > 15 GeV 27380 700 180 20Exa
tly 1 or 2 jets with pT > 15 GeV 22610 45 180 20In
rease to EMiss

T > 60 GeV 10900 570 50 10Additional jet with pT > 15 GeV 10500 570 35 20Exa
tly 1 or 2 jets with pT > 15 GeV 7965 40 35 20Table 3.22: Expe
ted number of signal and ba
kground events in the Ele
tron stream foran integrated luminosity of 100 pb−1. The QCD ba
kground was estimated from fastsimulation, with a s
aling fa
tor of 3 to a

ount for trigger a

eptan
e and the di�eren
ebetween full and fast EMiss
T simulations, as done for the Tau stream analysis. The missing

W → τν → eνν sample would add a small 
ontribution to the W → eν signal.E�
ien
y vs o�ine sele
tion tau20i tau20i_EFxe30 tau20i_xe30Tight ele
tron with pT > 20 GeV 97.0% 89.0% 72.7%+ EMiss
T > 30 GeVVeto ele/muo 96.1% 89.5% 73.1%

EMiss
T > 40 GeV 96.2% 90.0% 73.5%

EMiss
T > 50 GeV 95.8% 92.6% 83.5%Veto fake-EMiss

T topology 95.0% 92.2% 88.3%Additional jet with pT > 15 GeV 95.7% 92.8% 89.0%Table 3.23: Trigger e�
ien
y with respe
t to o�ine sele
tion for W → eν events.identi�ed leptons were reje
ted. We have also removed events with fake EMiss
T topology i.e.events with jets pointing to 
ra
k region in 
alorimeter and events with the EMiss

T alignedwith the dire
tion of jet. An additional requirement of an extra jest with pT > 15 GeV wasapplied. As a result, we got 1550 signal events a

ompanied by around 700 of events fromba
kground pro
esses. A 
hara
teristi
 shape of the tra
k multipli
ity spe
tra is expe
ted,with peaks at 1 and 3 tra
ks.The expe
ted observability potential is not as en
ouraging, as the Run II Tevatronresults [46℄. However, at the energies of the LHC the initial signal to ba
kground ratio isten times worse than at the Tevatron. Also the QCD a
tivity at LHC will be higher, so
alorimetri
 measurements are expe
ted to be more di�
ult.A similar sele
tion was applied to extra
t events from the W → eν pro
ess, ex
hangingthe requirement of an identi�ed τ lepton to a tight ele
tron. This will provide a good 
ontrolsample for the W → τν analysis and will help to obtain the ratio of bran
hing fra
tions of63



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torthe W boson to τ and e and a test of lepton universality.This analysis was 
ondu
ted with the assumption of LHC 
enter-of-mass energy √
s =

14 TeV. Later, a de
ision was made, that the 
ollision energy would be lower, √s = 10 TeV.Author has also taken part in the preparation for analysis with 10 TeV 
entre-of-massenergy, and its basi
 points will be des
ribed in Se
tion 3.10. The author has not takenpart in 2010 data-based W → τν observation at √s = 7 TeV, but the pro
edure exploitedthere is based on the analysis strategy des
ribed in this Chapter.3.10 W → τν observability with √
s = 10 TeVThe results presented in the previous Se
tions have been obtained with the assumptionof √s = 14 TeV of LHC 
ollision energy. After 
ompletion of this work an update wasmade with the assumption of √s = 10 TeV 
enter-of-mass energy. The author has takena
tive part in this analysis, whi
h is do
umented in [20℄.3.10.1 Main di�eren
es vs 14 TeV studiesThe list below presents main di�eren
es between the analyses performed with 10 TeVand 14 TeV 
enter-of-mass energy. Methodology of the work is the same, however somesele
tion 
uts di�er.

• The predi
ted 
ross-se
tion for signal produ
tion is lower and for √
s = 10 TeV itis 7.7 nb, in 
omparison to 17.3 nb for √

s = 14 TeV. Also the QCD dijet rate islower, 1.2 × 107 nb in 
omparison to 1.8 × 107 nb. This results in redu
ed triggerrates, so lower thresholds are 
onsidered. Final trigger 
on�guration for 10 TeVstudies of this 
hannel has been 
hoosen as tau16i_loose_EFxe25, whi
h meansthat looser identi�
ation 
riteria on τ lepton are applied (no a
tual 
hange of τtransverse momentum is applied, only a 
hange of trigger name was made) and the
EMiss

T threshold has 
hanged from 30 GeV to 25 GeV at Event Filter level. L1 andL2 thresholds remain un
hanged. Cross-se
tions for other ba
kground pro
esses arealso lower.
• Transverse missing energy requirement was loosened to EMiss

T > 40 GeV. This isdue to mu
h softer spe
trum of W → τν missing transverse energy in 
omparisonwith 14 TeV 
ase. The EMiss
T spe
trum does not 
hange for QCD events, so looseningof this 
ut makes the sele
tion more di�
ult.

