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Abstra
tThe start of proton-proton 
ollisions at the LHC inaugurates a new era in high-energyphysi
s. It enables the possibility of dis
overies at the high-energy frontier and also allowsfor studies of known Standard Model pro
esses with unrivalled pre
ision. Top quark pairsare produ
ed at high rates and allow for pre
ision measurements of the properties of thetop quark with high statisti
s.The measurement of the top quark pair produ
tion 
ross se
tion in proton-proton 
ollisionsat√s = 7 TeV is presented using the dileptoni
 de
ay 
hannel with a muon-ele
tron pair inthe �nal state. The data sample, whi
h is used in this analysis, 
orresponds the 
omplete2010 data taking period with an integrated luminosity of 35.9 pb−1. Top quark pair
andidate events are sele
ted in a 
ut-based event sele
tion. Based on 59 observed muon-ele
tron events in the �nal state event sample, the top quark pair produ
tion 
ross se
tionis measured to be σtt̄ = (156 ± 25(stat.) ± 14(sys.)) pb. Furthermore, a kinemati
 eventre
onstru
tion is applied, whi
h is 
omplementary to the use of b-tagging te
hniques, andvalidates the top quark-like topology of the sele
ted events.First results from the measurement of di�erential 
ross se
tions based on the data fromthe 
omplete 2010 data taking period are presented. For the �rst time in the CMS 
ollab-oration, the 
ross se
tion of the produ
tion of top quark pairs is measured di�erentiallyas a fun
tion of the kinemati
 observables of the �nal state obje
ts, su
h as the transversemomentum pT of the leptons and the invariant mass of the lepton pair. Based on thesolution of the kinemati
 event re
onstru
tion, the 
ross se
tion is also 
al
ulated di�er-entially as a fun
tion of the kinemati
 properties of the re
onstru
ted top-antitop quarkpair. First results from the measurement of di�erential 
ross se
tions as a fun
tion of thekinemati
s of the �nal state leptons are presented, using the data re
orded in the �rstpart of the 2011 data taking period.
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KurzfassungDer Beginn von Proton-Proton-Kollisionen am LHC hat eine neue Ära in der Ho
hen-ergiephysik eingeleitet. Es ermögli
ht Entde
kungen an der Grenze der Ho
henergiephysik,sowie Messungen von bereits bekannten Standardmodellprozessen mit bisher unerrei
hterPräzision. Top-Quark-Paare werden mit hoher Rate erzeugt und ermögli
hen präziseMessungen der Eigens
haften des Top-Quarks mit hoher Statistik.Es wird die Messung des Wirkungsquers
hnitts von Top-Quark-Paaren in Proton-Proton-Kollisionen bei √s = 7 TeV präsentiert. Dabei wird der dileptonis
he Zerfallskanal inein Myon-Elektron-Paar im Endzustand verwendet. In dieser Analyse wird ein Datensatzverwendet, wel
her der vollständigen Datennahmeperiode in 2010 mit einer intergriertenLuminosität von 35.9 pb−1 entspri
ht. Kandidatenereignisse zerfallener Top-Quark-Paarewerden in einer s
hnitt-basierten Analyse selektiert. Der gemessene Wirkungsquers
hnittfür die Produktion von Top-Quark-Paaren beträgt σtt̄ = (156 ± 25(stat.) ± 14(sys.)) pb,wel
her auf 59 selektierten Signalereignissen im Endzustand mit einem Myon-Elektron-Paar basiert. Des Weiteren wird eine kinematis
he Ereignisrekonstruktion angewendet,wel
he komplementär zu der Anwendung von b-tagging Algorithmen behandelt wird, unddie Top-Quark-artige Topologie der selektierten Ereignisse veri�ziert.Es werden erste Resultate der Messung di�erentieller Wirkungsquers
hnitte basierendauf den Daten der vollständigen Datennahmeperiode in 2010 präsentiert. Zum ersten malwird in der CMS-Kollaboration der Wirkungsquers
hnitt der Produktion von Top-Quark-Paaren di�erentiell als Funktion der kinematis
hen Observablen der Objekte im Endzu-stand gemessen. Die Lösung der kinematis
hen Ereignisrekonstruktion wird verwendet,um den Wirkungsquers
hnitt di�erentiell als Funktion der rekonstruierten Eigens
haftendes Top-Antitop-Quark-Paares zu bere
hnen. Es werden ebenfalls erste Resultate derMessungen des di�erentiellen Wirkungsquers
hnitts basierend auf den ersten Daten derDatennahmepriode in 2011 als Funktionen der kinematis
hen Observablen der Leptonenim Endzustand gezeigt.
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Chapter 1Introdu
tionWith the start of proton-proton 
ollisions at the LHC, a new era of high-energy physi
s hasbeen inaugurated. It enables the possibility of dis
overies at the high-energy frontier andalso allows for studies of rare Standard Model pro
esses with unrivalled pre
ision, su
h asthe produ
tion of top quark pairs. Top quark pairs are produ
ed at high rates and allowfor pre
ision measurements of the properties of the top quark with high statisti
s. Themeasurement of the top quark pair produ
tion 
ross se
tion in proton-proton 
ollisionsat √s = 7 TeV is presented using the dileptoni
 de
ay 
hannel into a muon-ele
tron pairin the �nal state. The data sample, whi
h is used in this analysis, 
orresponds to the
omplete 2010 data taking period with an integrated luminosity of 35.9 pb−1. Top quarkpair 
andidate events are sele
ted in a robust, 
ut-based event sele
tion on an ele
tron- ormuon-triggered data sample by requiring one isolated, high-energeti
 ele
tron and muonof opposite 
harge, as well as at least two high-energeti
 jets.The in
lusive top quark pair produ
tion 
ross se
tion is determined from the numberof sele
ted signal events and is 
orre
ted for the �nite experimental e�
ien
ies, su
h asre
onstru
tion e�
ien
y and dete
tor a

