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ZusammenfassungDiese Diplomarbeit ist eine Mahbarkeitsstudie zur Suhe nah neuen geladenen Eihboso-nen, basierend auf einem von Altarelli vorgeshlagenen Modell, mit dem CMS Detektoram LHC.Dieses Modell beshreibt ein shweres Analogon zum Standard ModellW mit identishenKopplungen, unterdrükter Kopplung an W und Z und unter anderem den Zerfall in eingeladenes Lepton und ein leihtes Neutrino. Dieses Teilhen, generish als W ′ bezeihnet,wird im KanalW ′ → µν mit Hilfe der vollständigen Detektorsimulation unter Einbeziehungvon sih überlagernden Ereignissen (pile-up) entsprehend der Anfangsluminosität des LHCuntersuht. Alle Standard-Modell-Untergründe werden berüksihtigt.Ein solhes shweres geladenes Boson kann mit einer integrierten Luminosität von einemJahr LHC (10 fb−1) mit dem CMS Detektor in einem Massenbereih von 0.1�4.6 TeV ge-funden werden. Mit einer integrierten Luminosität von 300 fb−1 kann dieser Bereih bisauf 6.1 TeV ausgeweitet werden. Sollten keine Signale gefunden werden, so kann mit einem95%-igen Vertrauensniveau ein W ′ mit einer Masse kleiner als 4.7 TeV bzw. 6.2 TeV aus-geshlossen werden.
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AbstratIn this thesis a feasibility study of the searh for a new heavy harged gauge boson a-ording to the Referene Model by Altarelli with the CMS detetor at the LHC is presented.The model assumes the existene of a heavy arbon opy of the Standard Model W withidential ouplings, a suppressed oupling to W and Z bosons, and, among others, the de-ay into a harged lepton and a light neutrino. These partiles, generially denoted as W ′,have been investigated in the deay hannel W ′ → µν using the full detetor simulationand inluding minimum bias events (pile-up) aording to the low luminosity phase of theLHC. All Standard Model bakgrounds have been onsidered.The disovery mass range for suh new bosons is determined to be 0.1�4.6 TeV for anintegrated luminosity of one year LHC operation (10 fb−1). The range an be expanded to6.1 TeV with an integrated luminosity of 300 fb−1. If no signs appear 95% CL exlusionlimits of 4.7 TeV and 6.2 TeV an be set respetively.

iii





Contents
Zusammenfassung iAbstrat iii1 Introdution 12 The Standard Model 52.1 Loal Symmetries and Gauge Invariane . . . . . . . . . . . . . . . . . . . . 62.2 Quantum Chromodynamis . . . . . . . . . . . . . . . . . . . . . . . . . . . 82.3 The GSW-Model of Eletroweak Interations . . . . . . . . . . . . . . . . . 102.4 The Higgs-Mehanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133 Beyond the Standard Model 153.1 Left-Right-Symmetri Models . . . . . . . . . . . . . . . . . . . . . . . . . . 163.1.1 Tehnial Realisation . . . . . . . . . . . . . . . . . . . . . . . . . . . 173.1.2 Spontaneous Parity Breaking . . . . . . . . . . . . . . . . . . . . . . 193.1.3 Experimental onsequenes and the W ′ . . . . . . . . . . . . . . . . 203.2 Other Models with Additional Bosons . . . . . . . . . . . . . . . . . . . . . 213.3 The W ′ Referene Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223.4 Previous Searhes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243.4.1 Diret Searhes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 243.4.2 Indiret Searhes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 254 The CMS Detetor at the LHC 274.1 The Large Hadron Collider . . . . . . . . . . . . . . . . . . . . . . . . . . . 284.1.1 Physis at proton-proton olliders . . . . . . . . . . . . . . . . . . . . 284.1.2 The LHC design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 294.2 The CMS Detetor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324.2.1 The Silion Pixel Detetor . . . . . . . . . . . . . . . . . . . . . . . . 344.2.2 The Silion Strip Traker . . . . . . . . . . . . . . . . . . . . . . . . 354.2.3 The Eletromagneti Calorimeter . . . . . . . . . . . . . . . . . . . . 364.2.4 The Hadroni Calorimeter . . . . . . . . . . . . . . . . . . . . . . . . 384.2.5 The Superonduting Solenoid . . . . . . . . . . . . . . . . . . . . . 394.2.6 The Muon System . . . . . . . . . . . . . . . . . . . . . . . . . . . . 404.2.7 The CMS Trigger and Data Aquisition . . . . . . . . . . . . . . . . 454.2.8 Luminosity Monitoring . . . . . . . . . . . . . . . . . . . . . . . . . . 46

v



CONTENTS5 Simulation and Reonstrution 495.1 The CMS Simulation Chain . . . . . . . . . . . . . . . . . . . . . . . . . . . 495.2 CMS and the Grid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 536 The W
′ at Generator Level 556.1 W ′ Prodution Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 556.1.1 W ′ Mass Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . 566.1.2 W ′ Momentum and Energy Distribution . . . . . . . . . . . . . . . . 566.1.3 W ′ Angular Distributions . . . . . . . . . . . . . . . . . . . . . . . . 576.2 W ′ Deay into a Muon and a Neutrino . . . . . . . . . . . . . . . . . . . . . 576.2.1 Transverse Momentum . . . . . . . . . . . . . . . . . . . . . . . . . . 576.2.2 Transverse Invariant Mass . . . . . . . . . . . . . . . . . . . . . . . . 596.2.3 Angular Distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 617 Reonstrution Performane in CMS 657.1 Muon Reonstrution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 657.1.1 Muon Reonstrution Performane . . . . . . . . . . . . . . . . . . . 657.1.2 Momentum Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . 667.1.3 Angular Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . . 677.1.4 Ghost Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 677.2 TeV-Muons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 717.3 Transverse Missing Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 728 Event Seletion 758.1 Data Samples and Cross Setions . . . . . . . . . . . . . . . . . . . . . . . . 758.1.1 The Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 758.1.2 The Bakground . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 788.2 Preseletion of Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 818.3 Seletion Criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 828.3.1 Muon Quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 838.3.2 Single Muon Cut . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 868.3.3 Muon Isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 878.4 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 878.5 Distributions of Charateristi Quantities . . . . . . . . . . . . . . . . . . . 898.5.1 Transverse Momentum of the Muon . . . . . . . . . . . . . . . . . . 898.5.2 Missing Transverse Energy . . . . . . . . . . . . . . . . . . . . . . . . 908.5.3 Angle between Muon and Missing Transverse Energy . . . . . . . . . 918.5.4 Transverse Invariant Mass . . . . . . . . . . . . . . . . . . . . . . . . 919 Statistial Interpretation 939.1 The Statistial Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 939.2 The Disovery and Exlusion Limit . . . . . . . . . . . . . . . . . . . . . . . 989.2.1 Disovery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 999.2.2 Exlusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1009.2.3 Luminosity Dependene of the Limit . . . . . . . . . . . . . . . . . . 1009.2.4 Signal and Bakground Variation . . . . . . . . . . . . . . . . . . . . 102



CONTENTS10 Conlusions and Outlook 105A Tehnial Details 107A.1 Example of a Prodution Card . . . . . . . . . . . . . . . . . . . . . . . . . 107A.2 Used Data Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109B Muons in ORCA 111B.1 Priniple of Reonstrution . . . . . . . . . . . . . . . . . . . . . . . . . . . 111B.1.1 Loal Reonstrution . . . . . . . . . . . . . . . . . . . . . . . . . . . 111B.1.2 Stand-alone Muon Reonstrution . . . . . . . . . . . . . . . . . . . 112B.1.3 Global Muon Reonstrutor . . . . . . . . . . . . . . . . . . . . . . . 112B.2 Aess to Muons within ora . . . . . . . . . . . . . . . . . . . . . . . . . . 113B.3 Isolated Global Muon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115B.3.1 Calorimeter isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . 116B.3.2 Pixel isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117B.3.3 Traker isolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118B.4 Aess to loal DT Muon Components . . . . . . . . . . . . . . . . . . . . . 118B.4.1 Navigation through the DT system . . . . . . . . . . . . . . . . . . . 119B.4.2 Digitized Hits in the DT system . . . . . . . . . . . . . . . . . . . . 120B.4.3 Aess to Loal Reonstruted Objets in the DT System . . . . . . 121B.4.4 Simulated Hits in the DT System . . . . . . . . . . . . . . . . . . . . 123Bibliography 125





Chapter 1IntrodutionThe priniples of basi researh, espeially in the area of modern partile physis, re�et thehuman aspiration to gain deep insight into nature. Following Faust's traks, physiists arequesting for the uni�ed theory (Theory of Everything, TOE), whih explains the interationbetween the �elementary partiles� at the level of the fundamental fores, aording to themaxim �was die Welt im innersten zusammenhält� [1℄.To our today's knowledge four fundamental fores, the eletromagneti, the weak, thestrong and the gravitational fore, interat between twelve elementary fermioni partilesby mediating bosoni partiles. All fores exept gravity have been implemented in theframework of gauge theories, ombined in the �Standard Model of Partile Physis� (SM).The gauge groups model the fundamental degrees of freedom and re�et the importane ofthe underlying symmetries. The identi�ation of basi symmetries has played a ruial rolein the desription of the fundamental reations up to a very preise level. Nevertheless,the Standard Model ontains many free parameters to be measured, sine they annot bepredited within the theory. Most physiists think of the SM as an �e�etive theory� onthe way to a more general theory (�You have to be razy to think the Standard Model isthe last truth�, Altarelli, 2005).The Standard Model is unsatisfying in the fat, that it �only� desribes, but does notexplain things. Hints for theories beyond the Standard Model (BSM) arise from neutrinoexperiments, where osillations from one type into another suggest neutrino masses. An-other puzzle is the origin of partile masses, whih is widely believed to be solved by theHiggs-mehanism.The energy range, whih an be investigated with the Large Hadron Collider (LHC)and its four experiments at CERN, plays an important role in testing the Standard Modeland theories beyond. One of the main motivations to study entre of mass energies largerthan the 200 GeV attained with the previous Large Eletron Positron Collider (LEP) isthe last undisovered partile of the Standard Model: the Higgs spin-0 boson related tothe Higgs-mehanism. From eletroweak preision experiments and diret searhes theallowed mass range for the Higgs mass is onstrained to 115�300 GeV. Other signaturesfor �new� physis are expeted to appear at the LHC energy sale: in SupersymmetriTheories (SUSY), where eah Standard Model partile has its �Superpartner�, the lightestSupersymmetri partile is supposed to have a mass explorable with the LHC.
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CHAPTER 1. INTRODUCTIONMost theories beyond the Standard Model are built on an extension of the SM gaugegroups. Sine bosons are related to the generators of the gauge groups, the models give riseto new heavy harged gauge bosons, but also eletrially neutral ones, generially denotedas W ′ and Z ′, respetively. Charged bosons deay among other things into a hargedlepton aompanied by a neutrino e.g. W ′ → µν. Due to the high mass of the bosons theleptons have large momenta and an be distinguished from softer leptons originating fromother soures. Thus, the leptoni deays of suh new harged gauge bosons lead to learexperimental signatures for the disovery of today unobserved physis.In this thesis the feasibility of the detetion of W ′ bosons with one of the LHC exper-iments, the Compat Muon Solenoid (CMS), is studied. Sine the detetor is optimisedfor the measurement of muons, the muon plus neutrino �nal state is used in this study.In preparation of the detetor being operational from 2007 onwards, a study with the fulldetetor simulation inluding underlying events is presented.After an introdution into the Standard Model and seleted theories yielding additionalheavy harged gauge bosons, the CMS detetor is desribed. In the following hapter thetools and the model, whih are used to perform this searh, are explained. Sine a highquality reonstrution of high energeti muons and large missing transverse energies is anessential ingredient of this analysis, a separate hapter is dediated to this topi. In thefollowing the performed seletion riteria to distinguish signal from bakground proessesand the used statistial method, whih is used for the signal signi�ane determination,are desribed.The �nal aim of the study is the determination of the mass range for the disovery of a
W ′. If no signatures for new physis appear a 95% exlusion limit is set.RemarksAt this plae units and onventions, whih are used in this thesis, are stated. Insteadof the International System of Units variables are given in the natural units of elementarypartile physis by setting

~ ≡ 1 and c ≡ 1 (1.1)instead of
~ = 1.0546 · 10−34 Js and c = 2.9979 · 108 m/s .Sine the energies in partiles physis are tiny ompared to daily life ones, physiists de�nedthe unit of an �eletron-volt�, short eV. It is the energy gained by a partile arrying oneelementary eletri harge while moving through an eletri �eld with a potential di�ereneof one volt, thus

1 eV = 1.6022 · 10−19 J. (1.2)By onvention (1.1) all units an be expressed in terms of eletron-volt, like distanes(eV−1), times (eV−1), masses (eV) or momenta (eV).The global CMS oordinate system is introdued here, whih is used when no otheroordinate system is expliitly quoted. The artesian system is de�ned with the x-axispointing towards the enter of the LHC ring and perpendiular, direted skywards to the
2



CHAPTER 1. INTRODUCTION

Figure 1.1: The CMS detetor with the CMS global oordinate system [2℄.surfae, the y-axis. The z-axis ompletes a right-handed system along the beam axis (see�gure 1.1). The polar oordinates φ / θ are de�ned in the xy-plane / yz-plane referring tothe x-axis / y-axis, respetively:
tanφ =

y

x
and cos θ =

z√
x2 + y2

. (1.3)Within this oordinate system �transverse� variables, tagged by a subsript �T� like in
pT, are de�ned as the absolute value of the projetion of the variable (as vetor) ontothe xy-plane. The �longitudinal� omponent, denoted by �L�, is the absolute value of theprojetion along the z-axis.For a partile with a mass m, energy E and longitudinal momentum omponent pL the�rapidity� y replaes as natural oordinate in high energy physis the polar angle θ in thefollowing way:

y :=
1

2
ln

(
E + pL
E − pL) . (1.4)It bene�ts from the fat that a di�erene in rapidity ∆y is invariant under boosts along thez-axis, for example the distribution dN/dy is unhanged. For pratial issues the rapidityis approximated in the limit m ≪ E by the �pseudorapidity� η,

η := − ln tan

(
θ

2

)
. (1.5)Being only dependent on θ the pseudorapidity η an also be de�ned for partiles withunknown mass.CautionThis work is based on a developing software. All results are ahieved with the bugs andpreliminary algorithms of this software pakage, whih is and will be developed on the wayto a running CMS detetor.
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Chapter 2The Standard ModelDuring the last entury the fundamental onstituents of matter and the interations amongthem have been merged into one model of great beauty and simpliity known as the Stan-dard Model of Partile Physis. All partiles seem to be built up from quarks and leptons(see �gure 2.1), whih interat as point like, strutureless, spin-1/2 partiles (fermions).The interations among them an be lassi�ed into four ategories: gravitation, weak,eletromagneti and strong interation, where the former an be negleted at distanesonsidered in partile physis. They di�er vastly in their range: whereas the eletromag-neti and gravitational fores at over in�nite distanes, weak and strong interations arelimited to a very small region.Fore Range [m℄ Relative strength Fore arrierStrong fore 10−15 1 8 gluons (g)Eletromagneti fore ∞ 10−2 photon (γ)Weak fore 10−13 10−2 W , Z0Gravitational fore ∞ 10−40 graviton (?)Table 2.1: The fundamental fores with their range and strength (depending on the momentumtransfer) and the fore arrying bosons.Beside the gravitational fore, all interations an be desribed by loal gauge theories,where the fores are arried by fundamental spin-1 gauge bosons. The gravitation isexpeted to be mediated through a spin-2 boson alled graviton, but no diret evidenefor this partile ould be deteted by now. While quarks partiipate in all interations,leptons do not take part in strong interations. The systematis of weak interations withharged leptons suh as the β-deay motivate the pairing of leptons in three families (seesetion 2.3). This is not only a nie ordering, but re�ets basi symmetries of nature. Foreah generation an additive quantum number an be de�ned, whih is onserved in alltoday investigated reations of fundamental partiles, exept neutrino osillations (leptonnumber onservation).In the Standard Model there is no way to give mass to the gauge bosons. This is noproblem for the massless photons and gluons, but in ase of the W and Z0 bosons1 of theweak fore with masses of 80.4 GeV and 91.2 GeV. The problem is solved by spontaneous1Both have been disovered in 1983 at the Super Proton-Antiproton Synhrotron SppS (see [4�10℄).
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CHAPTER 2. THE STANDARD MODEL 2.1. Local Symmetries and Gauge Invariance

Figure 2.1: Overview of the Standard Model partiles, their harge and mass (in parenthesis,[GeV℄) [3℄.symmetry breaking and the so alled �Higgs-mehanism�. It requires a new fundamentalspin-0 partile, the Higgs boson, whose disovery or exlusion is one of the main tasks ofthe LHC and its experiments.This hapter gives a brief overview of the Standard Model, enlighting also the fat, thatthe SM is very suessfully desribing but not explaining the surrounding nature in everydetail. As this thesis deals with new heavy harged gauge bosons the seond part of thehapter is dediated to extensions, whih provide additional heavy gauge bosons.The Standard Model of elementary partile physis is based on the Glashow-Salam-Weinberg model of the weak interation and Quantum Chromodynamis (QCD). A fa-voured supplement is the Higgs-mehanism and the Higgs partile, whih provides a wayto give mass to partiles. For a detailed introdution into the Standard Model see [11�15℄.2.1 Loal Symmetries and Gauge InvarianeThe fundamental partiles within the Standard Model are desribed by spae-time oordi-nate dependent �elds ψ(x). Symmetries observed in nature are mathematially re�etedby the fat, that the solution of the equation of motion does not hange under a ertainunitary transformation2. In other words: a theory is invariant under a symmetry group Grepresented by a unitary operator U if the �elds ψ(x) and ψ′(x) given by
ψ(x) → ψ′(x) = Uψ(x) (2.1)2A transformation U is unitary, if the adjoint operator U† equals the inverse operator U−1. This isequivalent to the preservation of the inner produt (within a Hilbert spae) for all vetors x and y:

〈Ux,Uy〉 = 〈x, y〉.
6



2.1. Local Symmetries and Gauge Invariance CHAPTER 2. THE STANDARD MODELfollow the same equation of motion.In the framework of a Lagrangian �eld theory with a given Lagrangian L(ψi, ∂µψi) asa funtion of the �elds ψi and their �rst derivatives ∂µψi the equation of motion is theEuler-Lagrange equation
δL
δψi

= ∂µ

(
δL

δ(∂µψi)

)
. (2.2)It an be derived by minimizing the ation S, whih is a funtional of ψi and ∂µψi

S =

∫
d4x L (ψi, ∂µψi). (2.3)A symmetry ating in the way

ψ → ψ + δψ, ∂µψi → ∂µψi + δ∂µψi, L → L + δL =: L + α∂µJ µ(x) (2.4)is exat if
δL = 0. (2.5)Assoiated with eah exat symmetry is a so alled Noether urrent jµ(x) and a orre-sponding harge Q

jµ(x) =
δL

δ(∂µψ)
δψ − J µ and Q = −i

∫
d3x j0(x), (2.6)whih are onserved

∂µj
µ = 0 and dQ

dt
= 0 if δL = 0. (2.7)The gauge symmetries of the Standard Model are all loal ones. From an aestheti point ofview this appears muh more plausible, sine global symmetries at on di�erent spae-timepoints in an exat manner - no matter how far they are separated or how they are ausallyonneted. The loal symmetries are implemented by making parameters of the gaugegroup G and thus their representations U = U(x) spae-time dependent. The elements

U(x) of G an be expressed in terms of their loal, i.e. spae-time dependent generators
Λa(x)

ψ(x) → U(x)ψ(x) = eiǫaΛa(x)ψ(x). (2.8)They satisfy the Lie-Algebra with the struture onstants fabc
[Λa, Λb] = ifabcΛc, (2.9)whose knowledge is su�ient to onstrut the whole group.Any Lagrangian ontaining derivatives, like the Lagrangian for a free partile

Lfree = ψ(iγµ∂
µ −m)ψ, (2.10)is not invariant under loal gauge transformations3. A solution known as minimal substi-tution is the replaement of the derivative ∂µ by a ovariant derivative Dµ, whih satis�es

Dµψ(x) → eiǫaΛa(x)Dµψ(x). (2.11)3∂µψ(x) → eiǫaΛa(x)∂µψ(x) + iǫa∂µΛa(x)eiǫaΛa(x)ψ(x) spoils gauge invariane.
7



CHAPTER 2. THE STANDARD MODEL 2.2. Quantum ChromodynamicsFor this purpose it is neessary to introdue a vetor �eld Aµ
Dµψ(x) := (∂µ + iǫaAµ(x))ψ(x), (2.12)whih transforms under the unitary operator U(x) (see eqation (2.8)) as

Aµ(x) → Aµ − ∂µΛa(x). (2.13)In addition a kinemati term for the �eld Aµ has to be added to the Lagrangian.The proess of restoring the gauge invariane of the Lagrangian and hoie of the vetor�eld Aµ is alled gauging.Aiming towards the understanding of quarks and leptons and their interations in aframework of a loal gauge theory, one has to disover the underlying fundamental sym-metries of the di�erent fores, i.e. to identify the basi degrees of freedom on whih thesymmetries operate. As will be disussed in the following setions the Standard Model isbased on the gauge group SU(3)C × SU(2)L × U(1)Y.The former term desribes the olour degree of freedom of the theory of quarks, quantumhromodynamis. The rest re�ets the symmetry of the eletroweak uni�ation of theweak and eletromagneti fore, with its harges of weak isospin T3 and eletri harge Q,respetively. They are onneted to the quantum number Y (hyperharge) related to theU(1)Y symmetry via the Gell-Mann-Nishijima formula
Q = T3 +

Y

2
. (2.14)2.2 Quantum ChromodynamisThe introdution of quarks4 (spin-1/2, frational harge) as onstituents of hadrons, di-vided into (anti-)baryons as three-(anti-)quark-states and also mesons as quark-antiquark-states, an desribe the huge variety of partiles (Gell-Mann and Zweig). The ordering ofthe spetrum in the baryon-meson world is ahieved by the assignment of a degree of free-dom to the quarks known as �avour. This global �avour symmetry, whih is also retrievedin the lepton setor (�quark-lepton-symmetry�), is desribed by the gauge group SU(6).Due to the di�erent harges and masses of the quarks and leptons the �avour symmetry isonly an approximate one.Historially, the onept of quark substrutures showed two signi�ant problems: �rst,free quarks have never been observed and seond, baryons with three equal quarks, suhas δ++ violate the Pauli priniple. In 1964, only one year after the proposal of the quark-model, this drawbak was bypassed by the introdution of a new �hidden� quantum num-ber, alled olour, whih an hold the three values red (R), green (G) and blue (B) plustheir three ounterparts (R, G, B). (Anti-)quarks arry (anti-)olour, whereas the known4Many famous physiists denied the existene of quarks as partiles for a long time and treated themonly as a formal onept. In 2004 D. J. Gross, H. D. Politzer and F. Wilzek won the Nobel prize forthe disovery of the asymptoti freedom in the theory of strong interations.
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2.2. Quantum Chromodynamics CHAPTER 2. THE STANDARD MODELhadrons appear as �olourless�. Thus the hadrons transform as olour-singlets under thisnew degree of freedom based on the gauge group SU(3)C. In general olour an be inter-preted as the harge of the strong interation. In analogy to optis a mixture of (anti-)red,(anti-)green and (anti-)blue quarks in ase of baryons or olour plus anti-olour in ase ofmesons results in a �white� partile. The non-observability of free quarks is interpreted insuh a way, that only olourless (white) partiles an be seen. Experimental evidene hasbeen gained for example by the measurement of the ross-setion ratio
R :=

σ(e−e+ → hadrons)

σ(e−e+ → µ−µ+)
= NC ∑

2mq < ECMSQ2
q , (2.15)whih depends on the �olour fator� NC, i.e. the number of olours and Qq the harge ofthe quarks being available at a ertain entre of mass energy ECMS. The data taken withseveral experiments require NC ≡ 3 (see �gure 2.2).

Figure 2.2: The ross setion ratio R extrated from experimental data [11℄.While the strength of the eletromagneti interations, desribed by the �ne strutureonstant α, inreases with higher momentum transfer Q2, the oupling onstant of thestrong interation αs dereases. This behaviour, alled �asymptoti freedom�, states thatat small distanes quarks behave like free partiles. It desribes also why it is not possibleto see free oloured partiles (on�nement).After the suess of loal gauge theories in the �eld of eletromagneti and weak intera-tions (see setion 2.3) theorists tried to onstrut a theory of strong interations betweenquarks, whih is based on loal gauge transformations with olour as the interation harge.In 1973 Gross and Wilzek disovered that non-abelian gauge groups an desribe theo-ries with asymptoti freedom and managed to formulate the theory of quantum hromody-namis (QCD) based on the loal gauge group SU(3)C. Strong interations stay invariantunder the olour transformation
UC(x) = exp


i gs

2

8∑

j=1

λjβj(x)


 . (2.16)These are desribed by eight independent rotations βj in the olour spae, by the QCDoupling onstant gs and by the Gell-Mann-matries λj . To guarantee the invariane of
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CHAPTER 2. THE STANDARD MODEL 2.3. The GSW-Model of Electroweak Interactionsthe equations of motion eight additional vetor �elds Gµ
j and a ovariant derivative Dµhave to be introdued:

Dµ = ∂µ + i
gs
2

8∑

j=1

λjG
µ
j . (2.17)The partiles related to the vetor �elds are the eight di�erent oloured gluons, whihmediate the strong interation. The �rst evidene for gluons was observed at the PETRAollider in 1979 in three jet events, where one jet originates from a massless radiatedgluon. In ontrast to photons, whih eletrially neutral, gluons arry the interationharge (olour). Thus additional terms appear in the transformed gluon �elds performinga rotation in the olour spae (last term of (2.19)):

ψ(x) → UC ψ(x) (2.18)
Gµj (x) → Gµj (x) − ∂µβj(x) − gS fjkl βk(x)Gµl (x). (2.19)2.3 The GSW-Model of Eletroweak InterationsSymmetries, broken or not, like the broken �avour symmetry or the exat olour symmetry,do not only appear in QCD, but the way they are hidden in weak interations makesthem less obviously disernible. While the �avour symmetry is visible in the spetrum ofpartiles and their approximate mass degeneray, the observed universality of the Fermioupling of weak-deay proesses suggests the existene of a hidden symmetry in weakinterations. This is an outstanding fat sine the weakly interating partiles have widelyvarying masses. The symmetry manifests itself not through the existene of degeneratedmultiplets, but through broken loal symmetries.In the 1960s Glashow, Salam and Weinberg (see [16�18℄) were the �rst, who realised auni�ed theory of weak and eletromagneti interations in the framework of a renormaliz-able �eld theory (GSW-Model). It is based on the gauge group SU(2)L× U(1)Y.In order to desribe the interation they assigned the quarks and leptons to represen-tations of the gauge groups arranged in multiplets as shown in table 2.2. As seen �rstin β-deays by Wu et al. [19℄ parity is violated maximally in weak interations and weakharged urrents ouple only to left-handed partiles, where the handedness is determinedby the projetion operatorsPL =

1

2
(1 − γ5) and PR =

1

2
(1 + γ5). (2.20)This experimental result is inluded in the Standard Model by the assignment of the left-handed fermions to SU(2)L doublets, while the right-handed fermions transform as singletstrivial under SU(2)L.
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2.3. The GSW-Model of Electroweak Interactions CHAPTER 2. THE STANDARD MODELFermions (Spin 1/2)Generation Quantum Number1. 2. 3. Q T T3 Y

(
u

d′

)L (
c

s′

)L (
t

b′

)L 2/3

−1/3

1/2

1/2

1/2

−1/2

1/3

1/3Quarks
uR
dR′

cR
sR′

tR
bR′

2/3

−1/3

0

0

0

0

4/3

−2/3

(
νe
e

)L (
νµ
µ

)L (
ντ
τ

)L 0

−1

1/2

1/2

1/2

−1/2

−1

−1Leptons
eR µR τR −1 0 0 −2Bosons (Spin 1)Interation Gauge Boson Q T T3 YEletromagneti γ 0 0 0 0Weak Z0