• By the time of performing the analysis, the merging of τ re
onstru
tion algorithmswas performed [58℄. In this analysis the 
andidates re
onstru
ted by both, tra
k and
luster-seeded algorithms are 
onsidered.
• In order to prepare for early data analyses the τ identi�
ation 
uts have been 
hangedfrom neural network sele
tion to so-
alled Tight Safe Cuts. This identi�
ation pro-
edure is based only on dis
riminating variables 
onsidered safe, where no signi�
antdis
repan
ies between simulation and real data are expe
ted. Reje
tion power of thisdis
riminant is worse, but provides potentially lower systemati
 un
ertainty on thesele
tion e�
ien
y.64



3.10. W → τν observability with √
s = 10 TeV

• The veto of events with fake-EMiss
T topology has evolved. A 
ut of |∆φ(τ,EMiss

T )| > 2.5was applied. No presen
e or absen
e of additional jet was required, as the studieshave proven that it does not help in redu
ing the ba
kground. However, the event wasreje
ted, if any jet was re
onstru
ted within the uninstrumented hadroni
 
alorimeterregion, 1.3 < |η| < 1.7, as su
h events 
ould 
ase the presen
e of fake-EMiss
T .

• QCD dijet events were simulated using ATLFAST II ATLAS fast simulation pa
k-age, to provide su�
ient statisti
s for this analysis. Corre
tions, derived from the
omparison of the samples from fast and full simulations, are applied to s
ale theexpe
ted number of QCD events to more reliable level. The observed dis
repan
iesare signi�
ant in EMiss
T spe
tra, and, in addition, no trigger simulation is availablewith ATLFAST II at the time of writing.

• All other sele
tion 
uts have been applied, as in 14 TeV studies.3.10.2 Results of the sele
tionThe results of the sele
tion on various data samples (signal and ba
kgrounds) areshown in Tables 3.24 and 3.25, whi
h 
an also be found in [20℄.Cut W → τν W → τ(lep)ν W → eν W → µν tt̄Total events 769000 364008 1035285 1035285 37360Trigger 85304(313) 22576(122) 463939(235) 18678(63) 10943(13)
EMiss

T > 40 GeV 25861(179) 6618(68) 147299(165) 103334(47) 7477(11)
τ identi�
ation 5617(85) 1735(35) 74444(122) 1223(16) 1657(6)
τ lepton �ag 5341(82) 166(11) 2845(25) 1049(15) 450(3)Lepton veto 3914(71) 35(5) 384(9) 75(4) 98(2)Veto jet in 
ra
k region 3451(66) 29(5) 345(9) 67(4) 51(1)
∆φ(τ,EMiss

T ) > 2.5 2273(54) 22(4) 281(8) 52(3) 6(4)Table 3.24: Cut-�ow for signal, W and tt̄ events normalized to 100 pb−1 [20℄.Cut Z → ττ Z → ee Z → µµ QCD QCD (s
aled)Total events 112837 98381 98381 1.26 × 1012 1.26 × 1012Trigger 9211(31) 3262(8) 1546(6)
EMiss

T > 40 GeV 2231(16) 21(1) 280(2) 135(2) × 105 95(5) × 105

τ identi�
ation 534(8) 3.4(3) 35(1) 49(5) × 103 24(5) × 103

τ lepton �ag 378(7) 0.32(8) 28(1) 43(4) × 103 20(4) × 103Lepton veto 183(5) 0.04(3) 1.9(2) 20(3) × 103 10(3) × 103Veto jet in 
ra
k region 152(4) 0.04(3) 1.6(2) 96(10) × 102 34(5) × 102

∆φ(τ,EMiss
T ) > 2.5 82(3) 0.04(3) 1.1(2) 15(4) × 102 7(3) × 102Table 3.25: Cut-�ow for ba
kground Z and QCD events. The last 
olumn shows theexpe
ted number of events after fast simulation 
orre
tions (see text) [20℄. 65



Chapter 3. Studies on W → τν observability potential with ATLAS dete
torThe obtained signal to ba
kground ratio with this sele
tion pro
edure is expe
ted tobe S : B = 1.2 without fast simulation 
orre
tions and S : B = 2.0 after applying these
orre
tions. It has to be stated, that the expe
ted number of QCD events has a largeun
ertainty on Monte Carlo 
ross-se
tion. Final results are also presented in Fig. 3.15.3.10.3 SummaryThe extra
tion of signal events from enormous QCD ba
kground has proven to bemore di�
ult with 10 TeV 
enter-of-mass energy in LHC 
ollisions. However, a signal-to-ba
kground ratio above 1.0 is expe
ted. Nevertheless, with further lowering of LHC
ollision energy, a more robust pro
edure of sele
tion was needed. It has, in fa
t, beenfurther improved for √
s = 7 TeV sear
hes, allowing for �rst observation of W → τν atthis energy [18℄. The optimised analysis strategy is based on the pro
edure presented inearlier Se
tions of this Chapter, for 14 TeV and 10 TeV analyses, with the addition of 
utoptimisation, whi
h signi�
antly redu
e QCD ba
kground 
ontribution even further [18℄.
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3.10. W → τν observability with √
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Figure 3.5: The pseudorapidity distribution for signal and non-QCD ba
kground aftertau20i_EFxe30 trigger (top-left), presele
ting into Tau stream (top-right), after loose τ -id sele
tion (bottom-left) and after medium τ -id sele
tion and lepton removal in the restof the event (bottom-right). Loose τ -id in
ludes also sele
ting τ 
andidates with ET =
20 − 60 GeV. 67
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Figure 3.6: The transverse momenta distribution for signal and non-QCD ba
kgroundafter tau20i_EFxe30 trigger (top-left), presele
ting into Tau stream (top-right), after loose
τ -id sele
tion (bottom-left) and after medium τ -id sele
tion and lepton removal in therest of the event (bottom-right). Loose τ -id in
ludes also sele
ting τ 
andidates with
ET = 20 − 60 GeV.
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Figure 3.7: The missing transverse energy distribution for signal and non-QCD ba
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ting into Tau stream (top-right), after loose
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Figure 3.8: For events after loose τ identi�
ation, the unweighted Neural Network dis-
riminant (e�
NN ) for: single-prong 
andidates without π0 sub
lusters (Type=1, top-left)and with π0 sub
lusters (Type = 2, top-right), and for multi-prong 
andidates (Type=3,bottom). The sele
tion e�
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Figure 3.9: The signal and nonQCD ba
kground 
ontribution to di�erent types of τ
andidates of Type=1, 2, 3, after loose τ identi�
ation (left) and medium τ identi�
ation(right), shown for events triggered with the tau20i_EFxe30 trigger and further sele
ted forthe Tau stream, as des
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Figure 3.12: The tra
k multipli
ity spe
tra for signal and ba
kground events after the�nal sele
tion des
ribed in Table 3.16, for EMiss
T > 50 GeV (top) and EMiss

T > 60 GeV(bottom). On the left side, for the QCD ba
kground, estimates from fast simulation aretaken while on the right side results after res
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orre
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Figure 3.13: The transverse energy (left) and pseudorapidity (right) distributions for thetight ele
tron in events �agged for the Ele
tron stream.
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Chapter 4. SummaryTwo very fundamental analyses of Standard Model pro
esses have been presented inthis work, namely the measurement of W → eν 
ross-se
tion and feasibility study of
W → τν observation.

• The latter was prepared in early stage of do
toral studies' 
ourse and is based onsimulated events only. At that time, the LHC running 
onditions, beam energies et
.were not known, i.e. 14 TeV and 10 TeV 
enter-of-mass energies and 100 pb−1 ofintegrated luminosity was assumed.
• The former studies were performed with experimental data, based on 315 nb−1 
ol-le
ted in period between Mar
h and August 2010 at √

s = 7 TeV. The data-basedanalysis was a part of the measurement published by ATLAS Collaboration.4.1 W → eν 
ross-se
tion measurementA full analysis 
hain, leading to the measurement of the W -produ
tion 
ross-se
tiontimes W → eν bran
hing ratio, has been presented. This thesis presents results obtained byauthor himself, 
ompatible with ATLAS published results, both in terms of 
entral valuesand un
ertainty estimations. The author has taken a very a
tive part in preparation of thepubli
ation of ATLAS Collaboration results on W → eν 
ross-se
tion in [17℄ in O
tober2010. This was the �rst measurement of W produ
tion 
ross-se
tion at the LHC energies.The result agrees well with theoreti
al predi
tions, its pre
ision however does notprovide new 
onstraints on Parton Distribution Fun
tions 
urrently. The un
ertainty isalready dominated with systemati
s, however, a large de
rease of systemati
 error is ex-pe
ted already with the full 2010 dataset of 45 pb−1. This is due to employment offully-data-driven te
hniques for energy-s
ale determination (Z-boson mass spe
trum), lep-ton sele
tion and trigger e�
ien
y (Z → ee tag-and-probe methods) and better knowledgeof the amount of dead material within the dete
tor. An improvement in luminosity de-termination is also expe
ted. Large statisti
s will also allow for di�erential 
ross-se
tionestimation with respe
t to lepton transverse momentum and pseudorapidity.4.2 W → τν observation feasibilityThe analysis leading to signal extra
tion for W → τν pro
ess was performed with√
s = 14 TeV Monte Carlo simulated samples in preparation for LHC start-up. Very tight
uts were needed to be applied, espe
ially on the EMiss

T value, do dis
riminate againsthuge QCD di-jet ba
kground, mu
h more severe than in ele
tron-
hannel analysis, due tojet-like nature of signal events (hadroni
 τ de
ays). It has been estimated, that, after theproposed sele
tion, a 
lear ex
ess of signal events above the ba
kground will be visible. Theprepared sele
tion was a baseline for further studies, with 10 TeV, in whi
h the author hastaken a
tive part. Analysis strategies developed there led to the most re
ent data-basedstudies at 7 TeV and to the �rst observation of W → τν events, published as 
onferen
enote of ATLAS Collaboration [18℄.
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Appendix AFake EMiss
T studiesAs mentioned earlier in Chapter 3, a huge dis
repan
y is found between the fast andfull simulation samples in events with fake EMiss

T , namely the QCD dijets. We will try tostudy the roots of this dis
repan
y in more detail here.A presele
tion step requires EMiss
T to be above 40 GeV in ea
h event. This does redu
ethe available statisti
s greatly, as 
an be seen in Table A.1. Only 154 events remain afterPro
ess All QCD 8-17 GeV 17-35 GeV 35-70 GeV 70-140 GeVStatisti
s 154 90 3282 5762Events in 100 pb−1 1.63·108 1.17·108 3.23·107 1.14·107 3.05·106Fra
tion of total 71% 20% 7% 2%Table A.1: Content of the QCD samples with full simulation EMiss

T > 40 GeV.sele
tion in the lowest pT sample, whi
h in turn is the most dominant. Several potentialsour
es of the investigated dis
repan
ies are 
he
ked.The full and fast simulation samples 
ontain truth information from the Monte Carlogenerator, that allows us to 
ompare the fast and full simulation on an event-by-eventbasis. Most events 
ontain no true EMiss
T .One of the possible reasons of the EMiss