W

0

1

1

1

0

±1

0

0Strong g1. . . 8 0 0 0 0Table 2.2: The partiles of the Standard Model with their eletroweak quantum numbers.Fermions are assigned to left-handed doublets and right-handed singlets. The primes on theleft-handed down-type-quarks indiate, that these are not the physial mass eigenstates, but theeletroweak eigenstates. They are related via the 3×3 Cabbibo-Kobayashi-Maskawa-matrix. Qdenotes the eletromagneti harge, Y the weak hyperharge and T3 the third omponent of theweak isospin, T .Exept for the Higgs setor (see below) the Lagrangian is ompletely ditated by (thedesired feature of) gauge invariane and renormalisability5. It an be separated into thefollowing parts:
LGSW = Lfermion + Lgauge + LHiggs + LYukawa (2.21)The �rst term desribes the kinemati of the free fermion �elds and their interation withthe gauge �elds. It has the form

Lfermion = iψγµDµψ (2.22)5Renormalisability re�ets the fat, that the predited interation probabilities stay �nite by inludinghigher order orretions and self-ouplings of bosons. As proved by 't Hooft loal gauge invariane isa ondition for the renormalisability of gauge theories with massless and massive gauge bosons. It anbe proved, that the Lagrangian an only ontain terms whose dimension is less than or equal to 4.
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CHAPTER 2. THE STANDARD MODEL 2.3. The GSW-Model of Electroweak Interactionswith ψ as the ombined spinor of all fermioni �elds and Dµ as the ovariant derivative ofthe SU(2)L× U(1)Y gauge group6
ψ =




νeL
eL...
tR



, Dµ = ∂µ + i g

Ta
2
W a
µ + i g′BµY. (2.23)Sine any arbitrary speial unitary group SU(N) is built up by N2 − 1 generators andthe unitary groups U(N) by N2 generators, the gauge group SU(2)L × U(1)Y ontains 3+ 1 gauge �elds. These are denoted by Wa

µ (a = 1, 2, 3) and Bµ. The variables g and
g′ represent the oupling onstants of the uni�ed eletroweak theory7 and the matries Ta(Pauli matries) and Y , the generators of the orresponding groups SU(2)L and U(1)Y.The boson �elds W , Z0 and the massless photon (Aµ) orresponding to the observedmass eigenstates are the linear ombinations

W±
µ =

1√
2

(
W 1
µ ∓ iW 2

µ

) (2.24)
Zµ = −Bµ sin θW +W 3

µ cos θW (2.25)
Aµ = Bµ cos θW +W 3

µ sin θW, (2.26)where the eletroweak mixing angle (Weinberg angle) is given by the oupling onstants
cos θW =

g√
g2 + g′2

and sin θW =
g′√

g2 + g′2
. (2.27)By inserting the �elds W±

µ , Zµ and Aµ into (2.22) one reeives a representation of theinteration of gauge bosons and fermions by the exhange of urrents. By onstrution theharged W bosons ouple only to left-handed partiles and right-handed antipartiles.With the introdution of the ovariant derivative (2.23) and the addition of a kinematiterm for the gauge bosons (see setion 2.1), the Lagrangian (2.21) ontains terms, whih arebilinear in the gauge �elds and thus desribe the interations among them. The ourreneof suh terms is not trivial, sine they do not our in ase of the photon.
Lgauge = −1

4
WµρWµρ + BµρBµρ (2.28)using the �eld tensors Wµρ =

(
∂µWa

ρ − ∂ρWa
µ − gǫabcWb

µWb
ρ

)
Ta (2.29)Bµρ = ∂µBρ − ∂ρBµ. (2.30)

Ta are the generators and ǫabc are the struture onstants of the SU(2)L desribing the selfinteration of the gauge �elds.Up to now the eletroweak theory is a well formulated gauge theory desribing thedisovered partile spetrum, espeially the gauge bosons W and Z0. But there is one6Equation (2.23) is only a symboli notation! W a
µ ats only on the left-handed fermions (isospindoublets), while Bµ ats on both, right- and left-handed partiles.7The uni�ation is not perfet, sine it ontains not only one oupling onstant.
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2.4. The Higgs-Mechanism CHAPTER 2. THE STANDARD MODELproblem: none of the partiles have masses, neither the fermions nor the massive gaugebosons. The simple addition of mass terms like m2ZµZ
µ to the Lagrangian spoils loalgauge invariane. One solution is the spontaneous symmetry breaking via the Higgs-mehanism.2.4 The Higgs-MehanismBy the inlusion of a salar �eld (Higgs boson) into the model the short range of the weakinteration an be aommodated by giving mass to the gauge bosons. Via the Higgs-mehanism the SU(2)L × U(1)Y symmetry is broken spontaneously without destroyingthe gauge invariane of the Lagrangian. Sine spontaneous symmetry breaking also arisesin Left-Right Symmetri Models (see hapter 3) to break parity (and to give mass topartiles), the formalism is disussed in greater detail in ase of the Standard Model Higgsboson.In the simplest nontrivial implementation the Higgs boson �eld φ transforms as an isospindoublet under the gauge group SU(2)L.

Φ(x) =

(
φ+(x)

φ0(x)

)
=

1√
2

(
φ1(x) + iφ2(x)

φ3(x) + iφ4(x)

)
. (2.31)The Higgs �eld ouples to the gauge bosons (LHiggs) as well as to the fermions (LYukawa)

LHiggs = (DµΦ(x))†(DµΦ(x)) − V (Φ) (2.32)
LYukawa = ψ Φi(x)Ci ψ + h.c. (i = 1, 2), (2.33)where the matrix Ci ontains the masses of the fermions i.e. the strength of the ouplingto the Higgs �eld. The potential V(Φ),

V (Φ) = µ2Φ†Φ+ λ(Φ†Φ)2 (2.34)is hosen to be symmetri V (Φ) = V (−Φ), so that only even powers of Φ our and higherorders are negleted. To have a reasonable theory the potential has to tend to in�nity forthe limit Φ → ±∞, thus λ > 0 and must have a lower bound. As shown in �gure 2.3 thepotential has only a non-trivial minimum for µ2 < 0, whih is given by
Φ†Φ = −µ

2

2λ
=:

v2

2
. (2.35)Only in this ase it is possible to break the SU(2)L × U(1)Y symmetry. A possible solu-tion, whih sets the vauum expetation value of the harged Higgs �eld φ+ to zero andguarantees the photon mass to be zero is

Φ(x) =
1√
2

(
0

ρ(x)

)
=

1√
2

(
0

v + h(x)

)
. (2.36)Then the neutral part of the Higgs �eld an be expressed in terms of the vauum expetationvalue v and a salar �eld h(x). By the speial hoie of the vauum expetation the SU(2)Las well as the U(1)Y is broken, but the U(1)em symmetry remains untouhed.
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CHAPTER 2. THE STANDARD MODEL 2.4. The Higgs-Mechanism

Figure 2.3: The Higgs potential [20℄. A non trivial minimum exists only for µ2 < 0.The Goldstone boson arising naturally in a broken symmetry is absorbed as longitudinaldegree of freedom of the massive gauge bosons W and Z0.Replaing Φ(x) in equation (2.32) by (2.36) mass terms like 1
4g

2v2W+
µ W

−µ arise andgive mass to the weak gauge bosons:
mZ0 =

1

2

√
g2 + g′2 v, mW =

1

2
gv, mγ = 0, mH = v

√
2λ. (2.37)The interation of the fermions with the Higgs �eld leads to mass terms and to ouplingsto the Higgs �eld h(x), whih are proportional to the fermion mass (LYukawa).
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Chapter 3Beyond the Standard ModelThe Standard Model is up to now in exellent agreement with experiments. Neverthelessit ontains numerous free parameters suh as Yukawa ouplings. Viariously, some of themysteries of the SM should be mentioned here:
• Gauge setor:The Standard Model is based on three di�erent gauge groups assoiated with ar-bitrary oupling onstants. From the theoretial and aestheti point of view oneuni�ed gauge group, whih ontains the SM as a subgroup, seems to be muh moresatisfying. In addition suh a theory should also be able to predit the parameterssuh as the oupling onstants.
• Fermion setor:The assignment of the left-handed fermions to doublets and the right-handed tosinglets is only justi�ed by the fat, that it �ts to data. There is no explanation whyharged weak urrents are stritly left-handed as well why there are three fermiongenerations. Their mixing and the masses given through Yukawa ouplings stayarbitrary in the SM.The hierarhial pattern of the quark masses mt, mb ≫ mc, ms ≫ mu, md, but alsofor harged leptons mτ ≫ mµ ≫ me (for neutrinos the mass hierarhy still has to beon�rmed) might be hints for additional hidden symmetries.
• Neutrino mass:Today's experiments only yield upper limits for neutrino masses, but the reentlyobserved neutrino osillations require neutrinos to have a non vanishing mass [21℄.In the Standard Model a neutrino mass an not be implemented ad ho. By hoie ofthe multiplets there is no simple theoretial solution. Sine Dira neutrinos1 are notforeseen in the Standard Model, they an only be added to the Standard Model asgauge singlets, whih would naturally result in neutrino masses of the order of theirharged ounterparts [22℄. Sine there are no gauge singlet or triplet Higgs salars,also Majorana masses2 annot be generated either [22℄. However, it is possible toadd terms to the Lagrangian, whih result in neutrino masses, but they predit anew mass sale beyond the SM [15℄.1Dira partiles are distinguishable from their antipartiles.2Majorana partiles are their own antipartiles.
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.1. Left-Right-Symmetric Models

• Higgs Problem:As shown in setion 2.4 the hoie of the Higgs setor and the vauum expetationvalue is quite arbitrary. Beside that there are more fundamental problems: due toquantum loop orretions the mass of the Higgs should be naturally in the orderof the Plank sale (hierarhy problem). Unless there appears no new physis atthe TeV-sale, a light Higgs favoured by LEP data annot be explained [15℄.
• Others:Gravitation is still far outside the Standard Model, sine its addition spoils the featureof renormalisability. Theories beyond the Standard Model, like String Theories, tryto address these uni�ation of loal gauge invariane and the priniple of equivalene.Another puzzle of nature is the quantisation of the eletri harge. One would expet,that a fundamental theory predits the value of the elementary eletri harge.Thus to judge the meaning and importane of tests, whih stress the Standard Model,it is neessary to work in a more general framework and be aware in whih diretion it anbe modi�ed.The following setion presents some of the extensions, whih are interesting in the ontextof aW ′ searh and their physial motivation. As one of the favoured models the Left-Right-Symmetri Model will be disussed in detail.3.1 Left-Right-Symmetri ModelsWithin the Standard Model the origin of parity violation in weak interations stays unex-plained. A priori the multiplets are expliitly designed to break parity in the weak setor.As displayed in table 2.2 the left-handed partiles are assigned to doublets, whereas theright-handed partiles do not partiipate in weak interations, sine they are SU(2)L sin-glets. The introdution of parity violation within the Standard Model has nothing to dowith the spontaneous symmetry breaking of the gauge groups or an other mehanism, buthas been inluded by hand.Left-Right-Symmetri Models (LRSM) [23�25℄ address this problem and provide an at-trative extension of the Standard Model (for a review see [15, 22℄). The general featureof these models is the intrinsi exat parity symmetry of the Lagrangian and an additionalSU(2) gauge group, resulting in an observable W ′ (and Z ′). To math the low-energy be-haviour of maximum parity violation in weak interations (see setion 2.3), the symmetryis spontaneously broken by a salar Higgs �eld.In addition LRSM inorporate full quark-lepton symmetry and turn the quantum numberof the U(1) from hyperharge Y to the value of baryon-minus-lepton number B−L. Finally,in hoosing an appropriate Higgs setor the theory gives a natural explanation for thesmallness of the neutrino masses, by relating it to the observed suppression of V + Aurrents. Variants of the model an be derived from Grand Uni�ed Theories, Superstringinspired models or other theories based on extended gauge groups, whih ontain the LSRMas a subgroup.
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3.1. Left-Right-Symmetric Models CHAPTER 3. BEYOND THE STANDARD MODEL3.1.1 Tehnial RealisationIn order to remedy the apparent arbitrariness of nature to have only stritly left-handedouplings in weak interations, the eletroweak gauge group of the Standard Model isextended by a a right-handed setor (the strong setor remains untouhed). The simplestrealisation is a Left-Right-Symmetri Model. It is based on the gauge group
SU(2)L × SU(2)R × U(1)eY. (3.1)The SM fermion doublets are mirrored by arranging the right-handed singlets of the Stan-dard Model together to form another SU(2) doublet. In the lepton setor this an only bedone by prediting a neutrino singlet νR for eah generation, whih is a massive Majoranapartile (see below)

uR, dR →
(
uR
dR ) ; νR, lR →

(
νR
lR )

. (3.2)Both doublets annot be assigned to the same SU(2) gauge group, sine this would resultin a vetor urrent instead of the observed V - A urrent in weak interations. Beauseof the right-handedness of the fermions the group is indexed by an �R�. The aordingquantum numbers are shown in table 3.1.The quantum number of the U(1)eY an be determined by taking into aount, that theright- and left-handed fermions are assigned to di�erent SU(2) transformations, but havethe same eletri harge. Thus the U(1) ats on both of them in the same manner. Thisresults in the modi�ed Gell-Mann-Nishijima formula
Q = T3L + T3R +

1

2
(B − L) (3.3)with T3R,3L as third omponent of the right and left isospin and Q as the harge matrix.Thus omputing Ỹ for right- and left-handed quarks and leptons:Quarks: (

1
2 0

0 −1
2

)
+

(
1
2 Ỹl 0

0 1
2 Ỹl

)
=

(
qνR,L 0

0 qlR,L ) !
=

(
0 0

0 −1

) (3.4)Leptons: (
1
2 0

0 −1
2

)
+

(
1
2 Ỹq 0

0 1
2 Ỹq

)
=

(
quR,L 0

0 qdR,L ) !
=

(
+2/3 0

0 −1/3

)(3.5)
⇒ Ỹl = −1 and Ỹq = 1/3. (3.6)Comparing this result with the di�erene of baryon B and lepton number L one ends upin the equation

Ỹ = B − L. (3.7)Thus, the quantum number of the U(1)-generator an be identi�ed with a physial mean-ingful quantity, ompared to the hyperharge Y in the Standard Model.
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.1. Left-Right-Symmetric ModelsFermions (Spin 1/2)Multiplets Quantum Number
TL T3L TR T3R Ỹ = B − L

(
u

d′

)L 1/2

1/2

1/2

−1/2

0

0

0

0

1/3

1/3Quarks (
u

d′

)R 0

0

0

0

1/2

1/2

1/2

−1/2

1/3

1/3

(
ν

l

)L 1/2

1/2

1/2

−1/2

0

0

0

0

−1

−1Leptons (
ν

l

)R 0

0

0

0

1/2

1/2

1/2

−1/2

−1

−1Table 3.1: The partiles of the Left-Right-Symmetri Model with their quantum numbers. Theleft-handed doublets transform trivial under the right-handed SU(2) and vie versa. For the sakeof learness the �avour index as well as the olour index of the quark doublets have been dropped.Similar to the Standard Model the fermioni Lagrangian is uniquely �xed by gaugeinvariane. It an be separated in a right-handed and left-handed part by olleting theright- and left-handed �elds in spinors ψR and ψL, respetively.
Lfermion = iψLγµDLµψL + iψRγµDRµψR (3.8)with the left- and right-handed ovariant derivative

DLµ = ∂µ + i gL ~TL
2

· ~WLµ + i g′
B − L

2
Bµ (3.9)

DRµ = ∂µ + i gR ~TR
2

· ~WRµ + i g′
B − L

2
Bµ (3.10)As stated before the Lagrangian is ompletely invariant under the interhange L ↔ R. Theintrodution of a Higgs setor is neessary to give mass to the fermions and thus add termsproportional to ψ Φψ to the Lagrangian. The simplest solution within LRSM is Φ as a

2 × 2 matrix, whose transformation properties are ditated by ψL, ψR. The Higgs �eld Φas well as Φ̃ := T2 φ
∗ T2 transform as doublets under SU(2)R and SU(2)L and trivial underU(1)B-L, so that the most general oupling of the fermions to φ is given by

LYukawa = −
∑

i,j

{
ψLi Γψij ΦψRj + ψLi∆ψ

ij Φ̃ ψRj + h.c.
}
, (3.11)where i and j denote the �avour indies and Γψij and ∆ψ

ij desribe the Yukawa oupling tothe Higgs i.e. the mass of the partiles.
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3.1. Left-Right-Symmetric Models CHAPTER 3. BEYOND THE STANDARD MODELThe harge of the Higgs �elds an be determined from the modi�ed Gell-Mann-Nishijimaformula (3.3) similar to equation (3.4)
QΦ =

[
1

2
T3, Φ

]
=

(
0 ·φ11 φ12

−φ21 0 ·φ22

) (3.12)using
Φ =

(
φ11 φ12

φ21 φ22

) and Ỹ (Φ) = 0. (3.13)Therefore φ11 and φ22 are eletrially neutral salars.3.1.2 Spontaneous Parity BreakingBefore disussing the spontaneous symmetry breaking of parity, a su�ient de�nition forparity within Left-Right-Symmetri Models is given. There is an obvious symmetry: ev-ery left-handed �eld in the fermion setor has a right-handed ounterpart and also thegauge bosons ~WL and ~WR orrespond to eah other. A mathematial formulation of thistransformation, interpreted as parity transformation, is
~WµL,R(x) −→ ǫ(µ) ~WµR,L(x̂) (3.14)
Bµ(x) −→ ǫ(µ)Bµ(x̂) (3.15)
ψL,R(x) −→ V ψR,Lγ0ψR,L(x̂) (3.16)
Φ(x) −→ Φ†(x̂) (3.17)using the de�nitions

x̂ :=

(
x0

−~x

) and ǫ(µ) =

{
1 for µ = 0

−1 for µ = 1, 2, 3.
(3.18)To onserve the invariane of the Lagrangian under this parity transformation the sameoupling onstants to both SU(2) groups and additional onstraints involving the arbitraryunitary matries V ψL,R are required

gR = gL, (
V ψR )† Γψ V ψL = Γ †

ψ,
(
V ψR )†∆ψ V

ψL = ∆†
ψ. (3.19)The simplest hoie assumes V ψL,R = 1.Sine the Higgs �eld Φ, whih has been introdued to give mass to the fermions, is neitherable to break the gauge group of the LRSM (see equation 3.1) to the GSW gauge groups

SU(2)L × U(1)Y nor to U(1)em, the Higgs setor has to be enlarged for this purpose. Sinethe Higgs �elds, whih are required to break down the symmetry, are not unique, there areseveral interesting realisations [26℄, whih annot all be disussed in this ontext. Insteadthe simplest model, referred to as minimal LR-model, with three salar multiplets φ, ∆L,
∆R will be presented [25℄. The latter Higgs �elds are omplex SU(2) triplets with leptonnumber L = −2, whih an be written as

∆ =
1√
2
σaδa =

(
δ3 δ1 − iδ2

δ1 + iδ2 −δ3

)
, (3.20)
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.1. Left-Right-Symmetric Modelswhere σa denotes the Pauli matries.The harge of the Higgs is obtained by
Q∆ =

[
1

2
σ3, ∆

]
+ 1 ·∆ =

(
∆11 2 ·∆12

0 ·∆21 ∆22

) (3.21)and thus leading to doubly harged as well as single harged and neutral Higgs salars.The vauum expetation values are hosen so that both SU(2) and the U(1)B-L are broken,but the U(1)em symmetry remains:
〈φ〉0 =

1√
2

(
v 0

0 w

)
, 〈∆L,R〉 =

1√
2

(
0 0

uL,R 0

)
. (3.22)In addition, the assumption of the order of magnitude relations

|uL|2 ≪ |v|2 + |w|2 ≪ |uR|2 (3.23)is motivated by the breaking sheme, whih has been established in the SM. The di�erenein the symmetry of the Higgs potential, re�eted by the vauum expetation values andthe symmetry of the Lagrangian, results in the following spontaneous symmetry breaking:
SU(2)L × SU(2)R × U(1)L-B × P

uR→ SU(2)L × U(1)Y v,w→ Uem. (3.24)
P symbolially denotes the parity symmetry whih is broken in the �rst step.3.1.3 Experimental onsequenes and the W

′During the symmetry breaking (3.24) the �rst stage gives mass to the WR and ZR, whihare bosons in the right-handed setor. The properties of the WR are di�erent omparedto the Standard Model W and thus, math with the given de�nition of a W ′. At thisintermediate stage one obtains the Standard Model with additional Higgs bosons relatedto Φ and the ∆'s. In addition right-handed neutrinos our, whih have to be very heavy(see below). The parity symmetry of the Lagrangian is broken by the ∆-Higgs bosons,whose vauum expetation value is not parity onserving. Thus, the appealing feature ofthe LRSM are the reovered parity onservation at energies at the sale of the WR.The masses of the other boson �elds, WL and ZL, result from the subsequent symmetrybreaking. This step is in priniple equivalent to the Higgs-mehanism in the StandardModel and the arising bosoni �elds an therefore be identi�ed with the Standard Model
W and Z0.The symmetry breaking pattern ditates, that the vauum expetation value for ∆R isgreater than those for ∆L and φ. Sine the former is related to the WR �eld and the laterto WL, the mass of the WR boson is larger than the WL. Exatly speaking the �elds WRand WL do not orrespond to physial mass eigenstates W±

1,2 one on one, but are a mixingof both �elds: (
W±

1

W±
2

)
=

(
cos ξ − sin ξ eiλ

sin ξ e−iλ cos ξ

)(
W±L
W±R )

. (3.25)
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3.2. Other Models with Additional Bosons CHAPTER 3. BEYOND THE STANDARD MODELThe mixing angle and the (CP-violating) phase an be alulated as a funtion of thevauum expetation values
eiλ = − vw∗

|vw| , ξ ≃ 2 |vw|
|v|2 + |w|2

(
M1

M2

)2

. (3.26)The masses of the two eigenstates are then given by [22℄
M2

1 ≃ 1

4
g2(|v|2 + |w|2), M2

2 ≃ 1

4
g2(|v|2 + |w|2 + 2 |uR|2). (3.27)The mass of W1 is the Standard Model mass of the W , whereas the mass of the W2 isditated by the breaking sale uR of SU(2)R. Sine the mass sale has not been observed,

uR has to be su�iently large and thus the mixing an be assumed to be zero as it is donein this work.Beside the additional vetor bosons and numerous Higgs salars, an important featureof LRSM models is the generation of neutrino masses. Due to the existene of right-handed neutrinos, the neutrinos obtain Majorana masses through the symmetry breaking(see LYukawa). Through a see-saw mehanism [27, 28℄ the Standard Model neutrinos obtainsmall masses, whereas the right-handed neutrinos N obtain masses in the order of thebreaking mass sale uR
mN ∼ uR ∼M2, mνl

∼ m2
l /mN . (3.28)3.2 Other Models with Additional BosonsAs stated before Left-Right-Symmetry an our in models with larger gauge symmetrygroups as intermediate state of a symmetry breaking pattern. Thus, the variety of suhmodels is in priniple arbitrary large [29℄: they range from SO(10) over Supersymmety toExtra Dimensions. Little Higgs models being in the atual fous of some theorists, arementioned here as a theory prediting a W ′ at energies of the LHC.Little HiggsLittle Higgs models provide a relative new formulation of the physis of eletroweak sym-metry breaking. The key features of those models are summarized here:

• The Higgs �elds are Goldstone bosons, whih are assoiated with some global sym-metry breaking at a higher sale.
• The Higgs �elds aquire a mass and beome pseudo Goldstone bosons via symmetrybreaking at the eletroweak sale.
• The Higgs �elds remain light sine they are proteted by the global symmetry andfree from a 1-loop quadrati sensitivity to the uto� sale.The interested reader is referred to dediated papers (for example see [30℄).Here the motivation of new gauge bosons within these models should be mentionedbrie�y: In addition to the Standard Model gauge bosons, a set of heavy gauge bosons are
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.3. The W ′ Reference Modelinluded in Little Higgs models having the same quantum numbers. By the hoie of thegauge oupling onstants, the Higgs boson quadrati divergenes, indued by SM gaugeboson loops, are aneled by quadrati divergenes of the new heavy gauge bosons.These new partiles are expeted to appear at the TeV-sale and should be detetedat the LHC. Moreover, the entire reasonable parameter spae of Little Higgs models analready be disovered or exluded with one year of LHC data [31℄.3.3 The W
′ Referene ModelGiven the large numbers of models whih predit new heavy harged gauge bosons, itis a natural approah to use a simpli�ed ansatz for suh a searh. After a disovery ofsignatures related to a new boson, detailed studies an be performed to distinguish betweenthese models and to determine whether the boson belongs to a Little Higgs model, a Left-Right-Symmetri or a totally di�erent one. The advantage of suh an approah is theindependene from other onstraints. For example a searh for aW ′ within a LRSM in thedeayW ′ → µνR hannel is onfronted with the problem of right-handed massive neutrinos.In this ase additional assumptions have to be made to get a disovery limit. Followingthe tradition of diret searhes at olliders this study is based on the Referene Model �rstdisussed by G. Altarelli [32℄.The Referene Model is obtained by simply introduing ad ho new heavy gauge bosons,two harged W ′ vetor bosons as well as one neutral Z ′, as arbon opies of the StandardModel ones. The ouplings are hosen to be the same as for the ordinaryW and Z0 bosons.The only parameters are the masses of the new vetor bosons. While the oupling of theso onstruted bosons with leptons is omparable to those obtained in extended gaugetheories, the ouplings to the massive Standard Model gauge bosons are enlarged [32℄.For W ′ masses larger than 500 GeV this leads to a W ′ width larger than its mass. Sinesuh a state is not interpreted as a partile any more, the ouplings of W ′ and Z ′ to theStandard Model W and Z0 are suppressed manually in the Referene Model, This resultsin a moderate width for the new gauge bosons.This suppression arises in extended gauge theories in a natural manner: if the new gaugebosons and the SM ones belong to di�erent gauge groups, verties of the kind Z ′Z0Z0 or

W ′W±Z0 are forbidden. They an only our after symmetry breaking due to mixingof the gauge group eigenstates to mass eigenstates. These verties are then suppressedby a fator of the order of (W±/W ′)
2. With these assumptions the Referene Model hasomparable branhing ratios (see table 3.2) and thus is a reasonable approah for a diretsearh.Additional neutrinos are not taken into aount within the model. This work is based onthe study of Referene Model W ′ bosons deaying into a muon and a light non-detetablepartile suh as the muon neutrino of the Standard Model. The model is implemented inleading order in the event generator pythia and used as starting point for the full detetorsimulation (see hapter 6).
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3.3. The W ′ Reference Model CHAPTER 3. BEYOND THE STANDARD MODELBranhing RatiosModel Referene Model LRSM (MνR = 0.5 TeV )
MW ′ 1 TeV 2 TeV 5 TeV 1 TeV 2 TeV 5 TeV

W ′+ → d u 24.2% 24.0% 23.9% 26.7% 24.6% 24.0%
W ′+ → d  1.2% 1.2% 1.2% 1.4% 1.3% 1.2%
W ′+ → d t 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
W ′+ → s u 1.2% 1.2% 1.2% 1.4% 1.3% 1.0%
W ′+ → s  24.2% 24.0% 23.9% 26.6% 24.5% 24.0%
W ′+ → s t 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
W ′+ → b u 0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
W ′+ → b  0.0% 0.0% 0.0% 0.0% 0.0% 0.0%
W ′+ → b t 24.3% 25.0% 25.1% 26.7% 25.5% 25.1%
W ′+ → l+ νl(R)

8.2% 8.2% 8.2% 5.7% 7.6% 8.1%Table 3.2: Comparison of the branhing ratios of the W ′ in a Left-Right-Symmetri Model andthe Referene Model for di�erent masses obtained by pythia v6.319. The mass of the massiveMajorana neutrino in the LRSM is set to 500 GeV. ForW ′ masses muh larger than the Majorananeutrino mass the branhing ratios are idential.Prodution of a W ′ BosonThe prodution of a W ′ in a proton-proton ollision is omparable to that of a W boson.From onstraints of Lorentz-invariane and renormalisability the matrix element for theoupling of a W ′ to two fermions i and j has the form
M = − 1√

2
i gW ′

µψi γ
µ(a+ bγ5)ψj Ui,j . (3.29)As mentioned before the oupling onstant g is assumed to be idential with the SM one.Therefore also the onstants a and b desribing the vetor- and axialvetor-fration of theinteration are set in oinidene to the SM (a = 1, b = -1). Ui,j is the Cabibbo-Kobayashi-Maskawa matrix onneting fermions i and j.The partial width of a W ′ resulting from the oupling to a quark qi and an antiquark qjis

Γi,j =
NCGFM2WMW ′

6
√

2
|Ui,j | (3.30)with the olour fator NC and the Fermi oupling onstant GF. Due to the lose relationof the W ′ to the W of the Standard Model the full W ′ width ΓW ′ (see �gure 3.2) an beexpressed in terms of the W width ΓW

ΓW ′ ≃
{
MW ′

MW
ΓW for MW ′ < 180 GeV

4
3
MW ′

MW
ΓW for MW ′ ≫ 180 GeV .