T dis
repan
y under investigation is the problemwith event generation, i.e. wrong hard s
atter parameters. This hypothesis is based on thefa
t, that it is not expe
ted to be likely, that events with phard
T < 17 GeV will have EMiss

T atthe level of 40 GeV or above. Figure A.1 shows the distributions of transverse momentumof most-energeti
 parton in all events (left 
olumn) and in events with EMiss
T > 40 GeV(right 
olumn). In the latter sample the parton has slightly higher transverse momentum,but it is still 
lose to the generated range. No obvious problem at generator level is thereforeobserved.The gaussian part of the EMiss

T event 
ontribution is expe
ted to be well re
onstru
tedby ATLFAST I. This has been 
he
ked and 
on�rmed, see Fig. A.2. The dis
repan
y istherefore a result of fake EMiss
T 
ontribution from fully simulated samples.The mis-re
onstru
ted muons were 
he
ked not to 
ontribute signi�
antly to the ob-served dis
repan
y.As already shown in Se
tion 3.7.2 and in Figure 3.11, removing events with jets pointingto the 
alorimeter 
ra
k region, 1.3 < |η| < 1.7, does redu
e the rate of fake EMiss

T events,85
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Figure A.1: pT of the most energeti
 parton, in all events and in events with
EMiss

T > 40 GeV, for all QCD samples. Histograms are normalised to unit area.as well as vetoing events with EMiss
T pointing in the same dire
tion as re
onstru
ted jet.There is another 
orrelation - average jet multipli
ity is higher in events with fake EMiss

T .However, as 
an be seen in Table A.2, this is not very dis
riminating 
ut after two previous
uts for fake EMiss
T removal.Another possible way of suppressing more fake EMiss

T events is based on using tra
ksto 
on�rm 
alorimeter 
lusters re
onstru
ted as jets. This method is only appli
able inthe region of tra
king a

eptan
e, |η| < 2.5. We were looking for tra
ks in ea
h jet, with
χ2/NDF < 3 and pT > 500 MeV within ∆R < 0.4 from the 
entre of jet. Tra
k withhighest (leading) pT asso
iated with jet de�nes jet 
harge. It turns out, that there is aparti
ular set of jets with no asso
iated tra
k. They do generate fake EMiss

T , as 
an beseen in �g A.3.This plot, similar to Fig. 3.11, in
ludes the removal of no-tra
k jets from the sample.This 
orre
tion, 
ombined with the other two ways of vetoing events with fake EMiss
Tredu
es the ratio down to about 2 at 40 GeV of EMiss

T . The ratio seems to be stableabove that value. As shown in Table A.3, it has hardly any impa
t on the signal pro
essand reje
ts 34% of J0 sample and some number of other dijets thus improving the signalto ba
kground ratio.These no-tra
k-jet events, that were reje
ted, were further studied in more detail inorder to determine their origin. Their (fake) EMiss
T from full simulation is harder than theone of other jets, while their EMiss

T spe
trum from ATLFAST I is softer, 
loser to true valueof 0. This is shown in �g A.4.86
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Figure A.2: Di�eren
e between Atlfast EMiss
T and truth EMiss

T x and y 
omponents inevents with EMiss
T > 40 GeV, for all QCD samples.
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Figure A.3: The ratio of the integrated 
ross-se
tion as a fun
tion of the EMiss
T threshold,from the full and fast simulation of the dete
tor, for signal events (left) and for QCDba
kground (right). The ratio is shown for the in
lusive 
ross-se
tion, after ex
ludingevents with jets in the 
ra
k region or with EMiss

T parallel to the jet dire
tion, and afterremoving events with a leading jet not asso
iated to any tra
k (see text). 87
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W → τν 8-17 GeV 17-35 GeV 35-70 GeV 70-140 GeVjet pT > 15 GeVMultipli
ity 2.5 5.4 4.9 3.6 4.4Multipli
ity after fake
EMiss

T removal 2.1 2.9 2.8 2.3 3.9jet pT > 20 GeVMultipli
ity 1.8 4.0 3.4 2.7 3.6Multipli
ity after fake
EMiss

T removal 1.5 1.9 2.0 1.8 3.2Table A.2: Jet multipli
ity in the W → τν events and QCD samples with full simulation
EMiss

T > 40 GeV, for jets with pT > 15 GeV and pT > 20 GeV. Multipli
ities are alsogiven after applying the fake EMiss
T 
uts (see text).Statisti
s W → τν 8-17 GeV 17-35 GeV 35-70 GeV 70-140 GeV

EMiss
T > 40 GeV 7957 154 90 3282 5762Fake/
ra
k removal 5769 (72%) 85 (55%) 45 (50%) 1804 (55%) 1023 (18%)No 0-
harge lead jet 5749 (99.7%) 56 (66%) 36 (80%) 1735 (96%) 1014 (99%)Table A.3: Impa
t of fake EMiss

T removal 
uts in the W → τν events and QCD sampleswith full simulation EMiss
T > 40 GeV. Relative e�
ien
ies are given in parenthesis.
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Figure A.4: EMiss
T full (left) and fast simulation (right) spe
tra for J0 events with fullsimulation EMiss

T > 40 GeV. Bla
k: all events; red: after ex
luding events with jets in the
ra
k region or with |∆φ(EMiss
T , jet)| < 0.5; green: after also removing events with theleading jet not asso
iated to any tra
k (see text); blue: only events with no tra
k asso
iatedto the leading jet.The jet multipli
ity from those events (with jet pT > 15 GeV) is low and 
lose to 1,whereas for a typi
al QCD event with fake EMiss