(3.31)ForW ′ masses below the top mass (∼ 180 GeV) the kinematially allowed deay hannelsare idential for the SMW and theW ′. ForW ′ masses beyond 180 GeV the deayW ′ → tb
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.4. Previous Searches

Figure 3.1: Feynman graph of the W ′ prodution in lowest order. A quark-antiquark pairannihilates into a W ′ and deays into a fermion pair.opens. Sine the phase spae is enlarged it results in an inrease of the width3 by a fatorof about 4/3. In the intermediate region the fator is between 1 and 4/3 sine the deayinto a tb-pair is in priniple possible, but suppressed beause the quark pair has to beprodued o�shell.From the tree level Feynman graph (see �gure 3.1) the di�erential prodution rosssetion at leading order for a W ′ an be alulated [32℄
dσ

dy
(pp→W ′ +X) =

4π2

3M3
W ′

∑

i,j

∫
dxi dxj fi(xi,M

2
W ′)fj(xj ,M

2
W ′)Γi,j (3.32)with fi(xi,M2

W ′) as the probability to �nd a parton i with a proton's momentum fration
xi at the energy sale of the W ′ mass. The aording integrated ross setion obtainedfrom pythia is plotted in �gure 3.2 for the range relevant in this study.3.4 Previous SearhesThe previous searhes an be separated in two ategories: the �rst kind uses the generi
W ′ based on Altarelli's Referene Model. The strongest mass limits based on this modelare obtained in diret searhes at olliders, in partiular at the tevatron. The seond kindof searhes assumes a speial model, mostly the already presented Left-Right-SymmetriModel. These searhes test preditions of the model from whih limits on the W ′ mass anbe derived.3.4.1 Diret SearhesThe today's world limit on theW ′ mass from diret searhes is held by the CDF experimentloated at the tevatron. They used 110 pb−1 of data olleted in pp-ollisions at a3Estimate: due to the small mixing between the quark generations the W an mainly deay to du, scand lν. Taking the quark olour into aount one obtains (3 · 2 + 3) = 9 di�erent deays. A heavy

W ′ has the additional quark-antiquark deay into tb and thus (3 · 3 + 3) = 12 possible deays. Thisresults in a rise of the W ′ width by a fator 12/9 = 4/3.
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3.4. Previous Searches CHAPTER 3. BEYOND THE STANDARD MODEL
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Figure 3.2: The ross setion (left) and the width of the W ′ as a funtion of its mass obtainedby pythiav6.319. The small kink in the width at around 200 GeV results in the additional deayhannel of the W ′ into a top and bottom quark, whih is kinematially not allowed for the SM W .entre of mass energy √
s = 1.8 TeV during 1992�95. A lower mass bound is set by thedetermination of a limit on the ratio of the branhing frations

σ(W ′ → eν)

σ(W → eν)
.Sine the ross setion of theW ′ is mass dependent, a mass limit an be obtained. Knowingthe SM expetations for the number of eν-events in di�erent transverse invariant mass bins,the maximal number ofW ′ eventsN95

W ′ ompatible with the measurement at 95% on�denelevel has been determined using Poisson probability. An upper limit on the branhing ratiois given by (
σ(W ′ → eν)

σ(W → eν)

)

95

=
N95

W ′AW
AW ′NWtaken the detetor aeptanes AW, AW ′ for W and W ′, respetively, into aount. Com-paring this ratio as a funtion of the W ′ mass with the expeted ratio obtained by the

W ′ Referene Model implemented in pythia results in a lower mass limit of 754 GeV.Combining this limit with the CDF W ′ → µν hannel limit, alulated in the same man-ner, lifts the bound to 786 GeV [33℄.Reent studies within the DØ experiment give rise to a lower bound of 965 GeV [34℄.3.4.2 Indiret SearhesBeause of the variety of indiret searhes, whih make di�erent assumptions about theoupling of the new gauge bosons, the Higgs setor and the (right-handed) neutrino setor,only some ideas for experiments resulting in W ′ mass limits are given (for an review see[35℄).
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CHAPTER 3. BEYOND THE STANDARD MODEL 3.4. Previous Searches

• KL-KS-mass di�erene:The KL-KS-mass di�erene an reeive important ontributions from box diagramsinluding the exhange of new heavy harged gauge bosons like the one shown in�gure 3.3. Sine the mass di�erene of the KL-KS-system is known from experimentsto be ∆m = mKL −mKS = (3.483± 0.006) · 10−12 MeV [36℄ a mass limit of the orderof MWR > 1.6 TeV an be derived depending on the assumed ouplings [37℄.
• Neutrinoless Double β-Deay:The existene of a new heavy (right-handed) gauge boson oupling to massive Majo-rana neutrinos gives rise to additional Feynman graphs for the neutrinoless β-deay.The most important ontribution arises from the graph shown in �gure 3.3. Twoneutrons both deay into a right-handed W ′. If one W ′ deays into a lepton and aMajorana neutrino, the other W ′ an absorb it, sine the (heavy right-handed Ma-jorana) neutrino is its own antipartile, and an reate a lepton. Up to now therehave not been any observations of this kind of neutrinoless β-deay. From the upperbound on the ross setion a limit on the W ′ mass of 310 GeV an be derived [38℄.Further onstraints on the W ′ mass have been derived from osmologial onsiderationsonerning supernovae, eletro-weak �ts to data from neutrino-hadron, neutrino-eletronand eletron-hadron interations, neutron and muon deay and further more (see [36℄).

Figure 3.3: Additional Feynman graphs arising in ase of an existing W ′ in KL−KS-osillationsand neutrinoless double β-deay.
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Chapter 4The CMS Detetor at the LHCToday's world largest partile physis laboratory, CERN, situated on the border betweenFrane and Switzerland, was founded on september 29, 1954. From the original twelvesignatories of the CERN onvention the membership has grown to 20 members.Sine its foundation CERN made the way to breakthroughs in the understanding offundamental partiles and their interations: the disovery of neutral urrents in 1973,the disovery of the W and Z bosons in 1983, the high preision measurements of weakinterations at the LEP experiments and lately the exploration of a new state of matter(possibly the quark-gluon-plasma) are just some of the historial highlights. Beside theimportane of CERN in the physis ommunity it is also known for its soial and ulturalrelevane.

Figure 4.1: The Large Hadron Collider at CERN with its four experiments ALICE, ATLAS,CMS and LHCb.
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.1. The Large Hadron Collider4.1 The Large Hadron ColliderFrom 2007 onwards CERN will host the most powerful ollider in the world: the LargeHadron Collider (LHC). Aiming for a deeper knowledge of the fundamental onstituentsof matter and their interations protons and also heavy ions will be ollided. This setiondisusses the properties of the LHC mahine, designed to provide physiists with a generaltool to explore the TeV-energy sale.4.1.1 Physis at proton-proton ollidersThe energy loss per revolution of a partile with mass m and energy E due to synhrotronradiation in a irular ollider with radius R, is proportional to E4/(m4R). This determinesthe LEP ollider to be the last eletron-positron ollider of these dimensions.The use of protons with a 2000 times higher mass avoids the problem of huge radiativeenergy loss, but with the drawbak of not olliding elementary partiles. Instead of point-like partiles the onstituents of protons, namely quarks and gluons, interat with only afration of the proton energy1 √
s′ =

√
xaxbs. (4.1)

xa and xb refer to the energy-frations arried by the interating partons, respetively,whereas √
s′ is the entre of mass energy of the olliding partons and √

s the entre ofmass energy of the protons. Thus, the entre of mass energy has to be larger ompared toan eletron-eletron mahine.For the disovery of new partiles it is not su�ient to ahieve a high amount of energy,but it is also neessary to produe ollisions with a signi�ant rate. The number of events
Nevent for a speial proess with a ross setion σevent at a ollider luminosity L is given by

Nevent = Lσevent. (4.2)Assuming a Gaussian beam distribution with widths σx and σy in x- and y-diretion,respetively, the luminosity is approximately given by
L =

nbN
2
b f

4πσxσy
. (4.3)

Nb yields the number of partiles per bunh, nb the number of bunhes per beam and fthe revolution frequeny. All these parameters have to be tuned in order to ahieve thehighest possible luminosity and thus the best apability for new disoveries.The ross setion of a speial partoni proess (like qq →W ′ → µν) depends on the rosssetion σ̂ of the proton partons (partoni ross setion), graphially modeled by Feynmangraphs. Sine only two partons interat diretly within a pp-ollision the ross setion isalso dependent on the partons densities (given as parton density funtions, pdf) inside theproton,
σ =

∫
dx1

∫
dx2 f1(x1, Q

2)f2(x2, Q
2) σ̂. (4.4)1As a rough estimate: √

s′ ≈ 1/6
√
s. The fator 1/6 results from 3 sea quarks within eah protonarrying half of the proton's momentum.
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4.1. The Large Hadron Collider CHAPTER 4. THE CMS DETECTOR AT THE LHCThe pdf fi(xi, Q2) equals the probability to �nd a parton inside the proton arrying themomentum fration xi at the energy sale Q.In hard satterings the interation energy and thus the rest frame is not known, beausethe proton remnants, whih arry a sizable fration of the protons' energy, esape unde-teted at small angles mainly through the beam pipe. Thus, only energy and momentumonservation in the transverse plane an be used to �nd non-interating partiles suh asneutrinos.Sine the LHC is aiming for rare events the luminosity and thus the number of parti-les per bunh are hosen as large as possible. This has the drawbak of having severalinterations in one beam rossing. For the high luminosity phase (L = 1034 cm−2 s−1) ofthe LHC there are up to 20 interations at one, mainly QCD events (so alled minimumbias). For the detetors this results in an extreme hallenge to identify interesting physisproesses out of the enormous amount of ollisions.The proton with its quark-gluon substruture enlarges the hallenge. Sine most ofevents are reated by two interating partons olour harged frations of the two protonsleave the interation point and produe additional jets. Sine these partiles arry smalltransverse momenta they vanish mainly through the beam pipe (beam remnants).In �gure 4.2 the ross setion and the event rate at the LHC design luminosity for variousproesses as a funtion of the entre of mass energy √
s is given. A remarkable aspet ofthe LHC physis is the wide ross setion range of proesses under investigation. Whilethe total ross setion is dominated by QCD events like qq → qq, qq → gg or qg → qg,rare events like the prodution of new gauge bosons like Z ′ or W ′ are investigated withexpeted ross setions, whih are smaller by a fator 1010. The multipliity of QCDevents makes it di�ult to detet a signal in �nal states ontaining only jets. Due to itslower bakground leptoni and semi-leptoni physis proesses are preferred and thus theidenti�ation and measurement of leptons espeially in the high pT-range is a ruial taskfor the LHC experiments.4.1.2 The LHC designWith a entre of mass energy of 14 TeV and a design luminosity of L = 1034 cm−2 s−1 2808bunhes of 1.15 · 1011 protons eah will be aelerated in the 27 km long former LEP2 tunnelabout 100 m below surfae and will ollide every 25 ns at four interation points wherethe experiments ALICE3, ATLAS4, CMS5 (plus TOTEM6) and LHCb7 are loated. Thetwo multi-purpose detetors ATLAS and CMS aim at rare events with highest luminosities(L = 1034 cm−2 s−1), whereas the low luminosity experiments LHCb (L = 1032 cm−2 s−1)and TOTEM (L = 2 · 1029 cm−2 s−1) are investigating B-physis and protons from elastisattering at small angles, respetively. Due to the general layout of the aelerator theLHC an also be operated with heavy ion beams. In addition to the ATLAS and CMS2Large Eletron Positron Collider3A Large Ion Collider Experiment4A Toroidal LHC ApparatuS5CompatMuon Solenoid6TOTal and Elasti Measurement7The Large Hadron Collider beauty experiment
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.1. The Large Hadron Collider

Figure 4.2: Cross setions and event rates for di�erent proesses as a funtion of the entre ofmass energy at proton-proton olliders [39℄.
30



4.1. The Large Hadron Collider CHAPTER 4. THE CMS DETECTOR AT THE LHCexperiments the LHC has one dediated heavy ion experiment ALICE aiming at a peakluminosity of L = 1027 cm−2 s−1 for Pb-Pb ollisions.Parameter Value UnitMomentum at ollision 7 TeVDipole �eld at 7 TeV 8.33 TQuadrupole gradient 220 T/mCirumferene 26659 mDesign Luminosity 1034 cm−2 s−1Number of bunhes 2808Partiles per bunh 1.1 · 1011DC beam urrent 0.56 AStored energy per beam 362 MJUltimate Dipole Field 9 TInjetion Dipole Field 0.4 TRamp Time 20 minMagnet Coil inner diameter 56 mmDistane between beams 194 mmTable 4.1: LHC design parameters [40℄.The LHC is designed as a superonduting ollider aelerating two beams of equallyharged partiles with separate magnet dipole �elds and vauum hambers in the mainars. The beams share ommon setions only at the four interation points and at theinsertion region. To allow an operating magneti �eld of 8.4 T the 1232 dipole magnets areooled with super�uid helium to a temperature of 1.9 K. A highly sophistiated system ofmagnets is used to fous the beam and thus to guarantee a ontinuous operation.The high entre of mass energy of 14 TeV an only be ahieved by aelerating thebunhes of partiles stepwise using several already existing CERN pre-aelerator faili-ties. The upgraded Lina 2 will deliver protons of 50 MeV energy with an intensity of180 mA and pulses of about 20 µs to the PS (Proton Synhrotron). The modi�ed PS withits two new radiofrequeny systems (RF), will feed the SPS (Super Proton Synhrotron)with bunhes of 25 ns spaing and an energy of 26 GeV.The SPS itself, upgraded with a new superonduting RF system, will aelerate theprotons to an energy of 450 GeV and �ll �nally the LHC. One full injetion of the LHCrequires twelve yles of the SPS synhrotron and eah SPS �ll requires three or four ylesof the PS synhrotron. Counting 21.6 s for every SPS and 3.6 s for every PS yle withsome additional injetion and mahine adjustment yles the minimum LHC injetion timeis 16 minutes. Further 20 minutes are needed for ramping the 2808 proton bunhes in theLHC from 450 GeV to 7 TeV. Thus after a total time of about 40 minutes LHC is readyfor ollisions at the highest entre of mass energies.Due to interations of the beams with their environment the luminosity lifetime is ex-peted to be about 15 h; the antiipated time of data taking is around 6 to 12 hours per �lldue to the luminosity derease from ollisions. With these parameters the maximum total
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.2. The CMS Detectorintegrated luminosity per year is expeted to be between 80 fb−1 and 120 fb−1 dependingon the average operational time of the mahine.In 2007 the LHC will operate for a few weeks at a luminosity up to L = 1032 cm−2 s−1olliding 43 on 43 proton bunhes. For 2008 the ollider is planned to be driven for 100days at pp-luminosities lose to L = 2 · 1033 cm−2 s−1 with initially 75 ns and later 25 nsbunh spaing. For the following years the LHC tends towards the design luminosity of
L = 1034 cm−2 s−1 with olliding bunhes every 25 ns.4.2 The CMS DetetorCMS is a general-purpose detetor whih is built from various sub-omponents to measurethe partiles whih are diretly or indiretly reated within a pp-ollision. Aording tothe energy loss of the deay produts in matter the subdetetors with their di�erent tasksare plaed shell-like around the interation point. Elements lose to the beam line arebuilt with as little material as possible to suppress multiple sattering and absorption ofpartiles before their identi�ation in the dediated detetor parts.A �rst proposal of the CMS detetor has been presented during the LHC workshop [41℄,whih took plae in Aahen in 1990. The proposal is based on a solenoid magnet with ahighly performant muon system and a ompat design.Sine then muh e�ort has been spent on the researh and development of the wholedetetor. Today's design as shown in �gure 4.3 onsists of a 4 Tesla solenoidal superon-duting magnet, 13m long with an inner diameter of 5.9 m. The view of the detetor isdominated by the iron return yoke surrounding the magnet with �ve so alled wheels andtwo endaps made of three diss eah. In total CMS has a length of 21 m and an outerdiameter of 15 m resulting in a weight of around 12500 t.For an experiment hosted at a pp-ollider it is natural to optimise the muon system in�rst plae: among the leptons, muons an be separated easily from other partiles andtheir measurement up to the TeV-energy region is not ompliated by bremsstrahlung asin the ase of eletrons. The design goal of a very good and redundant muon system isrealized by three di�erent tehnologies, a strong uniform magneti �eld of 4 Tesla and anearly hermeti solid angle overage up to |η| = 2.4.Inside the magnet oil the eletromagneti and hadroni alorimeter as well as the maintraker are plaed. This has the advantage that the alorimeter performane is not a�etedby the oil and a high intrinsi resolution is guaranteed. The strong magneti �eld reduesthe arrival of soft harged hadrons and other low energeti partiles in the alorimeter andguarantees a highly performant eletromagneti alorimeter.In addition, the bending of harged traks improves the momentum resolution inside thetraker. A high quality entral traker with robust trak and detailed vertex reonstrutionis built to support the muon system and the alorimeter. The CMS detetor is equippedwith an all silion inner traker to ahieve a good spatial resolution for traks within anenvironment of high partile �uxes. Due to the high trak multipliities expeted at theenormous luminosity and a bunh rossing rate of 40 MHz this is an important task. Apixel vertex detetor is mounted lose to the beam pipe to detet seondary verties arisingfor example from B-mesons and τ -leptons.
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Figure 4.3: The Compat Muon Solenoid [42℄.
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.2. The CMS DetectorIn the following setions the CMS detetor is brie�y desribed, starting from the inner-most part and following a partile trak to the outermost instruments. Details an befound in [2, 39, 43�47℄.4.2.1 The Silion Pixel DetetorSeveral interesting events at the LHC are likely to ontain seondary verties, e.g. fromb- or -quarks or from τ -leptons. These partiles are reated at the pp-ollision point,but travel a few millimeters before they deay at a seondary vertex. To allow for ane�ient observation of these deays a high-resolution pixel detetor is mounted as loseas possible to the interation point. Due to the lose neighbourhood to the beam thedetetor is exposed to high partile �uxes resulting in a limited lifetime for this detetoromponent. The pixel detetor is expeted to provide spae point information with a high

Figure 4.4: The CMS pixel detetor is entred around the beam pipe and represents the innermostlayer of the CMS traking system [43℄ (see also �gure 4.5)resolution and a minimum of two pixel hits per trak to improve the ability to distinguishseondary verties originating from long-lived objets against jets arising from light quarksand gluons. Therefore the CMS pixel system (see �gure 4.4) onsists of two barrel layersand two pairs of forward and bakward end diss. For the low luminosity on�gurationthe inner barrel layers reside 41�45 mm and 70�74 mm away from the nominal beam axis.When reasonable operation of the innermost layer is no longer provided, it will be removedand a new layer will be installed at 107�112 mm.The endap diss with a radius from 60�150 mm are plaed at ±32.5 cm and ±46.5 cmin z-diretion. They omplete the η-overage for at least two pixel hits up to |η| = 2.4 fortraks originating from the entre of the interation region. The radiation environmentlose to the interation region will ause damage to the pixel sensors and readout hipsand hene limit their lifetime. However, a silion detetor is a good ompromise betweenradiation hardness, ost, oupany and ahievable spae point resolution. With a pixelsize of 150 µm × 150 µm one obtains a hit resolution of about 10 µm in the rφ-planeand 17 µm in the rz-plane, under the assumption of an overall alignment preision within10 µm.
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4.2. The CMS Detector CHAPTER 4. THE CMS DETECTOR AT THE LHCThe readout is performed analog to pro�t from e�ets of harge sharing among the pixelsdue to the 4 T magneti �eld. Using harge interpolation among several pixels a higherhit resolution is obtained. To minimize the e�et of radiation damages within the silionthe approximately 39 million pixels are operated at a temperature of -10◦C.Finally the pixel detetor allows fast and e�ient trak seed generation from whih thetrak reonstrution an start, extrapolating the partiles into the silion strip detetorand further on.4.2.2 The Silion Strip Traker

Figure 4.5: Cross setion of one quarter of the CMS silion traker [43℄.In the hallenging environment of the LHC the detetion of high-pT leptons plays anessential role in the separation of signal from bakground. Therefore the task of thetraker is a preise measurement of the transverse momentum up to the TeV-regime.This is ahieved by a high point resolution of the traks bended in the magneti �eld and alarge number of measurements along the trak. In onjuntion with the pixel detetor thetraker improves the impat parameter resolution with a sophistiated pattern reognition.The silion strip traker (see �gure 4.5) overs a ylindrial volume with a length ofabout 5.4 m and a radius between 0.2 and 1.2 m. An ative area of approximately 210 m2is divided into ten barrel layers and nine diss in eah outer endap plus three mini-dissarranged as shown in �gure 4.5 and 4.6.The high rate of underlying events in one ollision and a bunh rossing every 25 nsresults in a very high harged partile �ux in the traker. Due to the strong magneti �eldharged partiles with less than a few GeV transverse momentum annot leave the trakerand spiral until they are absorbed. At a radius of 25 cm still 0.1 harged partiles inidentper 1 cm2 every 25 ns. Thus the traking system requires a high granularity to separate
35



CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.2. The CMS Detector

Figure 4.6: The CMS full silion inner traking system. It onsists of an outer and inner barrel,two endaps and two inner diss. In addition the pixel detetor is visible in the entre. The overallonstrution resides inside a support tube [43℄.lose traks. It must be radiation hard, but should onsist of as little material as possiblee.g. to redue onversion of photons before reahing the alorimeter.The traker overs an |η|-range smaller 2.5, in whih eletrons and muons are reon-struted with an e�ieny larger than 98%, a fake trak rate below 1%, and an expetedmomentum resolution, whih is approximately given by [48℄
∆pT
pT = 0.15 pT [ TeV℄⊕ 0.5% (4.5)for isolated harged leptons. As shown by detetor simulations a good determination ofthe trak parameters with only 4�6 hits allows fast and lean pattern reognition. Thewhole traker has to be kept at -10◦C to ensure that the silion survives the high radiationenvironment of the LHC.4.2.3 The Eletromagneti CalorimeterThe eletromagneti alorimeter (ECAL) [2℄ measures the energy and the diretion of ele-tromagnetially interating partiles like eletrons, photons or parts of the eletromagnetifration of jets with high preision by absorbing these partiles inside sintillating rys-tals. To meet the LHC requirements of radiation hardness and to ahieve a high energyresolution, PbWO4, with its high density and therefore short radiation length8 X0 and8The energy of a high-energeti eletron (E ≫ 1 MeV) has dropped to 1/e - on average - after passingthe distane of one radiation length X0.
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Figure 4.7: One quadrant of the CMS alorimeters [2℄. The traker is surrounded by the barreleletromagneti (EB) and hadroni barrel alorimeter (HB). In the diretion of the beam line thealorimeter is ompleted by the eletromagneti (EE) and hadroni endap alorimeter (HE) .small Moliere radius9 of 22 mm has been hosen. It allows a very ompat eletromagnetialorimeter whih �ts into the design of CMS.Speial e�orts have been made for the development of rystals, photodetetors, eletro-nis and software to meet the hallenging LHC requirements of an average of 1000 hargedtraks penetrating the ECAL every 25 ns. The readout is done by speial avalanhe pho-todiodes in the barrel and vauum photo triodes in the endaps, whih are both insensitiveto high magneti �elds. They amplify the light gained from the rystals and measure theenergy deposit.Beause of the strong temperature dependene of the rystal light yield and of the diodegains, the temperature inside the alorimeter has to be kept onstant within 0.1 K toguarantee a preise operation of the ECAL [2℄.The ECAL is built of a ylindrial barrel with a length of around 6 m, an inner radius of1.3 m and an outer radius of 1.8 m. Endaps are loated in forward and bakward diretionat ±3.2 m with an extension of 0.7 m along the z-diretion. With these dimensions therystals hermetially over an |η|-range up to 3.0. The preision of the energy measurementfor eletrons and photons is limited by the radiation dose, the amount of pileup energydeposited and the traker overage up to |η| = 2.5. The shape of the approximately 60000barrel and 20000 endap rystals is hosen so that their front fae (22 x 22 mm2) pointsto the interation region (pseudo-projetive geometry). This orresponds to a granularityof ∆η ×∆φ = 0.0175 × 0.0175 in the ECAL barrel whih grows progressively with η to amaximum of ∆η ×∆φ ≈ 0.05 × 0.05. The typial rystal depth of 230 mm is idential to9In a ylinder with a radius of a Moliere radius on average 95% of the eletromagneti shower energyis ontained.
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.2. The CMS Detector26 radiation lengths X0. For trigger purposes arrays of 5 × 5 rystals are grouped to oneECAL trigger tower whih oinide with the HCAL tower granularity.The neutral pion and photon separation is improved by an endap preshower detetorinstalled in front of eah ECAL endap [49℄. It onsists of a lead absorber to initiate photonshowers and overs a range from 1.65 < |η| < 2.61. Its thikness of 2.8 X0 is well adaptedto guarantee a 95% onversion probability and to prevent a degradation of the exellentrystal alorimeter energy resolution. The readout is performed by silion sensors whihat as energy sampling devies. The Preshower detetor improves the π0/γ but also thee±/π± separation and enhanes the spatial resolution of the alorimeter.The energy resolution of a alorimeter an be desribed by the following formula
σ(E)

E
=

a√
E[GeV]

⊕ b

E[GeV]
⊕ c (4.6)using the notation g ⊕ h :=

√
g2 + h2. The term a, alled stohasti term, re�ets theshower �utuations, the photon-statistis and the �utuation of the transverse leakage ofthe produed shower in the alorimeter. The design value of a was de�ned to be 2.7%and 5.7% for the barrel and the endap alorimeter, respetively. The so alled noiseterm b omprises the eletroni noise inluding dark urrents and pileup of overlappingevents. The noise term orresponding to a luster of 5 × 5 rystals is expeted to be about150 MeV (210 MeV) for the barrel and 205 MeV (245 MeV) for the endaps at low (high)luminosity. The onstant term  of about 0.55% results from interalibration errors, rystalnon-uniformity and shower leakage.4.2.4 The Hadroni CalorimeterThe CMS detetor is equipped with four kinds of hadroni alorimeters [44℄, featuring agood segmentation, moderate energy resolution and full angular overage up to |η| = 5.As displayed in �gure 4.7 the barrel hadroni alorimeter (HB) is inserted into the magnetoil and surrounds the eletromagneti alorimeter up to a pseudorapidity of |η| = 1.3.It is ompleted by two endap hadron alorimeters (HE), |η| ≤ 3, also loated inside thesolenoid and extended by the two (very) forward alorimeters (HF), surrounding the beampipe 11m away from the interation point. In addition the entral shower ontainment isimproved with an array of sintillators loated outside the magnet labeled as outer hadronialorimeter (HO).The HCAL measures the hadroni omponent of jets and other hadroni partiles. Due tothe hermeti layout of both, the eletromagneti and hadroni alorimeters, the transverseomponent of the energy imbalane an be alulated, and neutrinos or other partiles notinterating inside the detetor, an be seen indiretly.Hadroni Calorimeter: Barrel and EndapsFor the HB and HE plaed inside the magnet the ollaboration deided to use a samplingalorimeter made of brass and plasti sintillators, whih are read out by wavelength-shifting plasti �bres. The HB is divided into two ylindrial setions, whih are segmented
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4.2. The CMS Detector CHAPTER 4. THE CMS DETECTOR AT THE LHCinto 18 idential wedges. Eah wedge, aligned parallel to the beam axis, onsists of alter-nating 17 layers of 5�8 m brass and readout sintillators divided into segments of the size
∆η ×∆φ = 0.087 × 0.087. It is sandwihed by stainless steel for strutural strength.The HE onsists of 18 20◦-modules, eah made of 19 layers of brass and sintillator withthe same transverse segmentation as the HB to math the trigger tower granularity of theECAL. While the HB has a minimum depth of 5.8 nulear interation lengths10 λI, the HEonsists of at least 10 interation lengths λI.The Forward CalorimetersThe HF alorimeters (1.65 m length, 1.4 m radius) are made of steel absorbers and embed-ded radiation hard quartz �bres, whih provide a fast olletion of Cherenkov radiation byphotomultipliers. With a depth of roughly 9 λI it is a ruial tool to improve missing en-ergy detetion and also useful to tag forward jets to redue bakgrounds in signal reationswithout assoiated jet prodution in forward diretion.Charged partiles entering the HF produe partile showers in whih only eletrons andpositrons are fast enough to produe Cherenkov light. Thus the alorimeter is mainlysensitive to the eletromagneti omponent of showers, providing a very lean and fastsignal. In addition it is used for luminosity monitoring.Outer Hadroni CalorimeterIn the barrel region a partile has to pass about 8 nulear interation lengths until itreahes the magnet. That means, that for a 300 GeV pion 5% of the energy would be de-posited beyond the outer limits of the HB. To improve the shower ontainment two layersof sintillators are loated outside the solenoid but in front the �rst muon station. This ex-tends the total depth of the HB to 11.8 λI with an improvement in linearity and resolution.The overall resolution of the omplete alorimeter system inluding both, eletromagnetiand hadroni, alorimeter is given by [44℄