T above 40 GeV the jet multipli
ity is 
loseto 5, or 3 after the �rst two 
uts for fake EMiss
T removal. This is shown on the left plot in88
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Figure A.5: Jet multipli
ity for jets with pT > 15 GeV (left) and normalised jet pT spe
tra(right) for J0 events with full simulation EMiss
T > 40 GeV. Bla
k: all events; red: afterex
luding events with jets in the 
ra
k region or with |∆φ(EMiss

T , jet)| < 0.5; green: afteralso removing events with the leading jet not asso
iated to any tra
k (see text); blue: onlyevents with no tra
k asso
iated to the leading jet.Figure A.5. The transverse momentum of the leading parton in the no-tra
k jets is lower(around 16 GeV) than the average leading parton pT in the events with EMiss
T > 40 GeV(around 23 GeV). The pT spe
trum of jets in su
h events is relatively hard, as be seen inFig. A.5 (right). No obvious hot region of the 
alorimeter is observed, so this is not thereason for the dis
repan
y.After a separate look at ea
h EMiss

T 
omponent, already a EMiss
T of 30 GeV 
an beobserved, 
ounting only the 
ells with |E| > 2σ (noise), before any 
alibration. Thedire
tion of the EMiss

T is mostly ba
k-to-ba
k with the dire
tion of the leading jet (usuallythe only one in the event as said before). This jet does not mat
h any true or ATLFAST Ijet, as no su
h obje
ts with pT > 15 GeV are usually present.
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Appendix BUnfolding of 
osmi
 muonmomentum spe
trumThe performan
e of the Inner Dete
tor was 
ru
ial for all analyses presented in thisthesis. Prior to the start of 
ollisions in LHC, the only possible sour
e to study a realdete
tor performan
e was to exploit the existen
e of 
osmi
 rays penetrating the ATLASexperimental setup. In addition, unfolding te
hniques applied here are 
ommonly used inmodern data analyses and are important to be understood, as they may provide resultsindependent of dete
tor 
onditions and easily 
omparable with other experiments.This part of author's work was 
ondu
ted in 2009, before the winter re-start of theLHC. The analysis was prepared with 
osmi
 data 
olle
ted in Summer of 2009 with fullInner Dete
tor turned on. The aim was to perform �rst measurement of 
osmi
 muon
harge ratio between 400 GeV and 1 TeV of transverse momentum region, signi�
antly
ontributing to world's average. However, it turned out, that both the systemati
 andstatisti
al un
ertainties, whi
h 
ould be rea
hed, are larger than the previously publishedmeasurements, so this measurement was never published.Author's work in that analysis was limited to obtaining dete
tor-unfolded muon pTspe
trum. The resulting 
orre
tions, needed to be applied to the spe
trum dire
tly mea-sured were however small, and well below the sensitivity of this analysis, due to hugeun
ertainties from other sour
es, mostly from dete
tor misalignment in�uen
e on momen-tum measurement. Also, the available data statisti
s did not allow for a measurementpre
ise enough to provide a 
ontribution to previous results from other experiments.This Se
tion outlines the method and results of measuring the 
osmi
 muon 
hargespe
trum and des
ribes the method of estimating dete
tor in�uen
e with unfolding. Thisse
ond point represents author's own work.B.1 Introdu
tion to 
harge-ratio analysisThe analysis of 
osmi
 muon 
harge-ratio has been do
umented in [62℄. This Se
tionoutlines its main aspe
ts.Motivation and general remarks The measurement of 
osmi
 ray-indu
ed muon
harge ratio (of the number of positive to negative muons) at the earth surfa
e was al-ready performed by several experiments, in
luding L3-Cosmi
s [60℄ (below 400 GeV) and91
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trum
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Figure B.1: World results of muon 
harge ratio spe
trum measurement at the surfa
e ofthe earth[14℄MINOS[61℄ (above 1 TeV). The 
ombined results are shown in Fig. B.1. Quite surprisingis the fa
t, that there is a gap in measurements between 400 GeV and 1 TeV. In this regionthe 
harge ratio is expe
ted to 
hange from around 1.3 to 1.4. In this parti
ular area itis expe
ted, that the ATLAS dete
tor 
ould provide a 
ompetitive measurement. This isbe
ause of its large size and high pre
ision of measurement.The muons arriving at the underground ATLAS 
avern originate from the upper layersof atmosphere, where the primary 
osmi
 ray parti
les (mostly protons) intera
t withatmosphere nu
lei and produ
e a 
as
ade of parti
les. The muons are produ
ed in thede
ays of se
ondary parti
les - K and π mesons:
K+/π+ → µ+νµ, µ+ → e+νeν̄µ, (B.1)
K−/π− → µ−ν̄µ, µ− → e−ν̄eνµ. (B.2)The measured muon 
harge ratio is dire
tly related to the meson ratio, whi
h in turn issensitive to the primary 
osmi
 rays 
omposition and the intera
tion model of parti
les inthe atmosphere. For instan
e, the fra
tion of positive kaons may be di�erent than that ofpions, as the K+(s̄u) meson is produ
ed together with Λ(sdu), whereas the K−(sū) is not.Besides, there is also a dire
t 
oupling of muon and neutrino �uxes, so this may be animportant 
ontribution to the atmospheri
 neutrino measurements.The muon 
harge ratio measured with the ATLAS dete
tor (100m underground) may92