∆E

E
=

100%√
E[GeV]

⊕ 4.5% (4.7)for energies between 30 GeV and 1 TeV.4.2.5 The Superonduting SolenoidThe CMS detetor is equipped with a superonduting solenoid [45℄ bending the traksof the harged partiles and thus allow to measure their transverse momentum. Thesuperonduting oil with a length of 13 m and a diameter of about 5.9 m is loated insidethe barrel wheels, whih onstitute the return yoke (see �gure 4.3). The magnet is ooledwith liquid helium. As shown in �gure 4.8 the magneti �eld reahes up to 4 T and isespeially in the endaps quite inhomogeneous. Fully operational the magnet stores anenergy of 2.7 GJ.10On average a hadroni interation ours at one nulear interation length λI.
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Figure 4.8: The magneti �eld within one quarter of the CMS detetor. Piture generated usingiguanams [50℄.4.2.6 The Muon SystemAs implied by the name of the detetor, CMS is speially foused on triggering and reon-strution of muons, whih give lear signatures for a variety of physis proesses, like the�golden hannel� for Standard Model Higgs searhes H → ZZ → 4µ or the deay of newheavy gauge bosons Z ′ → µµ and W ′ → µνµ. In the muon system the momentum as wellas the harge of muons is determined by measuring the trak bending due to the magneti�eld with three di�erent types of gaseous detetors.The hoie of the detetor tehnology is driven by the very large surfae to be overed,the preision needed and the di�erent bakground radiation environments. Beside the ru-ial features of muon identi�ation and bunh rossing assignment, the pT measurementespeially for high momentum muons is given by the muon system. It has a spatial re-solution of the order of 100 µm. Due to the multiple sattering of the muons in the ironof the return joke the overall pT resolution for low momentum muons (pT < 200 GeV) isdetermined by the traker.The muon system, whih is embedded in the iron return yoke of the magnet, onsists offour stations, arranged as onentri ylinders around the beam pipe in the barrel regionand as diss perpendiular to the beam line in the endaps. The 10 interation lengthsbefore the �rst muon station and another 10 from the iron yoke before the last station,guarantee that no other partiles than muons (with an energy of more than 5 GeV) andneutrinos pass the muon system and ensure the muon identi�ation to be above 95%.Three di�erent tehnologies are employed in the hermeti muon system: in the barreldrift tubes (DT) are installed, where the oupany, the bakground noise and the residualmagneti �eld are relatively low ompared to the endaps where athode strip hambers(CSC) are used. In addition, resistive plate hambers (RPC) provide in both regions an
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4.2. The CMS Detector CHAPTER 4. THE CMS DETECTOR AT THE LHCindependent measurement for trigger purposes with a superior time, but a lower spatialresolution. The muon system overs regions up to |η| = 1.2 for DTs, |η| = 2.4 for CSCsand RPCs.The Drift Tube ChambersIn the barrel region of the CMS muon system drift tube hambers are used to over thelarge area and to �t the environment: the pollution from radiation and harged partilesis one of the lowest inside CMS and the almost uniform magneti �eld inside the hambershas a strength less than 1 T, beause the �ux is ontained in the iron yoke (see �gure 4.8).

Figure 4.9: Piture of one CMS wheel equipped with drift tubes hambers and resistive platehambers �xed on top of them (silver metalli retangular solids) [51℄.The drift tube system onsists of four onentri ylinders with growing diameter en-tered around the beam pipe. From inside to outside these so alled stations are namedMB1 to MB4 (Muon Barrel). With a length of 2.5 m the hambers follow the segmentationof the return yoke they are mounted at (see �gure 4.9). Eah wheel is divided into 12 azi-muthal setors whih over approximately 30◦ eah. One suh segment, a single �hamber�,is the basi unit in the DT system, whih onsists in total out of 250 hambers.A hamber is made of three �superlayers� (SL, the MB4 hambers onsist of only two),where the inner11 and outer so alled φ-SL are separated maximally to inrease the leverarm for the trak measurement in the rφ-bending plane. To be able to reonstrut a 3D-segment within a single hamber, the middle superlayer is rotated by 90◦ providing the11Viewpoint from the interation point respetively.
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Figure 4.10: Cross setion of a CMS drift ell with drift lines of eletrons and isohrones [52℄.z-oordinate (Θ-SL12). Both types of superlayers have the same substruture of four layersof drift tube ells.A basi ell (see �gure 4.10) has an outer width of 42 mm and a height of 13 mm. Thelength is depending on the superlayer type: onstant 2.5 m the for φ-SLs and varying forthe Θ-SLs, depending on the station. Along the entre a 50 µm gold plated steel wire,serving as anode, is strethed, whih is �xed at the ends. In a single ell only the absolutedistane to the wire an be measured. This left-right ambiguity is resolved by staggeringthe four layers of ells inside a superlayer by half a ell width.The athodes loated at the edges of the ell are mounted at �I�-shaped aluminium beams,whih isolate one ell from the other. In addition �eld shaping eletrodes at the top andbottom of a ell are improving the linearity of the spae-drifttime-relation. The ells are�ushed with a gas mixture of 85% Ar and 15% CO2, whih provides good quenhingproperties, and a drift veloity of about 55 µm/ns.This results in a maximum drift time of about 380�400 ns, whih equals the time of about16 bunh rossings. Inside a ell a hit an be measured with a preision of approximately190 µs [53℄ and an e�ieny larger than 99%.Cathode Strip ChambersThe athode strip hambers are loated in an environment of a highly non-uniform mag-neti �eld (up to 3.1 T, see �gure 4.8), a high �ux of harged partiles and an intenserate of neutron bakground (bakground rate up to 1000 Hz/cm2). Fixed on the endapiron return yokes in a plane perpendiular to the beam, the CSC system is arranged infour diss per endap (ME1 to ME4, Muon Endap, ounted from the interation pointoutwards).Beside the innermost station whih is divided into three onentri rings of hambers allother stations onsist of two rings. These rings are segmented into 18 trapezoidal hambersfor the inner rings of the ME2�ME4 and into 36 hambers for the other rings. Apart from12This kind of SL is missing in the outermost stations (MB4). Thus a 3D segment reonstrutionwithin this hambers is not possible. The r-oordinate is always given by the loation of the detetoromponent.
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Figure 4.11: Sketh of an endap CSC (left) and its funtional priniple [46℄.the outermost ring of the �rst station ME1 all hambers have overlaps in the rφ-plane toavoid dead regions.The CSC system is onstruted to ahieve a high muon detetion e�ieny, to providea robust and bakground rejeting pattern reognition and to improve the bunh rossingassignment. A single hamber is omposed of six equal layers of ative volume. Eah layeris a multi-wire proportional hamber (see �gure 4.11) de�ned by an array of 50 µs anodewires sandwihed between two parallel athode planes, whih are separated by a 9.5 mmgas gap (�lled with a mixture of 30% Ar, 50% CO2 and 20% CF4). The athodes aresegmented into strips, whih are aligned perpendiular to the wires in radial diretion.Their width is hosen to over a onstant ∆φ-slie between 2 and 5 mrad and thus are alsotrapezoidal. A voltage of 4.1 kV is applied.The hambers of the ring with the losest distane to the interation point show minordi�erenes in their mehanial onstrution: due to the high magneti �eld of about 3 Tin the z-diretion and the resulting skewed drift of eletrons, the gas gap is only 6 mmwide. The high-voltage ounts roughly 3 kV and the wires, having a diameter of 30 µm arestrung at a 25◦ angle in the hamber plane.The CSCs are fast detetors suitable for triggering sine the signals are read out fromthe strips as well as from the wires. Eletrons from the gas ionisation along a muon trakdrift to the array of wires and develop an avalanhe due to the inreasing eletri �eld. Themoving harges indue a signal on several strips of the athode plane. The interpolationof indued harges between adjaent strips results in a very �ne spatial resolution of about50 µm at normal muon inidene [46℄, whih is used to measure the urvature of the trakin the rφ-plane. Simultaneously, the signal on the wires is read out to gain a measurementof the radial oordinate with a oarse preision of a few mm.
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Figure 4.12: Cross setion of a double gap resistive plate hamber.Resistive Plate ChambersThe resistive plate hamber system is omplementary to the other muon detetors: withtheir reasonable spatial resolution, but exellent time resolution of a few nanoseonds theyare spei�ally designed for trigger purposes and add robustness and redundany to themuon system.In the barrel region the RPC hambers are diretly attahed to the DT hambers. The�rst two DT stations are sandwihed by RPCs to provide at least four measurementseven for lower energeti muons, while only one RPC is attahed to the outer two stations,respetively. In the endaps, trapezoidal shaped resistive plate hambers are ombinedwith the CSC system, resulting again in four diss whih over a range up to |η| = 2.4.A single RPC hamber is made of a pair of parallel bakelite plates, separated by a2 mm small gap �lled with a gas mixture of 96% C2H2F4, 3.5% i-C4H10 and 0.5% SF6(for streamer supression). For an improved e�ieny per station double gap RPCs (see�gure 4.12) are used. To apply the high voltage of 9.5 kV the highly resistive plates areoated with graphite eletrodes. Insulated aluminium strips are plaed inbetween the twosingle resistive plate hambers as a ommon readout.This double-gap layout is hosen to ompensate the weaker indued signal aused by theoperation of the RPCs in the �avalanhe� mode rather than in the more ommon �streamer�mode, to sustain higher rates. However, the gas ampli�ation is redued and an improvedeletroni gain is required.In the barrel the RPC readout strips, with a length of 80 or 120 cm, are aligned paralleland in the endaps, with a length of 25 to 80 cm, perpendiular to the beam line. Thewidth is determined to over always (5/16)◦ in the φ-oordinate and thus inreases withthe distane to the beam. By signal interpolation of adjaent strips this oordinate ismeasured, while the position parallel to the strip is only onstrained by the strip length.A ritial point in the operation of the RPCs is the �atness of the bakelite surfae. Loalbumpiness results in an inrease of the eletri �eld and auses intrinsi noise. A solutionfor surfae smoothing is the treatment of the bakelite eletrodes with linseed oil, whihalso absorbs UV quanta from avalanhes. CMS has made the hoie of oiling all barrel andendap RPCs up to |η| = 1.6. The remaining RPCs are supposed to be non-oiled to avoid
44



4.2. The CMS Detector CHAPTER 4. THE CMS DETECTOR AT THE LHCpotential aging e�ets, whih might be related to degeneray of the oil in this region dueto very high partile �uxes [54℄.The momentum resolution ∆pT /pT of the muon system stand-alone is expeted to be8�15% (20�40%) for muons with transverse momenta of 10 GeV (1 TeV) depending on η.In ombination with the traker the resolution an be improved to 1�1.5% (6�17%).4.2.7 The CMS Trigger and Data AquisitionThe LHC environment presents hallenges to the trigger and data aquisition system[39, 47℄ muh more demanding than those enountered at past and present experimentsworldwide. The bunh rossing rate of 40 MHz and an average of 20 interations per bunhrossing plus additional overlapping events result in approximately 109 interations per se-ond. CMS has more than 108 readout hannels resulting in a data rate of the order of 1015bits per seond at full operation. After zero suppression still 1 MB of data will be reordedfor one bunh rossing. Sine today's permanent storage devies suh as tape drives areonly able to ope with a data rate of about 100 Hz, the events ontaining �interesting�physis are sorted out and written to tape. Thus the stored number of events is reduedby a fator of 107. Low luminosity High luminosityTrigger Threshold Rate Threshold Rate[GeV℄ [kHz℄ [GeV℄ [kHz℄Inlusive isolated eletron/photon 29 3.3 34 6.5Di-eletron/di-photon 17 4.3 19 3.3Inlusive muon 14 2.7 20 6.2Di-muons 3 0.9 5 1.7Single tau-jet 86 2.2 101 5.3Two tau-jets 59 1.0 67 3.61-jet, 3-jets, 4-jets 177, 86, 70 3.0 250, 110, 95 3.0Jet * E/T 88 * 46 2.3 113 * 70 4.5Eletron * jet 21 * 45 0.8 25 * 52 1.3Muon * jet ./. ./. 15 * 40 0.8Minimum-bias (alibration) 0.9 1.0Total 16.0 33.5Table 4.2: The CMS L1 trigger table at low (L = 2 · 1033 cm−2 s−1) and high luminosity(L = 1034 cm−2 s−1). The listed thresholds orrespond to values at whih the e�ieny of thetrigger is 95% of its maximum value. The n-jet trigger seletion depends on the pT-threshold forthe highest energeti jet in an n-jet event. The ombined triggers like �Eletron * Jet� demand theful�llment of both iteria at one. For details see [39, 47℄.The CMS level-1 trigger is designed to redue the initial bunh-rossing rate of 40 MHzto 105 events read out per seond. Using only oarse detetor data from muon detetorsand alorimeters the �rst level trigger generates dead time free deisions every 25 ns with
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CHAPTER 4. THE CMS DETECTOR AT THE LHC 4.2. The CMS Detectorthe thresholds and rates given in table 4.2. Due to the limited storage apaity of detetorreadout bu�ers the deision must be available 3.2 µs after the orresponding bunh rossing.The redution of the rate is performed in several steps, whih form a series of progressivelymore omplex, but also time onsuming levels. The �rst level (level-1 trigger) lowers thepassed rate of events from 40 MHz to 100 kHz. The following levels omprised as high-leveltrigger (HLT) have more time for the deision and further redue the rate to �nally 100 Hz.The �rst level is based on ustom pipelined hardware proessors, whereas the HLT is basedon PC farms.If an event is aepted at level 1 the full detetor information is read out and passed tothe high-level trigger online farm of about 1000 ommerial CPU's. Highly sophistiatedalgorithms are used to reonstrut the event. If events ontain �interesting� physis theyare written to tape with a rate of 100 Hz.4.2.8 Luminosity MonitoringSine the luminosity relates the ross setion σ to the event rate aording to equation(4.2), it is the most important parameter of the LHC apart from the entre of mass energy.Therefore the preise determination and monitoring of the luminosity is neessary duringthe whole operation of the LHC. There are several methods to provide suh a measurement.Two of them are disussed here.Diret MeasurementsIn pratie two methods are used to measure the luminosity diretly at olliders. Bythe measurement of the beam parameters, suh as the bunh geometry and the partiledensity within the beam, the luminosity an be diretly obtained from equation (4.3). Thismethod does not result in a very preise luminosity measurement (∆L/L ≈ 10%) beausean aurate measurement of the beam urrents and espeially of the beam size at theinteration point is di�ult.The seond diret method is based on equation (4.2). If the rate of a speial proess anbe measured preisely and its ross setion is well known from theoretial alulations, theluminosity is given as the ratio of both. The preision for this luminosity determination islimited by experimental orretions to the rate, like detetor aeptane and e�ienies.The preision of the luminosity measurement, whih an be ahieved with this method, isomparable to the �rst method.Measurement via the Optial TheoremUsing the TOTEM detetor the luminosity will be determined through the measurementof the total ross setion. It is based on the simultaneous measurement of small angle elastisattering and of the total inelasti rate. The total ross setion σtot an be expressed interms of the number of elasti and inelasti interations Nel and Ninel within an integratedluminosity Lint by
Ninel +Nel = Lint σtot. (4.8)
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4.2. The CMS Detector CHAPTER 4. THE CMS DETECTOR AT THE LHCTaking the optial theorem into aount, whih relates the total ross setion σtot to theimaginary part of the forward sattering amplitude F (0),
σtot =

4π

p∗
Im(F (0)) (4.9)one an transform the di�erential elasti sattering at zero angle,

(
dσel
dΩ∗

)

θ=0◦
= |F (0)|2 = (Re(F (0)))2 + (Im(F (0)))2 (4.10)into (

dσel
dΩ∗

)

θ=0◦
= (1 + ρ2)(Im(F (0)))2 = (1 + ρ2)

(
p∗σtot

4π

)2

. (4.11)
p∗ is the momentum of the sattering partiles in the rest frame and ρ has been de�ned asratio ρ = Re(F (0))/Im(F (0)).Replaing the di�erential ross setion per rest frame solid angle Ω∗ by the di�erentialross setion per momentum transfer t related by

(
dσel
dt∗

)

t=0

=
π

p∗2

(
dσel
dΩ∗

)

θ=0◦
(4.12)one obtains (

dσel
dt∗

)

t=0

=
σ2tot
16π

(1 + ρ2). (4.13)Replaing the ross setions partly by event rates results in
(
dNel
dt

)

t=0

= (1 + ρ2)σtot (Nel +Ninel
16π

)
, (4.14)thus

σtot =

(
dNel
dt

)

t=0

16π

Nel +Ninel 1

1 + ρ2
. (4.15)The TOTEM experiment will measure dNel/dt at small t and Nel with its so alled RomanPots, while simultaneously measuring Ninel with a forward inelasti detetor (also partof TOTEM, see [55℄) and the CMS hadroni forward alorimeter. Using equation (4.15)the total ross setion σtot an be alulated and used within formula (4.8) to obtain theluminosity.Using this method the ross setion is expeted to be determined with an error smallerthan 5% [55℄.
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Chapter 5Simulation and ReonstrutionTo simulate the possibility of aW ′ boson detetion in a speial prodution and deay han-nel, so alled Monte Carlo simulations are performed. The �rst stage of suh a simulationis the generation of an elementary physis proess in whih the W ′ is reated from twoproton onstituents. Subsequently the W ′ is fored to deays into a muon and a neutrino.This task is performed by �generators� like pythia. As a result one obtains a reation anddeay hain, whih onforms to an isolated proesses without any interation with matter.Although many interesting features of a proess, like the angular distribution of the deayproduts, an already be studied with the events at generator level, a full simulation of thepartiles interating with the detetor material is neessary to predit a possible detetion.Huge e�orts have been made to model the CMS detetor in detail and to simulate theresponse of partiles within the ative detetor volume. For a realisti simulation thematerial distribution of the whole detetor has to been known and parametrised in order totrak partiles through it. An important omponent of the simulation is also the modelingof the readout system. The retrieved �readout information� obtained from the simulationis used to reonstrut and identify the partiles and their traks and to determine theirproperties. Comparing the reonstruted events with the generator input gives physiists afeedbak on the expeted detetor performane and the possibility to hek the algorithmsused for the reonstrution.The advantage of suh a omputer simulation is obvious: without any detetor ompo-nent being built the detetor an be studied and the design goals an be validated. Alreadyat this level seletion riteria for the analysis of a speial proess an be de�ned in order toextrat a lear signal. In the ideal ase the detetor simulation results in the same outputas a running detetor. An analysis, whih has been developed with simulated data, antherefore be adopted easily to data taken from the detetor.5.1 The CMS Simulation ChainIn order to give an overview of the detetor simulation sequene the used programs areexplained in their timely order following �gure 5.1. In eah subsequent step the output ofthe former program is used as input for the following. Tehnially the sequene is separatedinto four steps:
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CHAPTER 5. SIMULATION AND RECONSTRUCTION 5.1. The CMS Simulation Chain

Figure 5.1: The CMS hain for the full detetor simulation [56℄. In the left olumn the usedprograms are shown with a possible division of events per job. While at generator level (mkin)all events an be proessed in one job, the further simulation (osar, ora) is done in parallelsplitting the 1000 events in 50 events per job. The parallel proessing is neessary to obtain thefully simulated data in a reasonable time (for proessing times and obtained amount of data seeright olumn).
• mkin:The �rst step is the reation of the partile under study and its subsequent deayat generator level e.g. in ase of a W ′ a proess of the form qq → W ′ → µν. InCMS this part is performed by the Fortran based mkin [57℄ program, whih is aninterfae to various event generators like pythia [58, 59℄, herwig [60℄, TopRex [61℄and many more. It is steered by �data ards� (for an example see appendix A.1),whih speify the proess to be generated and the parameters to be used. Generatorsare not experiment spei�. The entre of mass energy and the proess, in whihthe W ′ should be reated in pp-ollisions are given as input. Additional parametersand swithes varying for the di�erent generators an be set. The mkin interfaeprovides the �exibility to hange all parameters depending on the event generator.In addition seletion riteria an be implemented already at this stage to avoid thesimulation of events, whih an not be deteted for some reasons e.g. beause theyare outside the η-aeptane region of the detetor under study.As a result one obtains the deay hain of a proess in the so alled HEPEVT format.For eah partile its type, mother partile, momentum, energy, mass and the pointof reation is given (see �gure 5.2).
• osar:Up to now the physial proesses are simulated in vauum with no interations of the
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5.1. The CMS Simulation Chain CHAPTER 5. SIMULATION AND RECONSTRUCTION

Figure 5.2: Event listing of a W ′ generated by the Monte Carlo program pythia. For eahpartile some status odes, their mother partile, momentum omponents, energy and mass aregiven. While the �rst two lines desribe the overall reation (p on p, eah having 7 TeV momentumin z-diretion), the seond part summarizes the reation at parton level: an anti-d-quark and an u-quark, whih undergo initial state radiation (details are not shown in the listing), reate a positivelyharged W ′. The W ′ subsequently deays into a muon and a neutrino. The last part of the listing(several 100 lines) shows the detailed reation of all involved partiles inluding �beam remnants�,initial and �nal state radiation and the deay of short lived partiles.ourring partiles with matter. The Objet-Oriented Simulation for CMS Analysisand Reonstrution osar [62℄ takes the mkin output as input and traks thepartiles through the detetor. Sine the detailed detetor is parametrised (materialdistribution and properties, magneti �eld et.) osar simulates the deay of (longlived) partiles, but also the energy loss and sattering of partiles along their traks.With the help of geant4 [63℄ (Geometry and Traking) eah partile and its deayproduts are traversed through the detetor simulating the interation with the ma-terial.Due to the high multipliity of partiles and the various interations within the de-tetor material, this part of the simulation needs a large amount of omputing time.
• ora-Digitisation:In the next step the readout is simulated by the Objet-Oriented Reonstrutionfor CMS Analysis ora [64℄. Aording to the signal deposits given by osar, theresponse of the detetor and of the readout eletronis is simulated.Before performing the digitisation of the detetor signals, bakground from minimumbias events an be mixed with the signal event (see �gure 5.3). Due to the highluminosity and the short time between two bunh rossings partiles from previousollisions still pass through the detetor while new ollisions our. This enlargesthe oupany and thus the di�ulty of trak reonstrution and bunh rossingassignment. By the mixture of underlying events with the signal event these e�etsan be studied.
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CHAPTER 5. SIMULATION AND RECONSTRUCTION 5.1. The CMS Simulation Chain

Figure 5.3: Event display (iguanams) showing an idential event, one with pileup events(below) one without (above). The traks within the traker (pT > 5 GeV, blue = pions, green= eletrons, red = muons, red arrow = transverse missing energy, yan = rest) and the energydeposit in the ECAL (barrel + endap, purple) and the HCAL (barrel, green) are shown.
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5.2. CMS and the Grid CHAPTER 5. SIMULATION AND RECONSTRUCTION

• ora-Reonstrution:The �nal part is the reonstrution of high-level objets, like identi�ed partiles, jetsor verties and their parameters. This part of the CMS software is implemented as�exible as possible, so that it is used for the reonstrution of simulated events as wellas for data originating from an operational CMS detetor. Sine the rate of reordedevents will be limited to 100 Hz, triggers set onstraints on the passed events. Thisemulation of the triggers has been inluded into the CMS simulation framework anddediated physis analyses are performed to study trigger e�ienies. By de�ningtrigger parameters speial data samples an be extrated, e.g. a high-pT muon sam-ple and the e�et of triggers on a dediated analysis an be investigated.The CMS framework is designed in an objet-oriented way to allow maximum �e-xibility. Several algorithms an be used at the same time for the reonstrution ofone objet (use of di�erent jet algorithms or speial TeV-muon reonstrutors). Theoutput is stored in so alled DST-�les, whih ontain the reonstruted objets ina persistent way. With the ora interfae these �les an be interatively analysed.For details of the aess to simulated and reonstruted data using ora see [65℄.
• iguanams:This program is not part of the simulation hain, but allows the graphial display ofthe intermediate results. It is derived from the modular toolkit iguana [50℄, whihis used for interative visualisation and analysis. With the help of a graphial userinterfae simulated and later also real data an be displayed. It allows an interativeview of the detetor inluding physis events and detailed information about thephysis objets. iguanams is able to visualise the output of eah prodution stepand is thus a helpful tool for the understanding of event topologies or detetor e�ets.5.2 CMS and the GridThe generated amount of data from the experiments loated at the LHC will exeed by farthe data volume enountered at past and present experiments worldwide (for details see[66℄). The detetor will produe approximately 1 TBit/s raw data that has to be stored.The total amount expeted is about 5�6 petabytes per year running at high luminosity.Thus, the requirements of data handling are very large in terms of omputational power,data storage apaity, data aess performane and the assoiated human resoures foroperation and support. Sine it is not feasible to fund all of the resoures at one site ithas been agreed that the LHC omputing servie will be implemented as a geographiallydistributed omputing data grid.The omputing grid is based on the idea of onneting di�erent low ost omputerlusters. By interonneting them using spei� software, alled middleware, one anparallelise the exeution of jobs and ahieve almost the same performane as with a hugeexpensive superomputer.The institutes partiipating at the LHC experiments are developing a ommon gridinfrastruture, the LHC Computing Grid (LCG). It is adapted to the speial requirementsof high energy physis experiments and will onsist of a hierarhial struture. As a testrun the o�ial Monte Carlo prodution, i.e. the generation of fully detetor simulated
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Figure 5.4: The graphi shows the sites of the LHC Computing Grid ommunity. As an examplethe new grid luster installed at Aahen III. Phys. Inst. sine May 2005 is displayed.events (explained in the previous hapter), is already performed using the evolving gridstruture.Aording to the grid idea the simulated data samples are alulated all over the worldand are written to loal storage elements, whih are aessible via the grid. The analysis ofa speial data set is performed, if possible, at the same site where the data, whih shouldbe proessed, are loated. ora-jobs, whih analyse a dediated event sample, e.g. a
WW -sample, are shipped to the site, where the data are loated and the analysis is ranon the loal grid-luster. After �nishing, the results of the analysis are sent bak to thesubmitting person. In di�erene to past experiments the data are not transfered to thephysiist who wants to analyse them, but the jobs are sent to the data.rabReently the CMS ommunity has developed a bunh of python sripts to simplify thehandling of interative ora analysis jobs, whih are proessed using the LHC ComputingGrid. The olletion of tools are pooled in the CMS Remote Analysis Builder rab.Given a prepared ora analyis job rab builds the aording jobs ready for the sub-mission into the grid. Via a on�guration �le the user an speify the data sample andthe kind of data to be analysed. rab takes these inputs to loate the data sample withina database and sets the destination where the job is exeuted automatially. Further pa-rameters like the number of jobs and the number of events to be proessed per job an beset to optimise the job exeution. After the grid job reation, rab an be used for thejob submission and the monitoring of the job status. The output of proessed jobs an beretrieved, or, in ase of job failures, a resubmission an take plae.
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Chapter 6The W
′ at Generator LevelBefore starting with the analysis of the full detetor-simulated data, the properties of the