B.1. Introdu
tion to 
harge-ratio analysisin prin
iple di�er from the a
tual 
harge ratio at the surfa
e, due to a number of e�e
ts,whi
h in
lude:
• Mis-measurement of tra
k parameters (pT , θ, φ, d0, z0) whi
h happens be
ause ofmisalignments or in
orre
t magneti
 �eld estimations. It may a�e
t 
harge ratiomeasurement by biasing the 
urvature 1/pT or azimuthal angle θ results.
• Charge-dependent dete
tor performan
e and a

eptan
e - the in
ident muons takedi�erent traje
tories, depending on their 
harge and momentum. The dete
tor re-gions traversed by di�erently 
harged muons may have di�erent momentum resolu-tions and also di�erent e�
ien
ies.
• Energy losses - a typi
al 
osmi
 muon losses approximately 30 GeV while passingthrough the 100 m of ro
k above ATLAS. Still, if a muon passes through one of theservi
e shafts, its energy losses are negligible (several MeV). Therefore - number ofmuons varies at di�erent dete
tor areas and so does their momentum.The possible biases are measured and 
orre
ted for in the 
ourse of this analysis. Thesteps listed below are also a general outline of this work.1. The only part of ATLAS used to re
onstru
t tra
ks for this analysis is the InnerDete
tor. The re
onstru
ted tra
ks are divided into two disjoint 
ategories: pixel andnon-pixel tra
ks. The biasing e�e
ts have been separately measured and 
orre
tedfor in ea
h 
ategory separately.2. A �du
ial region of the dete
tor with the same a

eptan
e for positive and negativetra
ks is 
reated.3. The trigger and tra
king e�
ien
ies, together with tra
k parameter resolution andbias are measured versus momentum and 
harge.4. An apparent 
harge ratio versus measured momentum at the perigee point needs tobe 
orre
ted for any systemati
 e�e
t found in the above. For ea
h 
orre
tion weestimate the systemati
 un
ertainty.5. The resulting 
harge ratio spe
trum is then 
orre
ted for any bin migration e�e
ts
aused by �nite dete
tor resolution. After those 
orre
tion we obtain a spe
trumversus the a
tual momentum (see Se
tion B.2).6. The spe
trum is obtained with respe
t to a
tual momentum in the middle of ATLAS,100 m underground. It is needed to 
orre
t the spe
trum for the energy losses in theregion above ATLAS.A

eptan
e Due to non-uniform distribution of material above the dete
tor and thepresen
e of toroidal magneti
 �eld, the overall a

eptan
e di�ers for positive and negativemuons. Therefore, a �du
ial region of dete
tor was de�ned, with 
harge-independent a
-
eptan
e. A measured tra
k of a 
ertain 
harge is extrapolated up to the top of ATLASdete
tor, its 
harge is �ipped and the tra
k is then extrapolated ba
k to the perigee. If itstill passes basi
 sele
tion 
riteria, the primary tra
k is a

epted for further analysis. 93



Appendix B. Unfolding of 
osmi
 muon momentum spe
trumTrigger and tra
king performan
e In this analysis, a TRT-based trigger was used. Itsperforman
e was measured with referen
e trigger based on RPC's of ATLAS Muon System.No trigger bias on 
harge ratio estimation was found, and a 
onservative systemati
s of1% is assigned.Tra
king performan
e has also been found to be 
harge-independent. Both the patternre
ognition pro
edure and appli
ation of sele
tion 
uts have proven to be 
onsistent withno 
harge bias. Again, a 1% systemati
 un
ertainty is assigned here.Charge mis-measurement, parameter resolutions and bias The per
entage oftra
ks with wrongly re
onstru
ted 
harge was estimated with so-
alled half-tra
k method.A muon tra
k is 
ut into two parts, with hits above (y > 0) and below (y < 0) dete
tor
enter. Ea
h half is then re-�tted, and fra
tions of same-sign and opposite-sign events are
al
ulated. This is done in bins of transverse momentum, estimating a 
orre
tion fa
torfor ea
h bin, whi
h would be later applied to the spe
trum of 
harge ratio. It has beenfound, that for non-pixel tra
ks the deviation of 
orre
tion fa
tor from 1.0 is well belowstatisti
al error of measurement in ea
h bin. For pixel tra
ks the opposite-sign fra
tionwas found to be 0.0, so no 
orre
tion fa
tor was applied.Resolution and bias on tra
k parameters were also measured with half-tra
ks, by 
om-paring di�eren
es between parameters in bins of transverse momentum. In ea
h bin therewas a histogram 
reated for ea
h parameter, and di�eren
es between upper and lowerhalf-tra
ks were histogrammed. A gaussian 
urve was then �tted, obtaining bias (as meanvalue) and resolution (as gaussian σ). The most signi�
ant result from these studies shows,that there is an apparent 
harge-dependent bias on 
urvature measurement, due to InnerDete
tor misalignments.The impa
t on 
harge ratio transverse momentum spe
trum was estimated by generat-ing a Monte Carlo sample of 
osmi
 muon tra
ks. The 
harge ratio was rising monotoni
allyfrom 1.24 at pT = 10 GeV up to 1.4 at 2 TeV. The momentum spe
trum was generatedwith PDG formula [14℄. In�uen
e of parameter resolutions and biases was assessed bysmearing the generated tra
k parameters with random gaussian resolution term and �xedbias term. Small e�e
ts are observed up to pT of 75 GeV, whereas at higher momentathese e�e
ts be
ome more signi�
ant rea
hing 3% at 300 GeV, 6% at 600 GeV and above20% above 1 TeV. These e�e
ts are well above 
orre
tion fa
tors obtained with unfoldingpro
edure des
ribed in next Se
tion.B.2 Transverse momentum unfoldingThe spe
trum of transverse momentum of 
osmi
 muons measured in the ATLASdete
tor is strongly a�e
ted by systemati
 e�e
ts, namely the �nite dete
tor resolution, biason measured parameters and overall momentum s
ale. We have to 
orre
t the measuredspe
trum for those e�e
ts in order to obtain the spe
trum versus a
tual momentum ofin
oming muons, to be able to 
ompare our results with other experiments and providedete
tor-independent result.We therefore need to assess the possible in�uen
e of the dete
tor resolution on themeasured spe
trum. The pro
edure involves using the Monte Carlo simulated samples,resolutions measured with the real data and unfolding te
hniques. The following steps aretaken to estimate the possible biases and obtain 
orre
tion fa
tors:
• start with the true pT distribution - let us 
all it ptruth

T ;94



B.2. Transverse momentum unfolding
• apply gaussian smearing based on measured resolution fun
tions to ptruth

T to deter-mine full dete
tor in�uen
e - psm,data
T .;

• at ea
h level one 
an �ll the Resolution Matrix, whi
h is an estimate of dete
tore�e
ts, but also provides a dire
t input to unfolding algorithms;
• train the unfolding algorithms with ptruth

T (as the "truth" input) and 
onsequentlywith psm,data
T . Resolution Matri
es will be obtained this way, they will be then appliedto unfolding of the proper spe
tra;

• apply the unfolding to the pT spe
trum obtained with Monte Carlo based re
on-stru
ted variables, as a 
ross-
he
k;
• apply the unfolding to the pT spe
trum re
onstru
ted from real data.Curvature resolution was measured with half-tra
k method, des
ribed in earlier Se
-tions. Using the error propagation formula we 
an easily obtain the fun
tional formof σpT

vs pT whi
h will then be used for smearing. The resolution fun
tion be
omes:
σpT

(pT ) = σ∞pT

√

p2
T + p2

X , where σ∞ and pX are free parameters and are obtained from�ts to data.Resolution smearing The ptruth
T Monte Carlo spe
tra may, in prin
iple, be far fromthe real true spe
tra. But the point of our interest in this 
ase is the in�uen
e of dete
tore�e
ts on them and the possible bias on the positive to negative muon ratio. These e�e
ts
an be seen in Figure B.2, where the ratios of smeared to truth pT are shown for pixel(left) and non-pixel(right) tra
ks, separately for ea
h 
harge sign.
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ksFigure B.2: Ratios of smeared to true pT spe
traAs 
an be seen from Fig. B.2 the dis
repan
ies between smeared and true spe
tra arelarger for tra
ks without pixel hits below 400 GeV. Pixel tra
ks show mu
h smaller 
hargedependen
e (mu
h less than 1%), however it is still noti
eable. The dis
repan
y seen in0.4 - 1 TeV bin is probably the result of low statisti
s.Resolution matri
es Using the Monte Carlo events we 
an now �ll the resolution ma-tri
es. They may be thought of as 2-dimensional histograms of ptruth
T vs psmeared

T . Filling95



Appendix B. Unfolding of 
osmi
 muon momentum spe
trumof these matri
es a

ording to the pro
edure des
ribed above 
an be 
onsidered as thetraining of an unfolding algorithm, that will then be applied to the measured spe
tra.The resolution matri
es obtained are shown in Fig. B.3.
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(d) Data µ− non-pixelFigure B.3: Resolution matri
esAs it 
an be seen, the resolution matri
es are 
lose to diagonal, but some migratione�e
ts are present, however they a�e
t only the neighbouring bins.Unfolding The data analysis te
hnique 
alled unfolding has been des
ribed in [63℄, [64℄.In this analysis we use the RooUnfold pa
kage (see [65℄). It provides several algorithmi
approa
hes to the problem, out of whi
h we have 
hosen the Bin-by-Bin unfolding as abaseline (the most simple and least robust method) and Bayesian unfolding as a moresophisti
ated te
hnique.The following Figure (Fig. B.4) shows the result of unfolding together with the mea-sured pT spe
tra.Clearly, the e�e
t is small. For a more detailed study next plots (Fig. B.5) showthe ratio of unfolded pT to measured pT , separately for ea
h te
hnique. It seems that theBayesian unfolding method yields more stable results with smaller errors, so, despite thesimpli
ity of bin-by-bin te
hnique we 
hose to use the Bayesian results, as the un
ertaintyin ea
h bin does not ex
eed 1%.We 
an 
onsider the ratios shown in Fig. B.5 as 
orre
tion fa
tors that should beapplied to ea
h bin to obtain unfolded pT spe
trum. However we are interested not in theseparate spe
tra for ea
h 
harge sign, but in the 
harge ratio spe
trum. Therefore, the next96