W ′ are presented. In an experiment the W ′ an only be investigated indiretly through itsdeay produts. Therefore the W ′ and the deay W ′ → µν, based on Altarelli's RefereneModel are reviewed at generator level using pythia. The study of these basi propertiesgives a deeper insight in the nature of the reation and an help to develop seletion riteria.6.1 W
′ Prodution PropertiesThe ross setion and width of the W ′ have already been disussed in hapter 3.3. The

W ′ ross setion (total and W ′ → µν) and the number of W ′ events deaying into muonsfor an integrated luminosity of 10 fb−1 are stated in table 6.1 for di�erent W ′ masses.
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Figure 6.1: The normalized mass distribution of W ′ bosons with di�erent masses show a Breit-Wigner resonane at the nominal mass (peak). For a 5 TeV W ′ mass the distribution has asigni�ant o�-shell part (left of the peak).
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CHAPTER 6. THE W
′ AT GENERATOR LEVEL 6.1. W ′ Production PropertiesCross Setion [fb℄ Events in 10 fb−1Proess Total W ′ → µν Total W ′ → µνqq →W ′ (1 TeV) 3.79 · 104 3.11 · 103 379000 31100qq →W ′ (2 TeV) 1.93 · 103 1.58 · 102 19300 1580qq →W ′ (3 TeV) 2.23 · 102 1.82 · 101 2230 182qq →W ′ (4 TeV) 3.50 · 101 2.87 · 100 350 29qq →W ′ (5 TeV) 7.41 · 100 6.07 · 10−1 74 6qq →W ′ (6 TeV) 2.31 · 100 1.90 · 10−1 23 2qq →W ′ (7 TeV) 1.04 · 100 8.56 · 10−2 10 1qq →W ′ (8 TeV) 5.72 · 10−1 4.69 · 10−2 6 < 1Table 6.1: W ′ ross setion at the LHC entre of mass energy of 14 TeV for various W ′ masses.Also the ross setions times branhing ratio for the proess qq → W ′ → µν are given. For anintegrated luminosity of 10 fb−1 the expeted number of events are stated.6.1.1 W

′ Mass DistributionTheW ′ mass distributions, normalized to the ross setion, for nominal masses of 1�5 TeV(see �gure 6.1) have di�erent shapes, depending on the prodution proess.
W ′ bosons with a mass of 1 TeV are almost all produed within the so alled Breit-Wigner resonane around the nominal mass. In ontrast to that, the 5 TeV W ′ bosonsare spread over a range of 0�5.5 TeV and have a smaller fration in the Breit-Wignerresonane. Sine heavy gauge bosons our only as intermediate states they an be eitherprodued at the nominal mass (on-shell), or with a lower mass (o�-shell). However theo�-shell prodution is strongly suppressed. If the entre of mass energy provides enoughenergy for the prodution of a massive partile, the on-shell part dominates as in thease of a 1 TeV W ′. For larger W ′ masses the o�-shell suppression has a smaller e�etthan the kinemati onstraints and more and more W ′ bosons are produed with a masssubstantially smaller than the nominal mass.6.1.2 W

′ Momentum and Energy DistributionAt a ollider the interating partons arry large longitudinal pL but only little transversemomenta pT. Although the mass distributions of the W ′ bosons of various nominal massesare totally di�erent, the transverse and longitudinal momenta of the W ′ bosons displayedin �gure 6.2 are nearly idential. This is not obvious sine the required energy for a1 TeV W ′ is muh smaller than the energy needed for a 5 TeV W ′.The transverse momentum of the W ′ is determined by the transverse momentum of theolliding partons and the initial state radiation, i.e. by the transverse momentum of thepartiles, whih are emitted by the partons before they reate the W ′. Independent fromthe W ′ mass the boson's pT is mainly below 100 GeV and thus small ompared to its mass.The longitudinal momenta, determined by the longitudinal momenta of the ollidingpartons, are signi�antly larger. While the longitudinal momentum distribution has itsmaximum at zero, momenta |pL| up to 3 TeV show, that often one of the partons arries a
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Figure 6.2: Transverse (left) and longitudinal (right) momentum of the W ′. Only a slightdependene on the W ′ mass is visible in the distributions. While the transverse momenta aresmall ompared to the W ′ mass, the longitudinal momenta reah up to 3 TeV.signi�ant larger momentum than the other. Due to the o�-shell prodution of very heavybosons, also aW ′ with a nominal mass of 5 TeV an arry a large longitudinal momentum.The energy of the W ′ is given by its mass and its longitudinal momentum, sine thetransverse momentum is negligible ompared to its longitudinal momentum. Therefore theenergy distribution is given as a mixture of the mass distribution (Breit-Wigner resonaneplus o�-shell fration) and the longitudinal momentum distribution (see �gure 6.3).6.1.3 W
′ Angular DistributionsThe angular distributions of the W ′ bosons are expliable by the momentum distributions.Due to the large longitudinal momenta ompared to the transverse, the W ′ bosons aremainly �ying along the beam diretion. Most of the W ′ bosons leave the interation pointunder θ-angles smaller than 15◦ (see �gure 6.4).Sine the W ′ prodution has no preferred diretion in the transverse plane, the φ-angledistribution is uniform as shown in �gure 6.4.6.2 W
′ Deay into a Muon and a NeutrinoThe properties of the muon and the neutrino are dominated by the properties of the W ′.Without any detetor e�ets the distributions are studied at generator level.6.2.1 Transverse MomentumIn the rest frame of the deayingW ′ the energy of the muon and the neutrino is simply onehalf of the W ′ mass MW ′ , respetively. Thus, in priniple the energy measurement of thelepton an be used for the determination of theW ′. However this measurement su�ers from
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Figure 6.3: W ′ energy distribution for various W ′ masses. The graphs are determined by themass distribution (�gure 6.1) as well as by the longitudinal momenta distribution (�gure 6.2) ofthe W ′.a general problem onerning neutrinos at olliders: they are only indiretly detetableas an energy imbalane, whih an only be determined in the transverse plane, sine asu�ient amount of energy is taken away through the beam pipe. Therefore it is di�ultto reonstrut the rest frame of the W ′ at a ollider experiment preisely. Fortunately,the transverse momentum of the muon, whih is invariant under boosts along the z-axis,omprises also information about the mass.In the rest frame of the W ′ the angular distribution of the muon and the neutrino isgiven by the V-A struture of the weak harged urrent [32℄
1

σ

dσ

d cos θ∗
∼ (1 + cos θ∗)2, (6.1)with θ∗ as the sattering angle in the W ′ rest frame (see �gure 6.6).To get an estimate of the pT-distribution one an assume the prodution of the W ′ with-out any transverse momentum. The polar angle θ∗ of the muon in the rest frame is thengiven by its transverse momentum

cos θ∗ =

(
1 −

4p2Tµ

M2
W ′

) 1
2

. (6.2)Substituting the osine in equation (6.1) one obtains
1
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)
. (6.3)For small transverse momenta pTµ the terms in brakets are equal to 1 and the distri-bution grows linearly with pTµ . Tending towards pTµ = MW ′/2 the distribution shown in
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Figure 6.4: The angular distributions of the W ′ for di�erent masses are shown. Due to thesimilar momentum distributions for di�erent W ′ masses, displayed in �gure 6.2, the θ- (left) and
φ-distributions are also mass independent. While no φ diretion is preferred for the W ′, most ofthem are �ying along the beam line.�gure 6.5 strongly peaks in a so alled Jaobian peak. Espeially for the muons arisingfrom a 1 TeV W ′, the distribution follows the formula above: the graph is linearly inreas-ing with the transverse momentum and rapidly falling to zero at half of the W ′ mass. Thedistribution is not abruptly stopping at this point and slightly smeared out due to the �nitewidth (see �gure 6.1) and the non-zero transverse momentum of the W ′ (see �gure 6.2),whih had been assumed in the estimate.It remains the question why the transverse momentum spetrum for the leptons fromthe 5 TeV W ′ looks so di�erent? The answer is again given by the mass distribution ofthe W ′ shown in �gure 6.1. Due to the signi�ant o�-shell prodution of W ′ bosons witha mass around 5 TeV the muon and neutrino transverse momenta are also following thisdistribution. However a small Jaobian peak is still visible at half of the nominal W ′ mass.6.2.2 Transverse Invariant MassTo obtain a more harateristi signal, not only the muon information, but also the mea-surable properties of the neutrino should be taken into aount. Identifying the magnitudeand the azimuthal angle of the missing transverse energy with transverse momentum ofthe neutrino, one an de�ne the so alled transverse invariant mass,

M2T = 2pTµ pTν (1 − cos∆φµν), (6.4)with ∆φµν as the angle between the transverse momentum of the muon pTµ and the neu-trino pTν , whih are both onstrained to the transverse plane. In analogy to the invariant
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Figure 6.5: Transverse momentum distribution of the muon and the neutrino arising from a1 TeV (left) and a 5 TeV W ′(right). The lear Jaobian peak is visible at pT = MW ′ , despite theo�-shell fration of the 5 TeV W ′.
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Figure 6.6: Shemati view of the proess qq → W ′ → µν in the rest frame of the reation.mass also the transverse invariant mass an be de�ned as a four-vetor produt of the twodeay produts using only the transverse omponents
M2T = (pTµ + pTν )2 using pTµ =

(
ET
~pT )

, ET = E · sin θ. (6.5)For an estimate of the transverse mass distribution one an investigate the proess atleading order as shown in �gure 3.1, assuming aW ′ prodution at rest. Then the muon andneutrino arry the same transverse momentum pTµ = pTν ≤ MW ′ and travel in oppositediretions, ∆φµν = π. Inserting these values into the above formula results in
MT = 2pTµ ≤MW ′ . (6.6)Thus, the transverse mass distribution (see �gure 6.7) shows a Jaobian peak at the massof the W ′ similar to the muon pT-distribution (ompare with �gure 6.5). The advantage
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Figure 6.7: Transverse invariant mass distribution for a 1 and 5 TeV W ′. Both graphs show aJaobian peak at the nominal mass. Due to the o�-shell prodution of 5 TeV W ′ bosons the rightplot has a large fration of events at low masses (< 2 TeV).of using this variable ompared to the transverse momentum of the muon is not obvi-ous: sine additional information from the neutrino is inluded the transverse mass is lesssensitive to the transverse momentum of the W ′ boson: for small W ′ momenta pWT thetransverse momenta of the leptons in the laboratory and entre of mass frame an berelated approximately by Galilean transformations:
pTµ = p∗ +

1

2
pW ′T , (6.7)

pTν = −p∗ +
1

2
pW ′T . (6.8)Inserting this into the transverse invariant mass 6.4, the equation stays invariant in the�rst order of pWT .The transverse invariant mass ombines all kinemati information of the W ′ , whih areavailable at hadron olliders via its deay produts. Beause of the weaker dependene ofthe invariant mass on the W ′ transverse momentum, ompared to the transverse momen-tum of the muon, it is a suitable variable for the separation of W ′ signal events and eventswith the same signature (bakground). Therefore it has been hosen as �nal variable forthe full detetor simulation study, whih is presented in the following hapters.6.2.3 Angular DistributionIn the rest frame the angular distribution of the muon and the neutrino is given by the V-Astruture of the interation. For the polar oordinate θ∗ this would result in a distribution

∼ (1+cos θ∗)2 and a uniform distribution in the φ-oordinate. Due to the large longitudinalmomenta of the W ′ the muon and the neutrino are boosted along the z-diretion. Thishanges the polar angle, but the azimuthal angle remains una�eted.
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CHAPTER 6. THE W
′ AT GENERATOR LEVEL 6.2. W ′ Decay into a Muon and a NeutrinoThe hange of the �ight diretion due to the boost is also dependent on the W ′ mass. Amuon arising from a 5 TeV W ′ with a pTµ = 2 TeV is less modi�ed by a boost along thez-diretion than a 1 TeV W ′ muon with an pTµ of a few 100 GeV. For the θ-distributionof the 1 TeV W ′ bosons this is less important sine these W ′ bosons are produed withinthe Breit-Wigner resonane at one mass. But for the 5 TeV W ′ the mass is spread over alarge range and thus leads to a mixture of θ-distributions from W ′ bosons with di�erentmasses.

  [rad]ν,µθ
0 0.5 1 1.5 2 2.5 3

  /
  0

.0
5 

ra
d

θddN  
N1

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045
Muon

Neutrino

W’ (1 TeV)

  [rad]ν,µθ
0 0.5 1 1.5 2 2.5 3

  /
  0

.0
5 

ra
d

θ
ddN  

N1

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045
Muon

Neutrino

W’ (5 TeV)

Figure 6.8: Polar angle distribution for muons and neutrinos arising from 1 and 5 TeV W ′ bosons.The angular distribution is given by the V-A struture of the deay, boosts and �nal-state radiation.
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Figure 6.9: Angular di�erene of the muon and the neutrino in the transverse plane for di�erent
W ′ samples. In di�erene to the polar angle the azimuthal angle stays invariant under boosts alongthe z-axis.
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6.2. W ′ Decay into a Muon and a Neutrino CHAPTER 6. THE W
′ AT GENERATOR LEVELDue to the numerous e�ets the (1+cos θ∗)2 angular distribution in the rest frame is notomparable to the one obtained in the laboratory frame as displayed in �gure 6.8. Sinethe azimuthal angle stays invariant under longitudinal boost the uniform distribution fromthe rest frame is kept.Although the polar angle distribution of the muons and the neutrinos are di�erent fromthe ones in the rest frame, the di�erene angle between the muon and the neutrino in thetransverse plane is mainly una�eted. Both partiles are emitted bak-to-bak in the restframe. Thus, the φ-angle di�erene in the plane perpendiular to the beam is 180◦. Sinethe φ angle stays invariant under boosts along the beam line, deviations are only ausedby a transverse momentum of the W ′ or �nal state radiation of the muon.In �gure 6.9 the φ-angle di�erene is plotted for variousW ′ samples. Sine the muons andneutrinos arising from a 3 TeV W ′ have on average larger momenta than the 1 TeV ones,they are less a�eted by transverse boson momenta and �nal state radiation and thereforestay bak-to-bak to a higher rate. For the 5 TeV W ′ bosons the e�et is again smearedout due to the o�-shell prodution.
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Chapter 7Reonstrution Performane in CMSIn this hapter the expeted reonstrution performane for muons, but also for transversemissing energy, espeially for the deays W → µν and W ′ → µν, is presented. Qualityplots obtained from the full detetor simulation ompared with the generator input re�etthe present status of the CMS reonstrution software.Sine a omplete review of the reonstrution and the orresponding framework is outsope for this thesis, only the performane of the global muon and missing energy reon-strution is presented. For a detailed desription of the reonstrution see [67�69℄.7.1 Muon ReonstrutionThe CMS reonstrution software (ora) performs muon reonstrution in the muon sys-tem and the silion traker. The software is based on the priniple of a regional reon-strution in order to allow its use in both, o�ine and high-level trigger (HLT) systemreonstrution.In priniple the reonstrution of a muon is based on the following steps:
• loal muon reonstrution (loal pattern reognition),
• stand-alone muon reonstrution (using only the muon system, no traker),
• global muon reonstrution (inluding traker).The �rst step is the loal reonstrution of hits within the muons system omponents.These hits are used to reonstrut linear trak segments in eah DT and CSC hamber.In the following a so alled stand-alone reonstrution is performed, ombining these traksegments to a muon trak using only measurements from the muon system inluding RPCmeasurements. Finally, the reonstruted stand-alone muon is upgraded to an global re-onstruted muon by adding mathing traker hits and performing a re�t.7.1.1 Muon Reonstrution PerformaneFigure 7.1 shows the relative fration of muons whih pass the level-1 muon trigger asa funtion of |η| for muons' transverse momenta of pT = 50 GeV and pT = 500 GeV. Itstates, whih perentage of the muons, �ying into a ertain η-region at generator level,
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CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS 7.1. Muon Reconstructionare reonstruted at hardware level (level-1) and pass the level-1 trigger, i.e. enter thehigh-level trigger seletion. Only muons, whih pass the level-1 trigger an be furtherinvestigated for interesting physis, while all other muons remain undeteted.
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Figure 7.1: Fration of muons with a transverse momentum of pT = 50 GeV (left) and
pT = 500 GeV, whih pass the level-1 trigger as funtion of the pseudorapidity |η|.As shown in �gure 7.1 muons are reonstruted at hardware level typially with ane�ieny of 90�95% and also pass the level-1 trigger, whose deision is based on thisreonstrution. Exept in regions where the muon traverses raks in the detetor geometryand therefore less hits are available for the trak reonstrution, the e�ieny drops. Thise�et is visible in the transition regions between the CMS wheels at |η| = 0.25 and 0.75and around |η| = 1.2, where the DT and CSC system overlaps.In general the e�ieny for muons with lower transverse momenta (∼ 100 GeV) is larger.This arises naturally sine high energeti muons have a less bended trak and radiatebremsstrahlung, whih gives rise to a multipliity of hits (eletromagneti showers) likeshown in �gure 7.5. The reonstrution of a muon trak within suh a shower is hallenging.Another e�et whih has to be taken into aount, is the fat, that muons with a �xed
pT, but di�erent η, have di�erent energies. At large |η| the muons have energies above1 TeV. Therefore the e�ienies at large |η|-values are naturally smaller (see right plot of�gure 7.1).7.1.2 Momentum ResolutionFigure 7.2 displays the muon transverse momentum resolution as a funtion of the trans-verse momentum in the range 10 GeV ≤ pT ≤ 3000 GeV . The muons have been takenfrom the W → µν and W ′ → µν samples using muons within the barrel region (|η| ≤ 0.2).The plot has been obtained from the �t of the (1/pT,rec) - (1/pT,gen) distribution fordi�erent small pT,gen-ranges with a Gaussian. The resulting width of the Gaussian �t isdivided by the mean of the small pT,gen-range and drawn into the graph.
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Figure 7.2: Muon transverse momentum resolution as a funtion of the transverse momentumfor barrel muons (|η| ≤ 0.2).The momentum resolution plot (�gure 7.2) shows two di�erent ranges. For pT-valuesbelow 100 GeV the resolution is given by the traker resolution (due to multiple satteringe�ets in the return yoke). For larger pT-values the momentum resolution is mainly givenby the muon system. Sine both detetor omponents have di�erent resolutions the slopeis di�erent.7.1.3 Angular ResolutionSimilar to the momentum resolution the angular resolution for the azimuthal angle φ andthe pseudorapidity η an be alulated by �tting Gaussians to φre −φgen and ηre − ηgen.The angular resolutions are plotted for various muon momenta in �gure 7.3. The azi-muthal resolution for transverse momenta above 50 GeV is almost onstant in η. Also thepseudorapidity resolution is onstant over a large η- and pT -range. Flutuations are visibleat η-regions, where the muon traverses raks in the detetor geometry ( e.g. visible at |η|= 0.25).7.1.4 Ghost MuonsDuring this study it turned out, that some of the muons, espeially the high energeti ones,are reonstruted twie (see �gure 7.4). These so alled ghosts traks are learly visible inthe distribution of the seond highest muon pT in W ′ events (see �gure 7.5).Sine deaying W ′ bosons should emit only one high energeti muon, the existene ofseond muons with a pT larger 500 GeV ame as a surprise. An investigation of the angulardi�erenes ∆φ and ∆η between the muon �pairs� shows, that both muons �y in the samediretion, i.e. ∆φ ≈ 0 and ∆η ≈ 0 (see �gure 7.6).
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CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS 7.1. Muon Reconstruction
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Figure 7.3: Azimuthal (top) and pseudorapidity resolution (bottom) for various muon transversemomenta using the global muon reonstrutor [67℄.
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7.1. Muon Reconstruction CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS

Figure 7.4: Event display of a ghost muon. Due to the eletromagneti shower the muon isreonstruted twie.
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Figure 7.5: The left plot shows the pT -distribution of the seond highest energeti muon inan 1 TeV W ′ event, before (blue) and after (red) ghost suppression. An eletromagneti showerwithin the muon system (right) an be one reason for the existene of a ghost (plot generated usingiguanams).
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Figure 7.6: 3D-plot of the angular di�erene ∆φ vs ∆η of the doubly reonstruted muons. Thedistribution strongly peaks at (0,0), i.e. both muons �y in the idential diretion.The origin of the ghost events is a poor seed generator algorithm, whih is partiularlyweak in the overlap region. Often the seed generator �nds more than one seed, e.g. onefrom the DTs and an other from the CSCs. So the standalone algorithm, whih reates amuon trak using only informations from the muon system starts from two seeds, and, inthese events, atually �nds two muons. These muons are typially rather well separated,so they are not onsidered ghosts and survive the ora ghost suppression [70℄.Sine a better seed generator an not be implemented in a reasonable time sale, aprotetion to ope with this kind of problems has been inluded in the latest ora version.To perform the global muon reonstrution the CMS software starts from eah seedgiven by the standalone muon reonstrutor separately (whih are at least two in the aseof ghost traks). A ghost suppression (based on shared hits) is only performed within theandidates found starting from a given seed. But a ghost suppression looking for sharedhits in di�erent seeds is not performed, only softer riteria based on ∆η, ∆φ and ∆pT aretested.A possible solution whih has been implemented is based on the appliation of the ghostsuppression on shared hits on all the global reonstruted muons and not only limited tothose oming from the same seed.First results show an signi�ant improvement: more than 90% of the ghost traks vanish[70℄. However, the inlusion of this �x is out of sope for this thesis. Here a pratialapproah using a one algorithm to identify these events has been implemented (see 8.3.1).
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7.2. TeV-Muons CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS7.2 TeV-MuonsHigh energeti muons behave di�erent ompared to low energeti ones. While at lowenergies muons are minimum ionizing partiles, muons with energies in the TeV-regimelose a signi�ant amount of energy as bremsstrahlung. Studies within CMS show, that1 TeV muons lose on average about 40% of their energy by bremsstrahlung [71℄. Thisresults in eletromagneti showers within the muon system and ompliates the muonreonstrution due to the multipliity of hits. A simulated shower (osar) arising fromthe muon bremstrahlung within the DT system is shown in �gure 7.5.For the time being, the CMS reonstrution software only ontains one global muonreonstrutor (GMR) for the reonstrution of muons in every energy regime. Dediatedstudies have been started to investigate the speiality of TeV-muons and two algorithmshave been implemented based on the already existing global muon reonstrutor. Beforeentering the reonstrution framework ora the muon PRS1 group wants to ombine theadvantages of all three algorithms in one reonstrutor.The priniple of the global muon reonstrutor is explained in detail in the appendixB.1.3. Here the priniples of the speial TeV-muon algorithms, the piky muon reon-strutor and the trunated muon reonstrutor, are presented.Piky Muon ReonstrutorSine the global muon reonstrutor is vulnerable to muon bremsstrahlung the pikymuon algorithm [72℄ exludes muon detetor omponents, whih appear to ontain aneletromagneti shower. The algorithm starts with the investigation of all muon detetoromponents, whih ontain a reonstruted trak segment used for the reonstrution ofthe global muon trak. Eah omponent, ontaining more than a �xed number of traksegments is �agged as ontaminated (default: one trak segment per CSC, DT and one hitper RPC).To avoid the exlusion of a good measurement the ontaminated parts are not diretlyexluded from the trak �t. Before, the χ2 of eah hit with respet to the global reon-struted trak is alulated. If the χ2 is larger than a threshold (default DT: 10, CSC: 25,RPC: 1) the ontaminated detetor is exluded. Also non-ontaminated parts are exludedif the χ2 is larger than 200.With the remaining trak segments the muon trak is re�tted. As an result one obtainsa piky muon.Trunated Muon ReonstrutorThe trunated muon reonstrutor algorithm ompares two di�erent trak �ts andhooses the best one [73℄. In di�erene to the global muon reonstrutor the trunatedreonstrutor uses a redued set of information. The reonstrutor ompares the �trakeronly� muon trak with a �traker plus �rst muon station� trak (�trunated� trak). Todeide whih trak to hoose, the χ2-value and the degrees of freedom used for the �t areompared.Sine the algorithm is restrited to the traker and the �rst muon station, it is lesssensitive to eletromagneti showers originating from muon bremsstrahlung within the1Physis, Simulation and Reonstrution
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CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS 7.3. Transverse Missing EnergyDT/CSC system. Also multiple sattering of the muon in the iron return yoke has noin�uene on this algorithm.Comparison of the di�erent ReonstrutorsFigure 7.7 shows the resolution of all three reonstrutors (global, piky and trunatedmuon reonstrutor). In the left plot the Gaussian part of the resolution is shown, whilethe right plot represents the �non-Gaussian tails�.
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Figure 7.7: Comparison of the three muon reonstrutors. The left plot shows the Gaussian partof the resolution plot, while the right zooms into the non-Gaussian tail.On average the trunated and piky muons are reonstruted with too less energy. Sinethe non-Gaussian tails of the TeV-reonstrutors are more signi�ant (piky) or nearlyidential (trunated) ompared to the global muon reonstrutor, the deision has beentaken to use the default global muon reonstrutor in this analysis.7.3 Transverse Missing EnergyThe missing transverse energy within the detetor is given by the alorimeter (ECAL +HCAL) deposits and by the transverse momentum arried away by the muons, sine theyare not stopped within the alorimeter.Therefore the missing transverse energy is alulated by summing up all energy deposits
E/x, E/y in the alorimeter towers (ECAL + HCAL) separately for the x and y diretion,while weighting the single towers aording to their angular diretion seen from the vertex.Sine the muons deposit only a small fration of their energy within the alorimeter, theenergy imbalane aused by the muons has to be orreted. To do this the momentumomponents in the x and y diretion for eah muon in the event are subtrated from thealorimeter deposits in x and y diretion. From the obtained missing energy in x and y
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7.3. Transverse Missing Energy CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS
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Figure 7.8: Comparison of the three muon reonstrutors. The reonstruted and generated
pT -distributions for two W ′ masses are shown.
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Figure 7.9: Missing transverse energy distribution at generator and reonstrution level for a 1and 5 TeV W ′.diretion, the missing transverse energy E/T as well as the angular φ in the transverse planeare alulated
E/T =