B.2. Transverse momentum unfolding
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B.3. Final remarksplots (Fig. B.6) show the "ratio of ratios" (unfolded 
harge ratio divided by the measured
harge ratio), from whi
h we 
an try to extra
t 
orre
tion fa
tors for the �nal 
harge ratiospe
trum. As expe
ted, the 
orre
tion fa
tors for pixel tra
ks are mu
h 
loser to 1.0 - mu
h
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ksFigure B.6: Ratio of transverse momenta ratios - results of Bayesian unfolding from Fig.B.5 for positive and negative muons divided by ea
h other.less migration o

urs (i.e. the pT is mu
h better measured) than for non-pixel tra
ks. Theun
ertainty related to statisti
al �u
tuations is well below 1% level.The expe
ted 
orre
tion fa
tors from unfolding and 
orre
ting for dete
tor e�e
ts turnout to be 
lose to 1.0. Any deviations from this value are anyway suppressed by un
ertainty
aused by dete
tor mis-alginments mentioned before, and therefore these 
orre
tions arenot applied in further steps.Systemati
 un
ertainty The �rst option under 
onsideration would be to take the sta-tisti
al un
ertainty of ea
h 
orre
tion fa
tor as a systemati
 un
ertainty of the method. Thestatisti
al un
ertainty of ea
h fa
tor is the a
tual limit down to whi
h we 
an understandthe e�e
t. In this 
ase it is below 1%.Another 
ontribution may be the result of possible method bias. To determine if itmay be signi�
ant, a toy test was performed.The Monte Carlo samples, that were used to train the method, was divided into twoequal parts. One part was used for training, whereas the events from the other part wereused to mimi
 the measured data. Unfolding of su
h sample should result in a distributionvery 
lose to the true distribution used in training. Any di�eren
es found here may be apotential sour
e of systemati
s of the method. This e�e
t is estimated to be below 0.5%.B.3 Final remarksIn the �nal step of this analysis, the ratios of pixel and non-pixel tra
ks are 
ombined.Systemati
 un
ertainties are added as un
orrelated. The resulting 
harge ratio with respe
tto muon momentum, measured in the 
enter of ATLAS is presented in Fig. B.7. This resultis dominated by statisti
al un
ertainty. It was expe
ted to de
rease very signi�
antly afteradding data from Fall 2009 to this analysis. Most systemati
 un
ertainty 
ontributions arealso expe
ted to shrink with larger statisti
s available. However, the dominant 
ontributionfrom dete
tor misalignment, that strongly a�e
ts this measurement at large momenta is99
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 muon momentum spe
trum

Figure B.7: Final 
osmi
 muons 
harge ratio spe
trum with respe
t to muon momentum(from [62℄)limited by alignment systemati
s biasing the 
urvature measurement. This was expe
tedto improve, after new alignment 
onstants be
ome available. Currently, a result with twotimes larger un
ertainty than available from L3 Collaboration, was obtained.The ATLAS Collaboration however has never published results of presented measure-ment with Fall 2009 
osmi
 data, neither with new alignment 
onstants. In November 2009the 
ollision data be
ame available and there was no manpower to 
ondu
t this analysisany further, as there was mu
h work to be done with dete
tor 
ommisioning and earlyphysi
s analyses. The methods for improving the 
osmi
 muon 
harge ratio measurementare however in pla
e, ready to be applied when needed. The unfolding te
hnique may bealso used to obtain the 
harge ratio spe
trum with respe
t to muon momentum at sealevel, dire
tly 
omparable with earlier measurements.
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Appendix CDetails on ele
tron identi�
ationThe identi�
ation of ele
tron 
andidates, mentioned already in Se
tion 2.3, is basedon 
uts, applied to a number of variables, known for their good dis
rimination poweragainst possible sour
es of fake ele
trons, resulting from QCD jets. The set of variablesis presented in Table C.1. The detailed 
uts are optimised and tabulated versus dete
torregion in pseudorapidity and versus ele
tron transverse momentum. They are not presentedhere.
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Appendix C. Details on ele
tron identi�
ation

Type Des
riptionLoose 
utsDete
tor a

eptan
e |η| < 2.47 with the ex
eption of transition region(1.37 < |η| < 1.52).Hadroni
 leakage Ratio of transverse energy in the �rst layer of hadroni

alorimeter to the transverse energy of the ele
tromagneti

luster (in |η| < 0.8 or |η| > 1.37) or ratio of transverse en-ergy in hadroni
 
alorimeter to the energy of ele
tromagneti

luster (in |η| > 0.8 and |η| < 1.37).Se
ond layer of EMCalorimeter Lateral width of the shower, ratio of energies of 
ell-sets (in
η × φ) 3 × 7 to 7 × 7.Medium 
utsStrip layer of EMCalorimeter Lateral shower width in strips, Ratio of energy di�eren
ebetween �rst and se
ond maximum deposit over the sum ofthese energies.Tra
k quality 
riteria At least one pixel hit, At least 7 hits in sili
on dete
tors(Pixels and SCT), Transverse impa
t parameter d0 < 5 mm.Tra
k - 
luster mat
hing ∆η between tra
k extrapolated to the strip layer and ele
-tromagneti
 
luster.Tight 
utsB - layer hit At least one hit in B-layer (if the 
andidate tra
k does not
ross a dead B-layer module).Tra
k - 
luster mat
hing ∆φ between tra
k and 
luster in the se
ond layer of EMCalorimeter, Ratio of 
luster energy to tra
k momentum.Transition RadiationTra
ker Total number of hits in the TRT, Ratio of the number ofhigh-threshold TRT hits to the total number of TRT hits(within TRT a

eptan
e of |η| < 2.0).Table C.1: Variables used in 
ut-based ele
tron identi�
ation [34℄.
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