√
E/2
x + E/2

y and tanφ =
E/y
E/x

. (7.1)
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CHAPTER 7. RECONSTRUCTION PERFORMANCE IN CMS 7.3. Transverse Missing EnergyFigure 7.9 displays the missing energy distribution of the 1 and 5 TeV W ′. For thesignal also the missing transverse energy obtained at generator level is inluded in theplot. It is not idential with the generator neutrino pT, but is alulated by adding up alltransverse momenta of the generator partiles �ying within |η| < 5 exept the neutrinos.The obtained value is the pT-imbalane of the detetor. Thus the sign of this value hasto be hanged to get the missing energy. The η-ut is performed to take the alorimeteraeptane into aount. The missing energy alulated in that way is the best whih anbe ahieved with CMS.A omparison of the transverse missing energy distributions with the orrespondingtransverse muon momentum distributions shows a remarkable oinidene. For muon en-ergies relevant within this study the missing energy is not determined by the alorimeterdeposits, but by the muon momentum. Therefore also the missing energy resolution ismainly given by the muon resolution.
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Chapter 8Event SeletionThe goal of this study, performed with the full CMS detetor simulation inluding pile-up,is the investigation of the observability of a potentially existing new heavy harged gaugeboson W ′ deaying into a muon and a neutrino. To extrat a lear W ′ signal, hiddenby Standard Model bakground, seletion riteria are applied to the simulated data. Theseletion proess results in a �nal variable with an improved signal to bakground ratio. Asmotivated in hapter 6, the variable, from whih the observation signi�ane is determinedis hosen to be the transverse invariant mass. In �gure 8.1 the �nal variable for signal andbakground is shown before applying any uts.In this hapter, both, the simulated signal and the simulated Standard Model bakgroundare presented as well as the uts used to enrih the relative signal ontribution within the�nal variable1.8.1 Data Samples and Cross Setions8.1.1 The SignalTo judge whih Standard Model proesses our as bakground in a W ′ → µν searh, theharateristi signature of suh a proess has to be understood. Sine the W ′ is a massiveobjet it is likely to be produed without transverse momentum. The deay energy of the
W ′ is shared among the muon and the neutrino whih are emitted bak-to-bak in the
W ′ rest frame arrying a large momentum (an example is shown in �gure 8.2). Due toboosts the angle between the muon and the neutrino is di�erent from 180◦ in the laboratorysystem. However, the angle in the transverse plane stays invariant under boosts along thez-axis. Sine the neutrino is only visible as missing energy in the transverse plane, thekinematial analysis is restrited to this plane.Beside the muon and the missing transverse energy, only the beam remnants2, whihmostly vanish through the beam pipe, result from the prodution and a subsequent deay1In most of the shown plots the signal is not added to the bakground. This so alled �nonstaked�drawing of the signal has the advantage, that the signal shape is learly visible and one an diretlyestimate if the signal is visible within in the bakground or not. In addition it has the advantage, thatmore than one signal ( i.e. for di�erent W ′ masses) an be drawn in one histogram together with thebakground.2The olour harged proton frations from whih the W ′ reating quarks originate.
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CHAPTER 8. EVENT SELECTION 8.1. Data Samples and Cross Sections
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Figure 8.1: Distribution of the transverse invariant mass without applying any uts for the signaland SM bakground. The 1 and 5 TeV W ′ signal (not staked) and the bakground (staked) foran integrated luminosity of 10 fb−1 are drawn. For eah event the highest energeti muon and themissing transverse energy are ombined to the transverse invariant mass. Over the whole rangethe bakground (mainly QCD) is even larger than the 1 TeV W ′ signal.of a W ′ → µν. Additional partiles whih might be observed, originate from initial and�nal state radiation and pile-up. Therefore a W ′ → µν event has the �lean� signature ofa high energeti isolated muon, together with a large amount of missing energy pointinginto the opposite diretion in the transverse detetor plane. Due to the small transversemomentum of the W ′, the transverse momentum of the muon and the missing transverseenergy are of similar magnitude.Sine no o�ial MC simulated W ′ sample exists in the CMS ollaboration, the signaldata samples have been generated in a �private� prodution using shell sripts developedin Aahen. A full event simulation inluding an average of 3.5 pile-up events per signalevent, orresponding to the low LHC luminosity phase (L = 2 · 1033 cm−2 s−1), has beenperformed as desribed in hapter 5.As input to the full detetor simulation W ′ events based on Altarelli's Referene Model(see hapter 3.3) have been generated using pythia (version 6.227). The only parameterwithin this model is the mass of theW ′. Therefore several samples with variousW ′ masseshave been produed with the full detetor simulation.Sine the urrent lower mass bound on the W ′ is slightly below 1 TeV the �rst sampleis generated with this mass. Further samples follow with masses of 2�8 TeV, sine massesof ∼ 7 TeV are the kinematial limit reahable with the LHC entre of mass energy of14 TeV. During the study the mass, up to whih a possible existing W ′ an be disoveredwith an integrated luminosity of 10 fb−1, turned out to be between 3 and 5 TeV and furthersamples in this region with mass steps of 100 GeV have been simulated.
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Figure 8.2: A 1 TeV W ′ displayed by the CMS event display iguanams. In the transverse (top)and longitudinal plane (bottom) the muon (thin red line) and the missing transverse energy (thikarrow) are shown. Further traks are visible in the traker.
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CHAPTER 8. EVENT SELECTION 8.1. Data Samples and Cross Sections

Figure 8.3: Inlusive single muon prodution rate as a funtion of the muon pT-threshold at theLHC with a luminosity of L = 1034 cm−2 s−1. The plot is generated using pythia with a restriteddetetor aeptane |η| < 2.1 [74℄.The ross setions for the main signal samples, obtained from pythia at leading orderof the perturbation expansion, are shown in table 8.1 as well as the number of simulatedevents. The full list is attahed in the appendix A.2.8.1.2 The BakgroundRelevant bakgrounds are quali�ed by a very similar signature ompared to the signal.Sine missing transverse energy annot be measured as preise as a muon, the seletionriteria mainly address the muon properties.From �gure 8.3 one obtains that muons with transverse momenta larger than 30 GeV aremostly resulting from the deay of gauge bosons, in partiular W . Sine the massiveharged SM gauge bosons deay in the same manner as the W ′, they have idential sig-natures. However, due to the huge mass di�erene of the W and the W ′ (> 1 TeV) thetransverse momentum of the W -muon and the transverse missing energy originating fromthe SM W is muh smaller.Other soures of high energeti muons are the deays of heavy quarks. They hadronizeand produe among others mesons, whih also deay into muons ( e.g. b-quarks). Sinethese muons are aompanied by a jet and thus are not isolated, they an be rather easilyidenti�ed as bakground. As a ross hek the statement is proved using a general QCDsample (see below) as bakground, whih is likely to ontain several non-isolated muonsresulting from hadronizing quarks.Among the quarks the top quark is an exeption. Its lifetime is too short to hadronizeand, sine it deays nearly always into a W and a b-quark, top-antitop events are takeninto aount for this analysis.Based on these fats, the onsidered bakground has been determined to be
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• single W -prodution with a subsequent deay into a muon and a neutrino,
• single Z0-prodution, deaying into two muons,
• gauge boson pair prodution WW , WZ and ZZ,
• tt pair prodution,
• QCD (see below).The analysed data samples with the orresponding ross setions and number of eventsan be taken from table 8.1. Due to the restrited omputing power and the long timewhih is neessary for the prodution of one event, the number of simulated events islimited. To redue the needed omputing time already at the generator level (pythia),aeptane uts are applied. This is mainly important for proesses with a large rosssetion like single W - or Z0-prodution, where suh onstraints save the simulation ofseveral 105 events.For the W → µν sample the event is only fully simulated, if the muon has a transversemomentum larger than 14 GeV and penetrates the detetor with angles orresponding to

|η| < 2.5. The muons in the Z0 → µµ sample are also onstrained to |η| < 2.5 and musthave transverse momenta larger than 20 and 10 GeV, respetively, to pass beyond thegenerator level. The η uts are foreseen sine the muon system only overs an area up to
|η| = 2.4, while the pT uts arise from trigger studies.No onstraints are applied to the pair boson samples WW , WZ, ZZ and the tt sample.Another approah has been taken for the generation of the so alled �QCD�-events. Thissynonym overs (at leading order) events of the type qq → qq, qq → qq, qq → gg, qg → qg,
gg → qq and gg → gg. Sine these kind of proesses, espeially those with a low momentumtransfer of the partons, dominate by far at hadron olliders (see �gure 4.2), the QCD-eventshave been produed in various disjunt samples. The events are separately simulated fordi�erent values of the transverse momenta p̂T of the �nal state partons in their rest frame.For this study the samples have been analysed separately, saled aording to the rosssetion and �nally merged into one sample. The detailed division of the QCD sample intosubsamples is listed in the appendix (see table A.1).It turned out, that the o�ial bakground samples do not over the total range of thesignal's transverse invariant mass. Sine the W → µν dominates the bakground afterperforming seletion uts (see below), further W samples have been produed hoosingspeial ranges for the transverse momentum p̂T of the muon and neutrino in the rest frameof the W . 200 events eah have been produed in 50 GeV-steps in the p̂T-range from200�500 GeV and 100 GeV-steps from 500�3000 GeV.To obtain a preise ross setion for these additional W samples from pythia at genera-tor level, at least 10000 events, have been produed eah, whih results in a ross setionerror less than 0.5%. The error on the other signal and bakground ross setions arisingfrom limited event generation is negligible due to the large number of generated events.The various additional samples an be easily saled aording their luminosity andmerged into one sample, sine they have been produed in disjunt p̂T-ranges.
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CHAPTER 8. EVENT SELECTION 8.1. Data Samples and Cross SectionsBakgroundType Cross Setion [fb℄ Analysed Events O�ial Sample
W → µν 1.72 · 107 1483999 mu03 W1mu
W → µν depending on p̂T 200 per p̂T-range private
Z0 inlusive 1.45 · 108 721712 mu03 DY2mu
WW inlusive 1.88 · 105 483000 jm03b WWjets inlusive
ZZ inlusive 1.11 · 104 479000 jm03b ZZjets inlusive
ZW inlusive 2.69 · 104 276993 jm03b ZWjets inlusive
tt inlusive 4.92 · 105 2299736 jm03b TTbar inlusiveQCD > 6 · 108 > 2000000 jm03b qd XXX YYYSignal
W ′ (1 TeV) → µν 3.11 · 103 46595 private
W ′ (2 TeV) → µν 1.58 · 102 8884 private
W ′ (3 TeV) → µν 1.82 · 101 9301 private
W ′ (4 TeV) → µν 2.87 · 100 10000 private
W ′ (5 TeV) → µν 6.07 · 10−1 9707 private
W ′ (6 TeV) → µν 1.90 · 10−1 5000 private
W ′ (7 TeV) → µν 8.56 · 10−2 5000 private
W ′ (8 TeV) → µν 4.69 · 10−2 5000 privateTable 8.1: The simulated data samples used in this study. The ross setion (times branhingratio) obtained from pythia at leading order using the parton density funtion CTEQ 5L (leadingorder), the number of analysed events (before applying any uts) as well as the o�ial produtionname are given (see setion 5.1).But the o�ial sample, whih has been produed without any onstraints on p̂T, has some�overlap� with the additional produed ones. To avoid �double-ounting� of W events the�overlap�-region has to be identi�ed. Within this region a ut has to be applied to makeone sample end at the ut, while the other starts at this point.The merging of the o�ial W sample with the privately simulated W events has beenperformed using the transverse invariant mass at generator level. The hoie of this variablearises naturally. The small samples have been generated by de�ning a p̂T-range and anbe merged aording to their luminosity. The transverse momentum in the rest frame isdiretly proportional to the invariant mass (MT = 2 p̂T). Sine the p̂T annot be alulatedfrom the data, whih have been extrated from the o�ial data, the invariant mass atgenerator level is used.This hoie is more onservative than using the reonstruted transverse invariant mass,beause events whih have a larger reonstruted than simulated transverse invariant massmight be sorted out when using the reonstruted invariant mass for the separation. Withthe separation at generator level this is not the ase.As shown in �gure 8.4 both samples are nearly idential in the overlapping transversemass region and an be onneted ontinuously. Based on this plot the deision has been
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8.2. Preselection of Events CHAPTER 8. EVENT SELECTIONtaken to use the o�ial W -sample for invariant masses up to 400 GeV, while the sampleswith restrited p̂T values are used starting at this point.However, the muon pT-distribution (see �gure 8.5) of both samples shows a signi�antdi�erene. This results from the di�erent way of event generation: high energeti muonsfrom W deays an arise either from heavy o�shell W bosons or from boosts in the trans-verse plane, e.g. due to initial state radiation of a gluon. Sine the additional sampleswith seleted p̂T-ranges only ontain events of the �rst type, the pT-spetrum has a lakof high-pT muons arising from a large transverse W momentum. Nevertheless the shape ofthe muon pT-distribution is well desribed.Sine only the �rst type of events give rise to bakground, whih is well desribed by thetransverse invariant mass, this de�it has no in�uene on the analysis.
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Figure 8.4: Mathing of the di�erentW -samples using the transverse invariant mass at generatorlevel. A smooth transition is possible if the o�ial sample ends at 400 GeV, where the other samplesstart (see arrow).8.2 Preseletion of EventsBefore starting with the analysis the MC events have to pass preseletion riteria, mainly tosort out events whih are not aepted by the level-1 trigger. Suh events are reonstrutedin the full detetor simulation by ora, but an idential event in a running CMS detetorwould not be written on tape. For this study it has the side e�et, that the preseletionredues the amount of data, whih has to be transported using grid servies and laterloally stored.The applied preseletion riteria ensure the basi ommonality of the bakground andthe signal. Events whih enter this analysis
• have to ontain at least one global reonstruted muon,
• have to pass the level-1 muon trigger (|η| ≤ 2.1)
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Figure 8.5: Due to the di�erent generation proesses, the muon pT-distribution of the additionalsamples with high transverse masses show a de�it of high energeti muons.
• and the high level trigger.The �rst riterion naturally arises from the fat, that the signal signi�ane is deter-mined using the transverse invariant mass alulated from the transverse momentum ofthe muon and missing transverse energy. The use of global reonstruted muons also de-mands a quality standard for the reonstruted objet as shown in hapter 7. The lattertwo onstraints ensure that the event will be reorded by a fully operational CMS detetor.Sine the detetor simulation uses the start-up detetor geometry, the CSCs lose to thebeam pipe (ME1/1) have only a limited readout. This impliates that the muon triggeris restrited to a range |η| < 2.1. Therefore the seond preseletion riterion also limitsmuons to this region.The so de�ned starting sample is now investigated for riteria, whih allow a distintionbetween signal and bakground. The uts applied for this purpose are stated and explainedin the following.8.3 Seletion CriteriaAfter the preseletion uts have been applied to the data in order to suppress bakgroundand thus to improve the signal to bakground ratio within the �nal variable. Aording tothe W ′ → µν signature the following uts have been applied in this order
• Muon QualitySine a muon, whih is reonstruted only from a few hits or whih results from apoor trak �t might fake a high energeti muon, uts are applied to the muons toensure a high quality reonstrution.
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8.3. Selection Criteria CHAPTER 8. EVENT SELECTION

• Single Muon RequirementIn di�erene to Z bosons, whih deay into muons, W ′ → µν events give rise only toa single muon. To suppress the bakground from neutral gauge bosons, events withmore than one muon are exluded from the �nal variable.
• Muon IsolationMuons arising from deaying gauge bosons are isolated. An isolation riterion re-dues the bakground from non-isolated muons, whih originate within a partile jet( e.g. QCD).A detailed motivation and explanation of the di�erent uts are given in the followingsubsetions.8.3.1 Muon QualityThe rate of low energeti muons arising from di�erent SM bakgrounds is of several ordersof magnitude larger than the rate of high energeti muons from W ′ bosons. Assumingthat every 105th low energeti muon is wrongly reonstruted as a high energeti one, thehigh-pT muon rate would be dominated by these muons. The observation of a W ′ signalwithin this �bakground� would be impossible.Therefore a high quality reonstrution of muons in the full transverse momentum rangeof 5�4000 GeV is essential for the detetion of a possible W ′ at the LHC.Within this study it has turned out, that the quality of the muons an be improved bydemanding riteria, in addition to the ones applied by the reonstrution software. Theyare based on the number of hits (degree of freedom), whih are used for the muon's trak�t and the deviation of the muon trak from the single hits, namely the χ2-value of thetrak �t. In addition an algorithm has been developed to rejet ghost traks, whih ourin events where one muon is reonstruted twie.Degrees of Freedom for the Muon TrakThis quality ut takes into aount, that the properties of partiles whih are measured ata multitude of points along a large distane an be determined very preisely. Invertingthis statement the properties of a partile measured at only a few points have on averagelarger errors and might vastly di�er from the atual properties. Therefore only muonswhih are measured at a ertain number of points enter the �nal variable.This analysis aims for high energeti muons espeially with transverse momenta largerthan 200 GeV. Due to the high penetration power muons are normally not stopped withinthe detetor.Under the assumption that the muons pass at least two muon stations, their trak shouldbe visible also inside the pixel detetor and the silion traker. This results in a minimumof 10 measurements inside the inner traker (2�3 within the pixel detetor and at least 7�8inside the traker). Adding further trak information from two muon stations with theirRPCs results in at least 15 overall trak measurements. Sine these measurements alwaysonsist of two oordinates a trak �t is onstrained by 15 · 2 = 30 �single� measurements.
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CHAPTER 8. EVENT SELECTION 8.3. Selection CriteriaIn general a trak with �ve parameters (for details see [47℄) has to be �tted to thereonstruted trak informations. An equation with 5 parameters onstrained by 30 mea-surement results in 25 degrees of freedom for the trak �t. This is the minimum numberof degrees of freedom required for a muon within this study.
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Figure 8.6: The muon degree of freedom (= number of used measurements minus �ve �t pa-rameters) as a funtion of η (left) and the overall distribution (right) are shown for the W → µνsample. All other uts have been applied.Figure 8.6 displays the distribution of the number of degrees of freedom as a funtion ofthe pseudorapidity η for the muons in the W → µν sample. The struture of the muonsystem (barrel wheels and endap diss) is learly visible. Espeially the transition regions,whih are not fully overed by ative detetor volumes, show raks in the aeptane. Amajor part of these muons, whih esape through less overed detetor areas, are alsoexluded by this ut. This is a ruial ut sine the reonstrution of muons with a smallnumber of measurements is more error-prone and might fake a high-pT muon. As obtainedfrom �gure 8.6 only a small fration of simulated muons do not pass this quality riterion(ompare with table 8.2 and 8.3).
χ2-Criterion for Muon TrakA high quality trak �t through the trak measurements obtained from the loal muonreonstrution is haraterised by a small deviation of the �tted trak from the used mea-surements. The χ2-value of the �t is a quality riterion for the reonstruted trak. How-ever, a small χ2-value does not guarantee a good �t: a �t through only a few measurementshas naturally a smaller χ2-value than an extrapolation using a larger number of hits. The
χ2 normalised to the degrees of freedom of the muon trak remedies this drawbak. Thevalue an be interpreted as a kind of mean deviation per measurement and thus providesa reasonable quality measurement.
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Figure 8.7: Normalized distribution of the χ2 of the muon trak �t divided by the degrees offreedom used within the �t for the W and the 1 TeV W ′. Due to the larger momentum andinreased bremsstrahlung probability of TeV-muons the relative fration of exluded muons islarger in the W ′ sample.The distributions for the W → µν sample and the 1 TeV W ′ sample are displayed in�gure 8.7. They are haraterised by an aumulation of nearly all the muon traks at lowvalues and a large tail giving rise to values up to 400. A sensible value for the separationof these two areas is a χ2 divided by the degrees of freedom of 50 (see line in �gure 8.7).This ut has been hosen to further inrease the quality of the reonstruted muons. Thehoie is on�rmed by the omparison of the reonstruted muon pT with the generatorinput (see �gure 8.8): the relative error of the exluded muons is signi�antly larger.Espeially those muons, whih have a large pT-deviation, are sorted out. This is a ruialseletion, sine those muons, faking high transverse momenta, give rise to large bakground.An exat separation of well reonstruted muons from badly reonstruted ones or evenfakes is not possible with this ut. However this riterion is a ompromise between qual-ity assurane and signal e�ieny. Smaller values (downto 10) for this ut have beentried without a further improvement of the muon quality. Therefore only the tail of thedistribution has been exluded.Ghost SuppressionA small perentage of the muons is reonstruted twie due to a problem within the re-onstrution algorithm (for details see setion 7.1.4). These �pairs� of muons pass thedetetor in the same diretion and, as further investigations showed, one muon is builtout of numerous hits with a reasonable χ2 value of the �t, whereas the other muon usessigni�antly less hits and has a larger χ2. Sine the parameters of the higher quality muonsare mathing within the errors with the generator muon properties, the deision has beentaken to keep only the better one of eah pair.
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Figure 8.8: E�et of the χ2 ut on the muon momentum resolution. Espeially muons, whosemomenta have been reonstruted with a huge disrepany ompared to the generator momenta,are exluded.The identi�ation of suh pairs has been performed by a simple one algorithm. For eahevent ontaining more than one muon, a one with a radius of
∆R =

√
(∆φ)2 + (∆η)2 ≤ 0.1around the diretion of eah muon is sanned for another muon. In ase of a seond muonwithin this one, the properties of both are ompared and the muon with the better χ2-�tvalue divided by the degrees of freedom used for the �t is kept, while the other muon isexluded from the event.Two high energeti muons �ying in the same diretion ause a massive energy and mo-mentum imbalane in the detetor. In the worst ase this results in a high transversemass from the fake muon with a by far too large reonstruted pT and the also too largereonstruted missing energy. Thus, at the same time the missing transverse energy hasto be orreted. To do this, the momenta px, py of the muon, whih is exluded from theevent, are added to the x and y omponents of the missing energy, respetively. Finally theorreted transverse missing energy and the orreted angle of the missing energy diretionin the transverse plane are alulated.8.3.2 Single Muon Cut

W ′ → µν events are likely to ontain only a single muon. Further muons an only arisefrom the beam remnants and pile-up. Sine the beam remnants are mainly lost throughthe beam pipe, the origin of these muons is restrited to additional proton-proton reationsourring at the same time. These pile-up events are mainly QCD events ontaining jetsand thus have a large fration of hadroni partiles, but ontain only a small amount ofmuons. The signal events with a seond global reonstruted muon are only a fration ofless than 3%.
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Z0 bosons whih deay into leptons, produe, in di�erene to the W and W ′, alwayspairs of leptons. Sine the highest energeti muon originating from a Z0 ombined with thenaturally omprising missing transverse energy at pp-olliders gives rise to large transverseinvariant masses, it poses bakground in the region above MT > 200 GeV. To exlude thisbakground the events are required to ontain only one global reonstruted muon.8.3.3 Muon IsolationMuons from the deay of W ′ bosons are isolated in ontrast to muons arising from thedeay hain within a jet, i.e. no other partiles are �ying in the same diretion as themuon. Only beam remnants and underlying events might produe partiles asually �yingin the muon diretion.As desribed in detail in the appendix (setion B.3) three di�erent muon isolation algo-rithms are implemented in the CMS reonstrution software at the moment. They are allbased on the same priniple: in a one with a radius ∆R =
√

(∆η)2 + (∆φ)2 around themuon diretion the transverse energy deposit or the transverse momentum exluding themuon itself is omputed.For the alorimeter isolation the transverse energy deposit, and for the pixel and trakerisolation the pT of the partiles inside a one reonstruted by the pixel detetor and thetraker, respetively, are omputed. All three algorithms have been tested with somevariations of the parameters. The traker isolation with the default value (∆R = 0.17),whih has already been optimised using a W → µν sample [75℄, gives the best results.The alorimeter isolation algorithm has the drawbak, that its quality is depending onthe amount of underlying events and therefore beomes less e�etive at high luminosities.The pixel algorithm relies on the loal trak reonstrution within the pixel detetor usingthree layers of pixel detetors. The small lever arm of the pixel detetor limits a reasonablereonstrution to traks with a pT smaller 10 GeV and thus is also exluded (for detailssee B.3 or [75℄).Sine the traker isolation algorithm relies on the traker, robust and high quality reon-strution using several silion layers is guaranteed and thus a good basis for trak isolationis provided. To have an e�ient algorithm, only traks whih result in a pT larger than0.8 GeV are reonstruted.In �gure 8.9 the distribution of the transverse momentum within the isolation one isshown for bakground and signal aording to a luminosity of 10 fb−1.The ut at 0.8 GeV on this variable has been determined by optimizing signal e�ienytimes purity as a funtion of the isolation value. Sine the algorithm only reonstrutstraks with pT larger 0.8 GeV within the isolation one, the ut is idential to the require-ment of having no additional traks within the one around the muon.8.4 OverviewTables 8.2 and 8.3 give an overview of the number of events in 10 fb−1 whih survive theuts. The e�ieny is given with respet to the number of events after the preseletion.
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Figure 8.9: Transverse momentum in a one around the muon as a result of the traker isolationalgorithm. Signal e�ieny times purity has been optimised to obtain the ut (arrow).Events in 10 fb−1 (Signal, W ′ → µν and W )Cut 1 TeV 3 TeV 5 TeV 7 TeV W → µνTotal 3.11 · 104 1.82 · 10−2 6.07 · 100 8.56 · 10−1 9.84 · 107Preseletion 2.51 · 104 1.51 · 102 4.83 · 100 6.40 · 10−1 6.73 · 107

µ-Quality 2.48 · 104 1.47 · 102 4.70 · 100 6.32 · 10−1 6.71 · 107Single µ 2.43 · 104 1.43 · 102 4.61 · 100 6.24 · 10−1 6.61 · 107

µ-isolation 2.28 · 104 1.34 · 102 4.33 · 100 5.86 · 10−1 6.11 · 107E�ieny 90.8% 88.7% 89.6% 91.5% 90.8%Table 8.2: W ′ signal events and W bakground events, whih remain after the subsequent appli-ation of the seletion uts. Events in 10 fb−1 (Bakground)Cut Z → µµ QCD tt WW ZW ZZTotal 6.90 · 109 4.92 · 106 1.88 · 106 2.69 · 105 1.11 · 105 1.11 · 104Preseletion 7.46 · 106 5.10 · 107 9.84 · 105 2.42 · 105 2.20 · 104 6.64 · 103

µ-Quality 7.42 · 106 5.00 · 107 9.75 · 105 2.41 · 105 2.19 · 104 6.60 · 103Single µ 4.00 · 105 4.44 · 107 7.05 · 105 2.16 · 105 1.60 · 104 2.00 · 103

µ-isolation 3.65 · 105 1.29 · 106 4.58 · 105 1.93 · 105 1.45 · 104 1.62 · 103E�ieny 4.9% 1.8 · 10−4 46.5% 79.8% 65.9% 24.4%Table 8.3: Bakground events, whih remain after the subsequent appliation of the seletionuts.
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8.5. Distributions of Characteristic Quantities CHAPTER 8. EVENT SELECTION8.5 Distributions of Charateristi QuantitiesAfter applying all stated seletion uts, the harateristi variables are shown for signaland bakground for an integrated luminosity of 10 fb−1.8.5.1 Transverse Momentum of the Muon
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Figure 8.10: Signal (1 TeV and 5 TeV W ′, non-staked) and bakground (staked) distributionof the transverse momentum of the highest energeti muon. The bakground is rapidly dereasingwith large momenta, while the 1 TeV signal shows a Jaobian peak, whih is smeared out due tothe detetor resolution; in ase of the 5 TeV W ′ it is not visible.In �gure 8.10 the pT-distribution of the 1 and 5 TeV W ′ signal and the bakground isshown. The muons arising from bakground proesses dominate the momentum distribu-tion at low momenta, but their ontribution falls rapidly with larger momenta. Over thewhole pT-range the fration of W → µν represents the largest bakground. This justi�esthe fat, that for large transverse invariant masses only the W → µν bakground has beentaken into aount.The spikes at large momenta arise from single muons, whih have been reonstrutedwith a too large momentum. Beause of the limited number of detetor-simulated events,whih is smaller than the number of events expeted in 10 fb−1, the bakground has to besaled to the one expeted in 10 fb−1.The 1 TeV signal distribution is hidden by the huge bakground at momenta smallerthan 300 GeV. But a Jaobian peak, muh larger then the expeted bakground, is learlyvisible around MW ′/2. The peak is smeared out due to the detetor resolution.The pT-distribution of the 5 TeV signal is almost �at due to the o�shell prodution (seesetion 6) and a Jaobian peak is hardly visible any more. For transverse momenta above1500 GeV, the 5 TeV W ′ signal exeeds the bakground. However, the expeted number
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CHAPTER 8. EVENT SELECTION 8.5. Distributions of Characteristic Quantitiesof signal events in one year LHC operation is less than 5 for a 5 TeV W ′ and thus thedisovery of suh a heavy objet is only possible with a large amount of data.For masses between 1�5 TeV the Jaobian peak, loated at MW ′/2, is smeared out moreand more aused by two e�ets: the �rst is the inreasing W ′ o�shell prodution (seesetion 6) and the seond is the detetor resolution. As shown in table 6.1 the expetednumber of W ′ events dereases rapidly with the assumed W ′ mass.8.5.2 Missing Transverse EnergyThe transverse missing energy distribution after the appliation of all seletion riteria isshown in �gure 8.11 for the 1 and 5 TeV signal (non-staked) and the bakground (staked).
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Figure 8.11: Missing energy in the transverse plane for signal (1 and 5 TeV W ′, non-staked)and staked bakground. For large missing energies the distribution is determined by the missingenergy produed by the large transverse momentum arried by the muon and not by alorimeterdeposits.The distribution, espeially in the signal region above 200 GeV, is almost idential tothe pT-distribution. This is evident, sine the large amount of missing transverse energy isnot given by alorimeter deposits, but by the large momentum of the muon, whih depositsonly a very small amount of its energy in the alorimeters. Roughly speaking, the missingtransverse energy is approximately given by the transverse muon momentum smeared bythe alorimeter deposits. Sine this missing energy, whih arises from underlying eventsand pileup, negleting the muons pT, is uniformly distributed, the shape of the missingenergy distribution is not hanged.Due to the similarity of the pT and E/T distribution, the already stated omments in theprevious setion onerning signal and bakground are valid.
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8.5. Distributions of Characteristic Quantities CHAPTER 8. EVENT SELECTION8.5.3 Angle between Muon and Missing Transverse EnergySine the missing energy an only be determined in the transverse plane at a pp-ollider, theangle between the muon and the missing energy is measured in this plane. The distributionis shown in �gure 8.12.
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Figure 8.12: Distribution (staked bakground and non-staked signal) of the angle between thetransverse missing energy and the transverse momentum of the muon in the transverse plane. Thesignal strongly peaks at 180◦.While for most bakgrounds (QCD, tt, ZZ) this variable is uniformly distributed, it peaksfor W , Z and espeially for the signal at 180◦. For the W and W ′, this behaviour is givenby the deay properties: in the rest frame of theW/W ′ the muon and neutrino are emittedbak-to-bak. The angle in the transverse plane hanges due to transverse momenta of the
W/W ′. Due to the smaller muon and neutrino pT in ase of a W ompared to ones arisingfrom a W ′, boosts have a larger impat on the angle in ase of a W .The Z → µµ events have also an aumulation around 180◦ due to the event seletionand detetor ine�ienies. Demanding only single muon events, one muon has to esapeundeteted. This auses an energy imbalane in the diretion of the undeteted muon,faking missing energy. As a result one obtains a W -like signature of a muon aompaniedby missing energy in the opposite diretion.8.5.4 Transverse Invariant MassFinally these three variables, the transverse momentum of the muon, the missing transverseenergy and the angle between both in the transverse plane are ombined to the transverseinvariant mass using the formula

MT =
√

2pTµ E/T(1 − cos∆φµE/T). (8.1)
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CHAPTER 8. EVENT SELECTION 8.5. Distributions of Characteristic Quantities
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Figure 8.13: Signal (1 TeV and 5 TeV W ′) and bakground distribution of the transverse invari-ant mass.The already observed shapes in the pT- and E/T-spetrum are visible and the separationof signal and bakground is even better. The bakground, whih is mainly given by the
W → µν sample, is exeeded by all onsidered W ′ masses at large transverse masses.However, the question remains up to whih W ′ mass a signi�ant separation of signaland bakground is possible with a ertain integrated luminosity. To obtain an answer, thisdistribution is used as an input to the signi�ane test explained in the next hapter.
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Chapter 9Statistial InterpretationIn hapter 8 seletion riteria have been applied to optimise the ratio between signal andbakground and to ahieve the best possible separation. The results displayed in thetransverse invariant mass spetrum (see �gure 8.13) have to be investigated in a statistialmanner to deide up to whihW ′ masses a signal for new physis an be deteted if presentor exluded if absent. Of ourse this mass limit will be obtained at a ertain signi�ane:typially a deviation of 5σ from bakground expetations states a disovery, while a 95%exlusion level is quoted if there is no signal.This hapter desribes the CLs-method ([76�78℄) to obtain a limit at a ertain signi�anebefore applying to the data attained from the full detetor simulation.9.1 The Statistial MethodFrom a mathematial point of view the deision of the observability of a signal hiddenwithin the Standard Model bakground is a hypothesis test (for a detailed review see [79℄).A test quantity has to be de�ned whih an be used to model the signal signi�ane andthus to deide if the signal an be separated from the bakground with a ertain statistialpreision. This quantity should be hosen in a way that the result, �Having a signal� (tra-ditionally alled null hypothesis) an be separated from the alternative hypothesis �Thereis no signal� with the minimal possible error rate. In statistis there exist two types oferrors: �error of the �rst kind� representing the exlusion of a signal where there is one.The other type of error, �error of seond kind�, is the false disovery although no signal ispresent. The aim is to redue both errors as far as possible.Looking at the binned transverse invariant mass distribution for a ertain W ′ mass withN bins in total one an interpret every single bin as a result of an independent Poissonounting experiment with the probability distribution
P (µ;n) =

µn

n!
· e−µ. (9.1)For a given mean value µ, P (µ;n) re�ets the probability to obtain the result n in aounting experiment if µ is expeted.In the ontext of a partile searh the bins ontain bakground but might as well have anamount of signal. Therefore one an think of two di�erent �per bin ounting experiments�
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CHAPTER 9. STATISTICAL INTERPRETATION 9.1. The Statistical Methodlooking at the �nal variable (see �gure 8.13). One ounting experiment an use as meanvalue µ the number of signal plus bakground events (µ = s+b), while the other experimenttakes the number of bakground events (µ = b) as mean.These two probabilities, P (µ = s + b; n) and P (µ = b; n), an be used to onstruta disrimination variable for the signi�ane of the signal. The Neyman-Pearson lemma([79℄, proof in [80℄) states that using the likelihood ratio Qi, alulated for eah bin i,
Qi(mW ′) =

P (µ = si(mW ′) + bi; ni)

P (µ = bi; ni)
(9.2)minimizes errors of the �rst and seond kind. si(mW ′) is the number of signal events inbin i, whih is a funtion of the W ′ mass mW ′ , and bi is the number of bakground eventsin bin i.For a given signal si and bakground bi predition (for example given by a Monte Carlosimulation) one an alulate the likelihood ratio Qi for having ni events in this bin atuallymeasured. Sine in this study the number of signal events in a single bin depends on themass of the W ′ it is a parameter of the likelihood. The overall ombination of the N �perbin ounting experiments� is gained by the multipliation of eah probability ratio

Q(mW ′) =
N∏

i=1

Qi(mW ′). (9.3)Instead of using the variable Q it is onvenient and pratial to work with −2 lnQ(mW ′).A simple straight forward alulation using equation (9.2) and (9.1) leads to
−2 lnQ(mW ′) = −2

N∑

i=1

[
ni ln

(
1 +

si
bi

)
− si

]
= 2stot − 2

N∑

i=1

ni ln

(
1 +

si
bi

)
. (9.4)This value has the advantage of being a di�erene of two χ2-distributions in the limit oflarge statistis (µ→ ∞): the Poisson distribution tends towards a normal distribution andtherefore its natural logarithm has χ2-harater.

−2 lnQ(mW ′) = −2 ln

N∏

i=1

P (µ = si(mW ′) + bi;ni)

P (µ = bi;ni)
(9.5)

= −2
N∑

i=1

lnP (µ = si(mW ′) + bi;ni) + 2
N∑

i=1

lnP (µ = bi;ni) (9.6)
µ→∞−→ χ2

s+b − χ2
b . (9.7)Thus, the value −2 lnQ onverges against the χ2-di�erene of the �ts, whih representthe signal plus bakground and bakground only distributions.Looking at formula (9.4) one an interpret the likelihood ratio as the sum of measuredevents ni, whih are weighted with ln(1 + si/bi). This sum is shifted by the sum of totalmeasured signal events stot. For the alulation of the likelihood ratio −2 lnQ bins witha signal to bakground ratio lower than 5% are negleted. Although the addition of thesebins would always improve the sensitivity, the systemati error introdued at the sametime spoils this improvement. For a detailed explanation of this issue see [81℄.
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9.1. The Statistical Method CHAPTER 9. STATISTICAL INTERPRETATIONIn the last hapter uts have been applied to the MC signal samples for the di�erentsimulated W ′ masses and for the MC bakground proesses. In the �nal variable, thetransverse invariant mass, whih has been divided into 100 bins, the signi�ane test isperformed.The determination of the signal signi�ane is now performed by generating numerousso alled �pseudo-experiments�: for eah bin in the transverse invariant mass, Poisson dis-tributed random numbers are generated one using the mean value µ = si + bi and one
µ = bi to generate di�erent ni (see equation (9.4)). The resulting transverse invariant massdistribution is within statistial onsiderations equal to the obtained Monte Carlo distri-bution, e.g. one an interpret this as the result of an idential experiment also measuringthe transverse invariant mass distribution.This generation of �pseudo-experiments� is repeated numerously. For eah experimentthe −2 lnQ using formula (9.4) is alulated and �lled in a histogram (see �gure 9.1). As aresult one obtains two Gaussian shaped distributions entered at the −2 lnQ of µ = si+ biand µ = bi, respetively (see �gure 9.1).
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Figure 9.1: Typial distribution of the −2 lnQ for di�erent signals.By de�nition, as given in formula 9.4, the −2 lnQ-values of the signal plus bakgroundare loated in the negative range entered around the −2 lnQ of µ = si + bi, while thebakground only is umulated at positive values entered around the −2 lnQ of µ = bi.The separation between both distributions is a measure for the signal sensitivity of anexperiment: the smaller the overlap of the two −2 lnQ distributions is, the better one andistinguish between signal plus bakground and bakground only, i.e. separate signal frombakground. For example, the signal signi�ane orresponding to the−2 lnQ-distributionsin the left plot of �gure 9.1 is muh larger than in the right plot (same �gure).For both Gaussian-like distributions the orresponding σ-deviation around the meanvalues an be extrated: 68% of the pseudo-experiments are within one σ around the entre.In �gure 9.1 the ±1σ and ±2σ-bands are plotted for the bakground only distribution. Theorresponding −2 lnQ values for the σ-level are used for the alulation of the error on thesigni�ane as shown below.
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CHAPTER 9. STATISTICAL INTERPRETATION 9.1. The Statistical Method
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Figure 9.2: Illustration of the di�erent CL-integrals for the −2 lnQ distributions assuming realdata.For the determination of the di�erent on�dene level (CL) for eah hypothesis, thedistributions of the ahieved pseudo-statisti are integral-normalised and de�ned as Ps+b(x)and Pb(x) using x := −2 lnQ, respetively. To deide, if the hypothesis of having measuredbakground only is true, the integralCLb =

∫ ∞

X0

Pb(x)dx (9.8)is investigated. The integration border X0 is the value of −2 lnQ from an experiment (realdata) or from Monte Carlo simulation. The alulation of the CLb gives a measure in howfar the experimental data are in oinidene with the bakground only expetation.An X0 smaller1 than the mean value of Pb(x) (as shown in �gure 9.2) indiates, that�the data ontain more than just bakground�. Thus, the probability of a signal on top ofthe expeted bakground is larger and the CLb holds values larger than 0.5 (see �gure 9.2).An X0 larger than the mean value of Pb(x) states that the data do not even math withthe bakground expetation and the CLb is less than 0.5 (lak of bakground). Reapitu-lating, CLb results in values around 0.5, when data math with bakground expetation,while CLb holds larger values for data ontaining bakground plus additional signal.In the same manner one an test the signi�ane for having signal plus bakgroundmeasured, using CLs+b =

∫ ∞

X0

Ps+b(x)dx. (9.9)In ase an experiment has only measured bakground the integral is less than 0.5, while itis larger than 0.5 when the measured data exeed the signal plus bakground expetation.Again it is idential to 0.5, if the measurement is in oinidene with the −2 lnQ MCexpetation for signal plus bakground (see �gure 9.1).1Be aware that the signal plus bakground distribution Ps+b(x) is left of the bakground only distribution
Pb(x).
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9.1. The Statistical Method CHAPTER 9. STATISTICAL INTERPRETATIONAssuming a Gaussian harater for both Ps+b(x) and Pb(x) a disovery is de�ned as anexess2 in the measured data of more than 5σ:
1 − CLb ≤ 5.7 · 10−7. (9.10)Now it is lear, that the sensitivity is orrelated to the separation of the distributions

Ps+b(x) and Pb(x), sine the 1 − CLb re�ets the overlap of both distributions.If a disovery is not possible an exlusion limit an be alulated per onvention with95% on�dene. Thus, the probability for exluding an existing signal is less than 5%,whih an be mathematially desribed byCLs+b < 0.05. (9.11)In other words: the probability to �nd a signal-like �utuation ompared to the bakgroundis exluded in this way with 95% on�dene.The use of CLs+b has drawbaks, whih might result in unphysial e�ets (see [76�78℄).To avoid this, the ratio CLs+b is normalised to CLb:CLs =
CLs+bCLb . (9.12)The 95% exlusion level is given by CLs < 0.05. (9.13)The error for the di�erent on�dene levels, i.e. the σ-deviation, an be extrated fromthe σ-bands of Ps+b(x) and Pb(x). A hange of the integration border X0 in the CLb-integral of ±σ diretly results in the upper and lower error on the on�dene level CL. Thenarrower the distributions of the pseudo-statistis, the smaller the error on the disoveryor exlusion limit.Signi�ane within a Feasibility StudySine there are no CMS data available yet, the integration border X0 for the CL-integralsare not given by experimental data. Instead one the −2 lnQ of the MC expetation forsignal plus bakground, and, alternatively bakground only is used (see �gures below).The hoie of these values arises naturally, sine the idential signal plus bakground andbakground only values would be measured if the MC simulation models the detetor andthe physis in a perfet manner.Using this value, the alulation of CLs+b for signal plus bakground and the alulationof the CLb for bakground only is trivial. Sine the integration border X0 is idential withthe mean of the Ps+b(x) or Pb(x) the CLs+b or the CLb, respetively, is 0.5 .The disovery de�nition, given by 1−CLb analysed for signal plus bakground, is easierto visualize than in the ase of real data: a disovery is laimed if the tail of Pb(x), whihexeeds the mean of Ps+b(x), ontains less than 2.85 · 10−5% of the normalised pseudo-events (one-sided 5σ-deviation).2If an exess of 5σ appears, one still has to hek that the exess results from the investigated signal!
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CHAPTER 9. STATISTICAL INTERPRETATION 9.2. The Discovery and Exclusion LimitThe drawbaks of the CLs+b are also irrelevant for a feasibility study due to a lak ofmeasured data. The relevant CLs analysed for bakground only is given byCLs = 2 ·CLs+b. (9.14)Therefore the limit determination using CLs is more onservative, and thus, has been usedwithin this study.In order to determine the expeted disovery limit or the expeted 95% exlusion levelfor the CMS detetor the W ′ mass, up to whih the relation (9.10) (disovery) or (9.13)(95% exlusion) is valid, respetively, has to be found.9.2 The Disovery and Exlusion LimitThe likelihood ratio for the di�erent W ′ masses (1�8 TeV) and for the Standard Modelbakground an be alulated aording to equation (9.4). Figure 9.3 shows the result ofthe alulations for the di�erent investigated W ′ masses. It represents the −2 lnQ meanvalues of the Pb (bakground only) and Ps+b (signal plus bakground) (see �gure 9.1) as afuntion of the W ′ mass. The plot shows how well both hypotheses, bakground only andsignal plus bakground, an be separated for masses below 5 TeV.
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Figure 9.3: −2 lnQ distribution for signal plus bakground and bakground only as a funtionof the W ′ mass. For the bakground only graph also the ±1σ and ±2σ-bands are plotted. Bothurves are well separated for masses below 5 TeV.
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9.2. The Discovery and Exclusion Limit CHAPTER 9. STATISTICAL INTERPRETATION9.2.1 DisoveryBased on the alulated likelihood ratio the signi�ane for the bakground only hypothesisgiven by CLb an be determined. As explained in setion 9.1 the CLb is a measure for theprobability of having measured only bakground. By de�nition the CLb for bakground only(and therefore also the 1 - CLb) are idential to 0.5 (see equation (9.8)). This statementis validated by �gure 9.4. The CLb value for signal plus bakground is larger than 0.5 andre�ets the fat, that the hypothesis ontains �more than only bakground�, i.e. additionalsignal.
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CHAPTER 9. STATISTICAL INTERPRETATION 9.2. The Discovery and Exclusion Limit9.2.2 ExlusionIn ase of no signs for new heavy harged gauge bosons, a 95% CL exlusion limit an beset. It states up to whih mass an expeted W ′ an be exluded at a signi�ane level of95%. This limit orresponds to a CLs less than 5%. The CLs distribution aording toan integrated luminosity of 10 fb−1, whih is equal to one year of LHC operation, as afuntion of the W ′ mass is shown in �gure 9.5. A limit of
mW ′ < 4.71 TeV at 95% CLan be set. The statistial errors are given by the ±1σ- and ±2σ-bands.
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Figure 9.5: CLs distribution for signal plus bakground and bakground only. The exlusionlimit at 95% CL, given at CLs = 0.05, is mW ′ = 4.71 TeV.9.2.3 Luminosity Dependene of the LimitIn order to investigate the limit improvement the statistial method is repeated using asaled integrated luminosity in the range 1�300 fb−1. Within this luminosity range thedisovery limit (see �gure 9.6) and the 95% exlusion limit (see �gure 9.7) is alulated forvarious luminosities with the orresponding statistial errors.Already with an integrated luminosity of 1 fb−1 a W ′ boson with a mass smaller than3.5 TeV an either be disovered or exluded with 95% CL. Inluding more data, thedisovery as well as the exlusion limit inrease up to 6 TeV for an integrated luminosityof 300 fb−1.
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9.2. The Discovery and Exclusion Limit CHAPTER 9. STATISTICAL INTERPRETATION
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Figure 9.6: Disovery limit as a funtion of the investigated integrated luminosity.
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Figure 9.7: 95% CL exlusion limit as a funtion of the investigated integrated luminosity.
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CHAPTER 9. STATISTICAL INTERPRETATION 9.2. The Discovery and Exclusion Limit

  [TeV]W’m
3 3.5 4 4.5 5

B
ac

kg
ro

un
d 

/ E
xp

. B
ac

kg
ro

un
d

0

10

20

30

40

50

Excluded

Expected
Exclusion
at 95% CL.

 bandσ 1± 
 bandσ 2± 

  [TeV]W’m
3 3.5 4 4.5 5

B
ac

kg
ro

un
d 

/ E
xp

. B
ac

kg
ro

un
d

0

10

20

30

40

50

Figure 9.8: 95% CL exlusion limit as a variation of the expeted bakground.9.2.4 Signal and Bakground VariationTo investigate the in�uene of a bakground under- or overestimation on the exlusionlimit, the bakground is saled. The same proedure has been repeated with the signal toinvestigate the sensitivity of the limit.Figure 9.8 shows the exlusion limit as a variation of the bakground normalised to theexpeted bakground obtained from the Monte Carlo simulation. Thus, the y-axis value 1is equivalent to the MC bakground expetation for an integrated luminosity of 10 fb−1.While saling the bakground the signal ross setion is kept onstant.Even if the bakground has been underestimated by a fator 50 within this feasibilitystudy the upper exlusion limit drops only slightly below 4.3 TeV.The same variation has been performed for the signal, while keeping the bakgroundidential to the MC expetation. The signal ross setion, normalised to the ross setionof the Referene Model, has been varied in the range 0.01�2. The former ase orrespondsto a 100 times lower ross setion, while the latter is equal to a doubled ross setion.
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Figure 9.9: 95% CL limit as a variation of the expeted signal.As shown in �gure 9.9 the 95% exlusion limit is above 4 TeV taking signal saling fatorsof above 0.25 into aount. For smaller saling values the exlusion limit rapidly falls tozero.
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Chapter 10Conlusions and OutlookIn this thesis a feasibility study for new heavy harged gauge bosons with the full CMSdetetor simulation has been presented. These new partiles have been investigated withinthe Referene Model in the deay muon plus a light non-detetable partile, suh as theStandard Model neutrino. The model assumes a new heavy harged gauge boson W ′ to bea arbon opy of the Standard Model W , but with a di�erent mass. The W ′ mass, whihis the only free parameter of the Model, has been investigated in the range 1�8 TeV.All Standard Model bakground proesses have been taken into aount. Aording tothe low luminosity phase of the LHC (L = 2 · 1033 cm−2 s−1) on average 3.5 pileup eventshave been mixed with the signal and bakground samples.It has been shown, that new heavy harged gauge bosons, whih behave similar to theSM ones, an be disovered (5σ) with an integrated luminosity of 10 fb−1 in the massrange of 0.1�4.6 TeV. If no signal is visible at CMS, an exlusion limit with 95% CL of
mW ′ < 4.71 TeV an be set. With an integrated luminosity of 300 fb−1 both limits an beextended to a W ′ mass mW ′ above 6 TeV.Variations of the signal and bakground ross setions have been performed to investigatethe in�uene of an underestimation of the bakground or an overestimation of the signalon the expeted exlusion limit. Within a wide range of variations the mass exlusion limitremains above 4 TeV for an integrated luminosity of 10 fb−1.Systemati unertainties resulting from higher order ross setions, parton density fun-tions and sale dependenies have not been taken into aount. Further studies are nees-sary to determine unertainties arising from detetor misalignment, dead detetor ompo-nents and the onsideration of osmi bakground.From 2007 onwards CMS will start data taking and will give a hane for the investigationof new physis. If new heavy harged gauge bosons are realised within nature at the TeV-sale, they should be disovered.
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Appendix ATehnial DetailsA.1 Example of a Prodution CardCC W' --> mu nu (W' mass = 1000 GeV)C ============LISTC Speify output file and RUN:CFIL 'EVTO' 'mevents_wprime_1000_munu.ntplKRUN 001C --------------------------C PYTHIA Partile Properties and Proess SeletionC --------------------------PMAS 34, 1 = 1000 ! mass of W'MSEL = 22 ! W'+- prodution (ISUB = 142)C Swith off all W' deay hannels beside W' --> mu nuMDME 311, 1 = 0 ! W' --> dbar + uMDME 312, 1 = 0 ! W' --> dbar + MDME 313, 1 = 0 ! W' --> dbar + tMDME 314, 1 = -1 ! W' --> dbar + t'MDME 315, 1 = 0 ! W' --> sbar + uMDME 316, 1 = 0 ! W' --> sbar + MDME 317, 1 = 0 ! W' --> sbar + tMDME 318, 1 = -1 ! W' --> sbar + t'MDME 319, 1 = 0 ! W' --> bbar + uMDME 320, 1 = 0 ! W' --> bbar + MDME 321, 1 = 0 ! W' --> bbar + tMDME 322, 1 = -1 ! W' --> bbar + t'MDME 323, 1 = -1 ! W' --> b'bar + uMDME 324, 1 = -1 ! W' --> b'bar + MDME 325, 1 = -1 ! W' --> b'bar + tMDME 326, 1 = -1 ! W' --> b'bar + t'MDME 327, 1 = 0 ! W' --> e + nu_eMDME 328, 1 = 1 ! W' --> mu + nu_mu <=========MDME 329, 1 = 0 ! W' --> tau + nu_tauMDME 330, 1 = -1 ! W' --> tau' + nu_tau'MDME 331, 1 = -1 ! W' --> W+ + Z0MDME 332, 1 = -1 ! W' --> W+ + gamma
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APPENDIX A. TECHNICAL DETAILS A.1. Example of a Production CardMDME 333, 1 = -1 ! W' --> W+ + h0MSTU 21 = 2 ! partile/parton onfiguration hekMSTJ 11 = 4 ! fragmentation funtion D = 4MSTJ 22 = 2 ! A partile is deayed onlyC if its proper lifetime is smaller than PARJ(71)C default should be ok. Other idea define theC detetor volume with MSTJ 22 = 4MSTP 51 = 7 !struture funtion hosen (D = 7)MSTP 81 = 1 !multiple parton interations (D = 1)MSTP 82 = 1 !Defines the multi-parton model (D = 1)C ---------C GENERATORC ---------KSEL = 0 !similar to Pythia's MSELNSEL = 1 !number of events to produeTRIG = 10000000 !maximum number of triesECMS = 14000. !enter of mass energyMRPY 1 = 231304 !random seed for PYTHIAENDEOF
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A.2. Used Data Samples APPENDIX A. TECHNICAL DETAILSA.2 Used Data Samples BakgroundType Cross Setion [fb℄ Analysed Events O�ial Sample
W → µν 1.719 · 107 1483999 mu03 W1mu
W → µν various 200 per p̂T-range private
Z0 inlusive 1.453 · 108 721712 mu03 DY2mu
WW inlusive 1.880 · 105 483000 jm03b WWjets inlusive
ZZ inlusive 1.111 · 104 479000 jm03b ZZjets inlusive
ZW inlusive 2.686 · 104 276993 jm03b ZWjets inlusive
tt inlusive 4.920 · 105 2299736 jm03b TTbar inlusiveQCD 4.997 · 108 286982 jm03b qd 120 170QCD 1.010 · 108 335000 jm03b qd 170 230QCD 2.386 · 107 384978 jm03b qd 230 300QCD 6.391 · 106 195000 jm03b qd 300 380QCD 1.890 · 106 191989 jm03b qd 380 470QCD 6.903 · 105 153987 jm03b qd 470 600QCD 2.025 · 105 89996 jm03b qd 600 800QCD 3.574 · 104 44000 jm03b qd 800 1000QCD 1.085 · 104 89748 jm03b qd 1000 1400QCD 1.056 · 103 35998 jm03b qd 1400 1800QCD 1.448 · 102 17997 jm03b qd 1800 2200QCD 2.382 · 101 46498 jm03b qd 2200 2600QCD 4.284 · 100 40164 jm03b qd 2600 3000QCD 8.439 · 10−1 34742 jm03b qd 3000 3500QCD 9.654 · 10−2 26497 jm03b qd 3500 4000Table A.1: Full list of the bakground samples used from the o�ial CMS prodution andadditional private produed W → µν samples (200 events per p̂T-range; 50 GeV p̂T-steps for 200< p̂T < 500 and 100 GeV p̂T-steps for 500 < p̂T < 3000). The ross setion, number of analysedevents and the o�ial name is given. For more details on the data samples see the o�ial CMSprodution page [82℄.
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APPENDIX A. TECHNICAL DETAILS A.2. Used Data Samples

SignalType Cross Setion [fb℄ Analysed Events Sample
W ′ (1 TeV) → µν 3.110 · 103 46595 private
W ′ (2 TeV) → µν 1.583 · 102 8884 private
W ′ (3 TeV) → µν 1.824 · 101 9301 private
W ′ (3.1 TeV) → µν 1.490 · 101 10000 private
W ′ (3.2 TeV) → µν 1.236 · 101 10000 private
W ′ (3.3 TeV) → µν 1.015 · 101 10000 private
W ′ (3.4 TeV) → µν 8.406 · 100 10000 private
W ′ (3.5 TeV) → µν 6.986 · 100 9615 private
W ′ (3.6 TeV) → µν 5.829 · 100 9713 private
W ′ (3.7 TeV) → µν 4.832 · 100 10000 private
W ′ (3.8 TeV) → µν 4.065 · 100 10000 private
W ′ (3.9 TeV) → µν 3.387 · 100 10000 private
W ′ (4 TeV) → µν 2.869 · 100 10000 private
W ′ (4.1 TeV) → µν 2.428 · 100 9690 private
W ′ (4.2 TeV) → µν 2.076 · 100 10000 private
W ′ (4.3 TeV) → µν 1.750 · 100 10000 private
W ′ (4.4 TeV) → µν 1.484 · 100 10000 private
W ′ (4.5 TeV) → µν 1.268 · 100 9600 private
W ′ (4.6 TeV) → µν 1.086 · 100 10000 private
W ′ (4.7 TeV) → µν 9.239 · 10−1 10000 private
W ′ (4.8 TeV) → µν 8.007 · 10−1 10000 private
W ′ (4.9 TeV) → µν 6.982 · 10−1 10000 private
W ′ (5 TeV) → µν 6.073 · 10−1 9707 privateTable A.2: Full list of the simulated signal samples used in this study. The ross setion and thenumber of analysed events are given.
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Appendix BMuons in ORCAFrom the user's point of view there are two distint ways to aess muons in ora. Withthe �rst method one is able to perform �loal� tasks, that means tasks whih are loselyrelated to a single detetor omponent like a drift tube or a athod strip hamber. It givesthe possibility to retrieve all loal information about simulated hits (SimHits), digitizedhits (Digis) and loal reonstruted trak segments.While the �rst method provides information whih is of speial interest for the muonexperts and those who want to beome one, the seond method is absolutely essential foreveryone whose work is related to muons, like a four-vetor analysis with a muon in the�nal state. Everything related to reonstrution, whih is global in the ambit of the muonsystem, suh as global muon traks, is aessible via this method.Sine the seond method is of more general interest and gives already an overview of themuon as an objet in the objet-oriented reonstrution framework, this part is introdued�rst and later, tending towards greater depth, some omponents and the aess to loalmuon objets are desribed.Naming onventionIn order to have a lear struture in the ora soure ode [83℄ the muon sub-pakagesare named after the detetor omponent they model:
• drift tube related ones: begin with MB (short for Muon Barrel);
• athode strip hambers related ones: begin with ME (short for Muon Endap);
• resistive plate hambers related ones: begin with MRp.B.1 Priniple of ReonstrutionB.1.1 Loal ReonstrutionThe reonstrution of a muon trak in CMS starts with the onstrution of trak segmentsombining assoiated hits within the DT and CSC system.For the DT system the obtained hits (with left-right ambiguity) are ombined separatelyin the two di�erent projetions rφ and rθ, building 2D-segments performing a linear �t.Left-right ambiguities are resolved by requiring the smallest χ2. Sine a trak angle an
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APPENDIX B. MUONS IN ORCA B.1. Principle of Reconstructionbe determined for a 2D-segment the position of the hits is reomputed taking the impatangle into aount. Finally the two projetions are ombined to a so alled 4D-segment.In di�erene to the DT system eah athode strip hamber provides the measurementof two oordinates by a wire and a strip signal. Both oordinates are assoiated using atime oinidene of the hits. To omplete the loal trak reonstrution within the CSCs alinear �t through the 3D-hits is performed starting with one hit in eah, the �rst and thelast layer, adding further hits aording to a χ2 ompability.B.1.2 Stand-alone Muon ReonstrutionAs the name of the reonstrutor implies only data from the muon system, i.e. exludingthe traker, are used in this algorithm. Starting from the loal reonstruted trak seg-ments (4D/2D in DT) or 3D-hits (CSC) inluding RPC information the trak is propagatedoutwards starting from the innermost DT/CSC using a Kalman �lter tehnique. Its prin-iple is to extrapolate the trak to the next measurement surfae, ompare it with themeasurement and update the trak aordingly. In order to rejet bad hits, whih resultmainly from bremsstrahlung showers and delta eletrons, a χ2-ut is applied. In ase of alak of hits in the measurement surfae, due to detetor ine�ienies, geometrial raks ortoo many hits (eletromagneti shower), the trak is extrapolated to the next station tak-ing the muon energy loss in the material, multiple sattering e�ets and the non-onstantmagneti �eld into aount (GEANE). Iteratively the proedure is repeated until the out-ermost measurement is reahed, updating the trak parameters inluding errors at eahstep.Finally, the trak is extrapolated inwards using a bakward Kalman �lter to ahieve thetrak parameters at the innermost muon station, but also at the nominal interation pointusing a vertex onstrained �t.B.1.3 Global Muon ReonstrutorThe global muon reonstrutor starts with stand-alone muon traks and inludes hits in thesilion traker and pixel detetor. Again, using GEANE, whih takes the energy loss andthe magneti �eld into aount, the trak is extrapolated from the muon system throughthe magnet oil and alorimeters into the traker. Based on the trak unertainties andassuming the muon origin at the interation point, regions of interest within the innertraker are seleted.In these regions of interest regional trak reonstrution is performed using all hit pairsof ombinations of ompatible pixel and double-sided silion strip layers as andidates forthe muon trajetory as regional seeds. From these regional seeds a trak reonstrutionbased on a Kalman �lter is done. It is performed in the following steps: starting in theinnermost layer the trak is iteratively propagated to the next layer inluding mathingmeasurements and updated. A trajetory leaner resolves ambiguities between multipletrajetories resulting from a single seed on the basis of the χ2 and the number of hits usedfor the trak �t.Finally, the reonstruted trak is �tted again, adding the hits, whih ful�ll a χ2 riterion,from the standalone reonstrution.
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B.2. Access to Muons within ora APPENDIX B. MUONS IN ORCAB.2 Aess to Muons within oraAess to Global Reonstruted MuonsThe reonstruted high level objets are given by so alled ReQuerys (reonstrutionquerys). With these ReQuerys one an aess the ReColletions (reonstruted objetolletions) de�ning an iterator, whih points to the �rst reonstruted objet. In ase ofa muon it is a so alled ReMuon:ReQuery q("GlobalMuonReonstrutor");ReColletion<ReMuon> remuons(q);ReColletion<ReMuon>::onst_iterator muon = remuons.begin();The number of muons is given by the size of the ReColletion:out << " Number of reonstruted muons: " << remuons.size() << endl;Looping over all muons their properties suh as the degree of freedom, χ2, momentumomponents, angles, et. an be aessed by:while ( muon != remuons.end() ) {int nmeas = (*muon).foundHits();int dof = (*muon).degreesOfFreedom();double hi2 = (*muon).hiSquared();double normChi2 = (*muon).normalisedChiSquared();out << setiosflags(ios::showpoint | ios::fixed)<< setw(2) << idx+1 << '\t'<< "number of measurements = " << nmeas<< " Chi2/DoF = " << setw(6) << hi2<< "/" << setw(2) << dof<< " = " << setw(6) << setpreision(3) << normChi2 << endl;TrajetoryStateOnSurfae traj_vertex =((*muon).stateAtVertex().isValid()) ?(*muon).stateAtVertex() : (*muon).innermostState();GlobalVetor mom = traj_vertex.globalMomentum();GlobalPoint pos = traj_vertex.globalPosition();int harge = traj_vertex.harge();float pt = mom.perp();float eta = mom.eta();float theta = mom.theta();float phi = mom.phi();float P = mom.mag();out << endl << setiosflags(ios::showpoint | ios::fixed)
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APPENDIX B. MUONS IN ORCA B.2. Access to Muons within ora<< setw(2) << idx+1 << '\t'<< " E = " << setw(7) << m_MuonE[idx℄ << " GeV "<< " px = " << setw(7) << m_MuonPx[idx℄ << " GeV "<< " py = " << setw(7) << m_MuonPy[idx℄ << " GeV "<< " pz = " << setw(7) << m_MuonPz[idx℄ << " GeV " << endl<< " pt = " << setw(5) << pt << " GeV "<< " harge = " << setw(2) << harge << " "<< " eta = " << setw(6) << eta << " "<< " theta = " << setw(6) << theta << " "<< " phi = " << setw(5) << phi << " rad " << endl<< " Innermost/Vertex position = " << pos << endl;}The muon trak within the traker and the trak within the muon system an be printedand aessed separately byout << " Muon Trak:" << endl << " ===========" << endl;out << *(*muon).muonTrak() << endl << endl;out << " Muon Traker Trak:" << endl<< " ===================" << endl;out << *(*muon).trakerTrak() << endl;An example listing of all hits/trak segments from whih a global reonstruted muon isonstruted inluding the detetor omponent, whih has measured the hit, is given byvetor<ReHit> re_Hits = (*muon).reHits();for ( vetor<ReHit>::onst_iterator ihit = re_Hits.begin();ihit != re_Hits.end(); ihit++ ) {if ( ihit->isValid() ) {onst DetType& type = ihit->det().detUnits().front()->type();out << endl << "Measured hit " << setw(2) << i<< " in " << setw(8) << type.module() << " ("<< setw(7) << type.part() << ")"<< " at " << ihit->globalPosition()<< " (dim=" << (*ihit).dimension() << ")";}i++;}A typial listing for a muon in the overlap region passing the DT and the CSC systemwould be:Hit 1 in pixel (barrel ) at (-3.939,-2.482,-8.022) (dim=2)Hit 2 in pixel (barrel ) at (-5.982,-3.765,-10.700) (dim=2)Hit 3 in pixel (barrel ) at (-8.848,-5.571,-14.463) (dim=2)Hit 4 in silion (barrel ) at (-20.309,-12.789,-29.531) (dim=2)Hit 5 in silion (barrel ) at (-27.720,-17.455,-39.212) (dim=2)
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B.3. Isolated Global Muon APPENDIX B. MUONS IN ORCAHit 6 in silion (barrel ) at (-33.814,-21.303,-45.619) (dim=2)Hit 7 in silion (barrel ) at (-40.693,-25.645,-60.546) (dim=2)Hit 8 in silion (barrel ) at (-58.160,-36.663,-79.254) (dim=2)Hit 9 in silion (barrel ) at (-64.221,-40.480,-82.242) (dim=2)Hit 10 in silion (barrel ) at (-74.237,-46.817,-98.981) (dim=2)Hit 11 in rp (barrel ) at (-348.694,-222.146,-469.697) (dim=2)Hit 12 in dt (barrel ) at (-363.837,-230.917,-532.950) (dim=2)Hit 13 in dt (barrel ) at (-359.345,-251.697,-488.935) (dim=2)Hit 14 in rp (barrel ) at (-379.086,-239.505,-469.697) (dim=2)Hit 15 in rp (barrel ) at (-418.298,-265.487,-591.197) (dim=2)Hit 16 in dt (barrel ) at (-433.015,-274.996,-532.950) (dim=2)Hit 17 in rp (barrel ) at (-448.023,-284.002,-610.450) (dim=2)Hit 18 in s (forward ) at (-527.728,-333.753,-696.000) (dim=2)Hit 19 in s (forward ) at (-529.032,-335.287,-698.540) (dim=2)Hit 20 in s (forward ) at (-532.156,-337.463,-701.080) (dim=2)Hit 21 in s (forward ) at (-531.879,-337.943,-703.620) (dim=2)Hit 22 in rp (forward ) at (-560.998,-351.043,-715.400) (dim=2)The ode to aess other muons is mainly idential to the one used in the ase of a globalreonstruted muon. Only the ReQuery has to be hanged:
• Standalone Reonstrutor:ReQuery q(�StandAloneMuonReonstrutor�)
• Isolated Muon Reonstrutor (see setion B.3):ReQuery q(�IsolatedGlobalMuonReonstrutor�)
• Piky Muon Reonstrutor (see setion 7.2):ReQuery q(�PikyMuonReonstrutor�)
• Trunated Muon Reonstrutor (see setion 7.2):ReQuery q(�TrunatedMuonReonstrutor�).B.3 Isolated Global MuonFor every global reonstruted muon one or more isolation riteria an be assigned, e.g. inorder to rejet muons arising from b- and -quarks or K- and π-mesons, whih dominatethe muon rate at LHC but are a bakground to many physis proesses.In the ora reonstrution software there are three di�erent isolation tehniques imple-mented. The priniple is quite simple: in a one with a radius

∆R =

√
(∆η)2 + (∆φ)2 (B.1)around the diretion of the muon the transverse energy deposit or the transverse momentumis omputed. After subtration of the muon ontribution the gained value is ompared toa (user-)de�ned threshold.As a general behaviour these algorithms strongly depend on the muon's transverse mo-mentum, sine low energeti muons within the range of 4�30 GeV are dominantly produed
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APPENDIX B. MUONS IN ORCA B.3. Isolated Global Muonby b- and -quark deays [84℄ they are aompanied by a jet. The origin for higher ener-geti muons are mainly due to gauge bosons, deaying into isolated muons without any jetorrelation.The optimisation of isolation riteria is also dependent on the LHC luminosity sine thethreshold parameters have to be adjusted to the average deposit in an angular element.Due to underlying events the number of partile traks inreases with a raising luminosity.For all three algorithms the isolation parameters have been studied on referene sampleswith isolated muons (like W → µνµ) and have been optimized for bakground redution.The default values in ora are hosen to be the optimal ones (see [75℄).B.3.1 Calorimeter isolationThis algorithm uses the transverse energy deposited in a one around the diretion of themuon in the eletromagneti (ECAL) and hadroni alorimeter (HCAL). Independently,the deposits in the ECAL around the muon diretion seen from the vertex and the HCALdeposits in a one entered at the middle of the HCAL tower1, whih is hitted by themuon, are summed up.In order to rejet underlying events ET uts are applied and E uts are used to suppresseletroni and detetor noise in the alorimeter towers. The thresholds for the HCAL are
ET > 0.5 GeV and E > 0.6 GeV. For the ECAL the aording thresholds are ET > 0.2
GeV and E > 0.12 GeV (barrel), E > 0.45 GeV (endap).To subtrat the energy deposited by the muon itself the muon trak is extrapolated tothe boundary between ECAL and HCAL, to determine the preise point of inidene. Themuon transverse deposit in the ECAL is de�ned to be the one in a one of ∆R ≤ 0.07around this point, while in the HCAL the tranverse energy of the single tower with thehighest deposit in a one of ∆R ≤ 0.1 around the inidene point is subtrated.As the �nal isolation variable the transverse energy of both alorimeters is added withdi�erent weights

ET = α ·
∑

EECALT +
∑

EHCALT (B.2)and an optimal weight parameter of α = 1.5. Sine this algorithm is based on alorimetersit beomes less e�etive at high luminosities due to an �intrinsi� noise aused by underlyingevents in the alorimeters (pile-up sensitivity).Typial thresholds on the summed transverse energy vary from 6.5 to 9 GeV for onevalues between 0.13 and 0.45 with the optimum around 0.24. The isolation value is ex-trated from ora with the help of an instane of the MuIsoByCaloEt lass. The onesize and the weight parameter an be hanged by the user.MuIsoByCaloEt MyCaloIsolation;MyCaloIsolation.setConeSize(0.24); // default valueMyCaloIsolation.setEalWeight(1.5); // default valueHaving a ReColletion of reonstruted muons ReMuon the isolation method returns theamount of transverse energy deposited within the one subtrated by the muon fration.It is also possible to speify the threshold and to obtain a true/false if the muon isolationis within/outside the threshold.1di�erent one axes are used beause of the higher granularity of the ECAL
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B.3. Isolated Global Muon APPENDIX B. MUONS IN ORCAReQuery qIsolatedGMR("IsolatedGlobalMuonreonstrutor");ReColletion<ReMuon> MuonColl(qIsolatedGMR);ReColletion<ReMuon>::onst_iterator muon = MuonColl.begin();while (muon != MuonColl.end()) {TrajetoryStateOnSurfae traj;if ((*muon).stateAtVertex().isValid()) {traj = (*muon).stateAtVertex();} else {traj = (*muon).innermostState();}if (traj.isValid()) {float CaloIsoValue = MyCaloIsolation.isolation(*muon);bool IsIsolated = MyCaloIsolation.isIsolated(*muon, 8.0 );out << "Transv. energy around the muon: " << CaloIsoValue << endl;out << "Muon isolated? " << IsIsolated << endl;}}B.3.2 Pixel isolationThe pixel algorithm uses as an isolation riteria the sum of transverse momenta measuredby the pixel detetor in a one around the muon diretion negleting the pT of the muonitself. It takes only pT-ontributions from traks into aount, whih originate from thesame vertex as the muon to redue ontamination from underlying events and thus to bea powerful tool also at high luminosity. Sine a preise vertex onstraint for the muon isonly available at an improved level of the reonstrution hain the pixel traks of the globalreonstruted muon are used to apply this algorithm. For a typial one of ∆R = 0.2 oneapplies an isolation ut of 2�4 GeV.Sine a 3D-trak reonstrution within the pixel detetor is only possible with three hits outof three pixel detetor layers, the algorithm is highly reliant on the detetor performane.Due to ine�ienies of the detetor, geometrial aeptanes and eletroni read-out fail-ures the funtionality of the isolation extration might be signi�antly restrited. For thestart-up senario this tehnique is not appropriate beause of the staging of one out ofthree layers. The interrogation of the pT-isolation value is done in an idential way asin the alorimeter isolation. The dediated lass providing this funtionality is namendMuIsoByPixelPt.MuIsoByPixelPt MyPixelIsolation;MyPixelIsolation.setConeSize(0.2); // default valueCaution: The pT assignment for pixel traks is not preise for high transverse momentatraks and thus the traks inside the one are programmatially limited to 10 GeV by an if-statement. This might result in spikes at 10, 20, 30, ... GeV when drawing the distributionof the isolation ∑ pT value for a high statisti data sample. The spikes orrespond to 1, 2,3, ... higher energeti traks inside the one with a pT of more than 10 GeV [85℄.
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APPENDIX B. MUONS IN ORCA B.4. Access to local DT Muon ComponentsB.3.3 Traker isolationThe traker isolation is nearly idential to the pixel isolation algorithm: instead of usingonly the reonstruted traks within the pixel detetor it is fed by fully reonstrutedtraks. The isolation value, whih is the sum of transverse momenta ∑ pT is extratedfrom a one around the muon by negleting the muons ontribution.The traks inside the one (region of interest) are reonstruted with a regional algorithm(�regional traking�). Trak seeds are gained by pairs of pixel hits inside the isolation regionwith additional vertex and momentum onstraints. Only traks with pT > 0.8 GeV pointingtowards the region of interest are inluded and the distane between the muon origin andthe primary vertex should be smaller than ∆r = 0.1 cm and ∆z = 0.2 cm. To speedup the algorithm a trak �t is stopped as soon as �ve hits are used for the �t. With anadditional χ2 ut for ghost suppression, the traks ontributing to the isolation one arereonstruted su�iently enough. Typially the ones used with this algorithm are around
∆R = 0.2 and uts applied to the pT sum range from 2.0 to 3.0 GeV.As in the two other ases the isolation information is provided by an instane of anisolation lass (MuIsoByTrakerPt).MuIsoByTrakerPt MyTrakerIsolation;MyTrakerIsolation.setConeSize(0.17); // default valueB.4 Aess to loal DT Muon ComponentsThe inevitable starting point for an aess to loal muon information is the building ofthe detetor geometry (map) from a XML-File2. (There is no other aess to the loalomponents than through the detetor omponent to whih the muon information belongsto.) This Builder onstruts the di�erent DT objets like wires (MuBarWire), layers ofwires (MuBarLayer), superlayers (MuBarSL) and hambers (MuBarChamber) in a simplemanner, whih is su�ient for reonstrution purposes.As the onstrution of the detetor geometry is not a users' task this is done via the fewlines:MuBarrelSetup* MBSetup = Singleton<MuBarrelSetup>::instane();onst MuBarDetetorMap& MuonDetetorMap = MBSetup->map();An instane of the muon barrel setup is generated. It is aesses the geometry map,whih provides pointers to all of its subdetetors and their omponents. Now all hamber-,superlayer- and layer-pointers, stored in vetors, an be retrieved. And it an be hekedif there are indeed 250 DT muon hambers in total.onst vetor<MuBarChamber*> MuonChambers = MuonDetetorMap.hambers();onst vetor<MuBarSL*> MuonSuperLayers = MuonDetetorMap.SLs();onst vetor<MuBarLayer*> MuonLayers = MuonDetetorMap.layers();out << "Chek: Number of DT hambers: " << MuonChambers.size() << endl;2eXtensible Markup Language
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B.4. Access to local DT Muon Components APPENDIX B. MUONS IN ORCAB.4.1 Navigation through the DT systemThe diret aess to a speial hamber, superlayer or layer is done in two steps: �rst anID-objet is needed, whih spei�es the loation of the detetor omponent ( e.g. wheel,station, setor et.). In a seond step the map is asked to return a pointer to the desireddetetor objet.\\ aess to the hamber in wheel 1, station 4, setor 3MuBarChamberId ChamberID(1, 4, 3);MuBarChamber* SingleChamber = MuonDetetorMap.getChamber(ChamberID);\\ aess to the seond superlayer in wheel -2, station 3, setor 5MuBarSLId SuperlayerID(-2, 3, 5, 2);MuBarSL* SingleSL = MuonDetetorMap.getSL(SuperlayerID);\\ aess to layer 1 in SL 2 in hamber in wheel -2, station 4, setor 8MuBarLayerId LayerID(-2, 4, 8, 2, 1);MuBarLayer* SingleLayer = MuonDetetorMap.getLayer(LayerID);It is also possible to navigate through or loop over the substruture of a detetor omponent.The parent detetor always holds the pointers to its hildren and via an iterator one anloop over them:MuBarChamber accessto−→ MuBarSL accessto−→ MuBarLayer accessto−→ MuBarWire (B.3)As an example the length of eah wire in the DT system is printed starting from the vetorwhih holds the pointers to the hambers. To handle this, one loops over all hambers andgets the vetor ontaining the pointers to the superlayer within a single hamber. Thenthis proedure is repeated: a loop over eah superlayer of a hamber is exeuted and thevetor with the pointers to its layers is gained.The last step is to aess all wires within this layer. The loops are always realised viaiterators, whih is the standard proedure for vetors. The iterator points to an elementof the vetor, whih an be aessed so.Now it would be natural to get a vetor with the pointers to MuBarWires, but unfortu-nately this is not possible. Thus, the aess has to be gained by piking a speial wire, likeit is done for a single hamber, superlayer or layer as shown above: �rst build an ID-objetMuBarWireID then ask the layer for the pointer.for (vetor<MuBarChamber*>::onst_iteratorChamberIter = MuonChambers.begin();ChamberIter != MuonChambers.end(); ChamberIter++) {vetor<MuBarSL*> SLinChamber = (*ChamberIter)->getSLs();for (vetor<MuBarSL>::onst_iterator SLIter = SLinChamber.begin();SLIter != SLinChamber.end(); SLIter++) {vetor<MuBarLayer*> LayerinSL = (*SLIter)->getLayers();for (vetor<MuBarLayer*>::onst_iterator LayerIter=LayerinSL.begin();LayerIter != LayerinSL.end(); LayerIter++) {
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APPENDIX B. MUONS IN ORCA B.4. Access to local DT Muon Componentsfor (int i=1; i <= (*LayerIter)->nWire(); i++) {MuBarWireId WireID((*LayerIter)->id(), i);MuBarWire* wire = (*LayerIter)->getWire(WireID);out << "Lenght of wire: " << wire->wireType()->length()<< endl;}}}}B.4.2 Digitized Hits in the DT systemSine every reonstruted hit or trak segment is assigned to the detetor omponent inwhih it is reonstruted, the DetUnit, only the pointer to the omponent under investiga-tion has to be aught in order to obtain the digitized hit (Digi).

Figure B.1: Overview of the relations between the detetor objets and the reonstruted hitobjets in the DT system.The derived DetUnit, whih holds the pointer to the Digis is a MuBarLayer (aess toa MuBarLayer see B.4.1). As an example the drift time of reonstruted hits (ReHit) isprinted.for (vetor<MuBarLayer*>::onst_iterator itDTLayer = DTLayer.begin();itDTLayer != DTLayer.end(); itDTLayer++) {// loop over all digis in one MuBarLayervetor<MuBarDigi> DTDigis = (*itDTLayer)->digis();int digiIdx = 0;for (vetor<MuBarDigi>::onst_iterator itDTDigis = DTDigis.begin();itDTDigis != DTDigis.end(); itDTDigis++) {out << " " << setw(2) << digiIdx + 1 << ". Hit: (Wire: "<< itDTDigis->wire() << ", Layer: " << itDTDigis->layer()<< ", SL: " << itDTDigis->slayer()<< ", # of Digis in Layer: " << itDTDigis->number()<< ", TDCCounts: " << setw(4) << itDTDigis->ountsTDC()<< ", Drift time: " << setw(5) << itDTDigis->time() ;if (itDTDigis->viewCode()==MuBarEnum::RZed) {
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B.4. Access to local DT Muon Components APPENDIX B. MUONS IN ORCAout << " in Theta-Layer" << endl;} else if (itDTDigis->viewCode()==MuBarEnum::RPhi) {out << " in Phi-Layer" << endl;}digiIdx++;}}B.4.3 Aess to Loal Reonstruted Objets in the DT SystemIn this part the aess to the loal reonstruted trak segments within the DT system isstated. The listing of all 4D-segments reonstruted within all DT superlayers is printed.Sine the aess to 2D-segments is similar, this hallenge is eded to the reader. As visua-lized in �gure B.1 the 2D-segments and 4D-segments are given by the DetUnits MuBarSLand MuBarChamber, respetively.for (vetor<MuBarChamber*>::onst_iterator itChamber=DTChambers.begin();itChamber!=DTChambers.end(); itChamber++) {/// print DT segments 4Dvetor<ReHit> Segs4D =(*itChamber)->reHits();if (Segs4D.size()) {out << endl << "There are " << Segs4D.size()<< " 4D segments in Chamber "<< (*itChamber)->id() << ": " << endl;// loop over 4D segments in the Chamberint Seg4DIdx = 0;for (vetor<ReHit>::onst_iterator itSeg4D = Segs4D.begin();itSeg4D != Segs4D.end(); itSeg4D++) {onst Det* Detwith4DSeg = &(*itSeg4D).det();onst MuBarChamber*MuCham = dynami_ast<onst MuBarChamber*>(Detwith4DSeg);if (MuCham) {out << Seg4DIdx + 1 << ". 4D-Seg: Chamber in " << MuCham->id()<< " (has " << MuCham->nSL() << " SL) " << endl<< " Position(loal) : " << (*itSeg4D).loalPosition()<< ", diretion " << (*itSeg4D).loalDiretion() << endl<< " Chi2: " << setw(4) << (*itSeg4D).hi2()<< ", NDOF: " << setw(2) << (*itSeg4D).degreesOfFreedom();}}}}To aess the 2D-segments the MuBarChamber iterator has to be replaed by a MuBarSL.
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APPENDIX B. MUONS IN ORCA B.4. Access to local DT Muon ComponentsAnother way to get the 2D-segements, is to ask the 4D-segments (given as the iteratoritSeg4D) from whih 2D-omponents are reated via the reHits() method:vetor<ReHit> Segs2D = (*itSeg4D).reHits();out << " 4D segment made of "<< (*itSeg4D).reHits().size() << " 2D-Seg(s)";int Seg2DIdx = 0;for (vetor<ReHit>::onst_iterator itSeg2D = Segs2D.begin();itSeg2D != Segs2D.end(); itSeg2D++) {...Sine the 2D-segments are made of ReHits, whih are in this ase reonstruted hits, theyan again be aessed via the reHits() method this time using the 2D-segment iteratoritSeg2D.vetor<ReHit> hits = (*itSeg2D).reHits();for (vetor<ReHit>::onst_iterator itHits = hits.begin();itHits != hits.end(); itHits++) {... loop over all ReHits (real hits) from whih the 2D segment is builtHowever, the aess to the drift time is only possible when having a MuBarDigi. To getthe aording MuBarDigi having a ReHit a speial helper lass has to be alled, theMuBarReHitHelper.MuBarReHitHelper rhHelper = MuBarReHitHelper((*itHits))vetor<MuBarDigi> DigisfromReHit = rhHelper.digis();for (vetor<MuBarDigi>::onst_iteratoritDigisfromReHits = DigisfromReHit.begin();itDigisfromReHits != DigisfromReHit.end();itDigisfromReHits++) {out << " " << setw(2) << hitIdx + 1<< ". Hit: (Wire: " << itDigisAusReHits->wire()<< ", L: " << itDigisAusReHits->layer()<< ", SL: " << itDigisAusReHits->slayer()<< ", # of Digis: " << itDigisAusReHits->number()<< ", TDCCounts: " << setw(4) << itDigisAusReHits->ountsTDC()<< ", Drift time: " << setw(5) << itDigisAusReHits->time() ;if (itDigisAusReHits->viewCode()==MuBarEnum::RZed) {out << " in Theta-Layer" << endl;} else if (itDigisAusReHits->viewCode()==MuBarEnum::RPhi) {out << " in Phi-Layer" << endl;}}
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B.4. Access to local DT Muon Components APPENDIX B. MUONS IN ORCAB.4.4 Simulated Hits in the DT SystemSimulated hits (geant4) are aessed via a MuBarLayer. Sine it has already been ex-plained above how to get the pointer to a MuBarLayer only the essential lines of ode arelisted.From the MuBarLayer the simulation detetor lass SimDet, whih holds the simulatedhits, is requested through the simDet() method and asked for the hits (simHits()). For thesimulated data the partile ID, the diretion and the momentum are printed.onst vetor<MuBarLayer*> DTLayer = map.layers();for (vetor<MuBarLayer*>::onst_iterator itDTLayer = DTLayer.begin();itDTLayer != DTLayer.end(); itDTLayer++) {if ((*itDTLayer)->simDet()->simHits().size() != 0 ) {out << " Layer in " << (*itDTLayer)->id() << " ontains "<< (*itDTLayer)->simDet()->simHits().size() << " SimHits ";out << "and " << (*itDTLayer)->nDigis() << " Digis " << endl;vetor<SimHit*> Simis = (*itDTLayer)->simDet()->simHits();// loop over SimHitsfor (vetor<SimHit*>::onst_iterator itSimis = Simis.begin();itSimis != Simis.end(); itSimis++) {out << " " << SimIdx + 1<< ". Type: " << (*itSimis)->partileType()<< " at Pos: " << (*itSimis)->globalPosition()<< ", Diretion " << (*itSimis)->globalDiretion()<< " Momentum: " << (*itSimis)->pabs() << endl;SimIdx++;}}}
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