eptan
e. Several 
orre
tion fa
tors are appliedto the total sele
tion e�
ien
y, whi
h is derived from simulated top quark pair events.The single-muon trigger e�
ien
y is measured dire
tly from the data using the tag&probemethod. The remaining sele
tion e�
ien
ies are also 
orre
ted for the values, whi
h havealso been derived from the tag&probe method. An estimation of the remaining ba
k-ground 
ontributions from pro
esses with two real, unlike-�avoured leptons is obtainedfrom simulation, as well as pro
esses with at least one misidenti�ed muon or ele
tron. Inorder to validate the top quark-like topology of the sele
ted events, a kinemati
 re
onstru
-tion algorithm is applied to the �nal event sample. The method is 
omplementary to theuse of b jet identi�
ation methods. As an alternative, also the e�
ien
y for requiring atleast one b-tagged jet is investigated on the sele
ted signal sample after requiring at leasttwo high-pT jets on top of the dilepton sele
tion. Two di�erent b-tagging dis
riminatorsare studied and the 
orresponding b-tagging e�
ien
ies are 
al
ulated.In 
hapter 2, a brief introdu
tion to the theoreti
al foundation of the Standard Modelof parti
le physi
s is given. It is followed by a des
ription of the produ
tion and de
ayme
hanisms of top quark pairs, as well as an overview of the properties of the top quark,whi
h is given in 
hapter 3. Chapter 4 
omprises a des
ription of the experimental setup,
ontaining an introdu
tion to the Large Hadron Collider and the Compa
t Muon Solenoid.The simulation of events produ
ed in proton-proton 
ollisions and the event re
onstru
-1



2 CHAPTER 1. INTRODUCTIONtion, whi
h is performed both on simulated events, as well as on the real dete
tor output,is des
ribed in 
hapter 5. The 
orre
t theoreti
al understanding of the signal produ
tionpro
ess and all relevant ba
kground pro
esses is a key ingredient to the interpretation ofthe result of the measurement. The sele
tion of signal 
andidate events is performed byapplying several sequential sele
tion steps on the re
onstru
ted obje
ts, whi
h is des
ribedin 
hapter 6.The measurement of the in
lusive top quark pair produ
tion 
ross se
tion is de-s
ribed in 
hapter 7. Also a dis
ussion of all relevant experimental and theoreti
al un-
ertainties is given there. In addition to the standard sele
tion, the 
ross se
tion is also
al
ulated for the number of events, in whi
h a kinemati
 solution for the re
onstru
tedtop quark pair events is found. A distribution for the single top quark mass is presented,whi
h is found by the kinemati
 re
onstru
tion of the top quark pair system. Additionally,the 
ross se
tion is measured in events, whi
h have at least one jet identi�ed as b jet bytwo di�erent b-tagging algorithms. Also the e�
ien
y of the requirement of b-tagging isstudied on the top quark signal-enri
hed event sample.The �rst results from the measurement of di�erential 
ross se
tions based on the datafrom the 
omplete 2010 data taking periods are presented. For the �rst time in CMS, the
ross se
tion of the produ
tion of top quark pairs is measured di�erentially as a fun
tionof the kinemati
 observables of the �nal state obje
ts, su
h as the transverse momentum
pT of the muon and the ele
tron, as well as the invariant mass of the lepton pair. Basedon the solution of the kinemati
 event re
onstru
tion, the 
ross se
tion is also 
al
ulateddi�erentially as a fun
tion of the kinemati
 properties of the re
onstru
ted top-antitopquark pair. Finally, an outlook of the results from the analysis of the data re
orded in the�rst part of 2011 is given in 
hapter 8. First results from the measurement of di�erential
ross se
tions are presented.



Chapter 2Standard Model of Parti
le Physi
sI am a physi
ist. I have a working knowledge of the entire universe and everything it 
ontains.Sheldon, Big Bang Theory2.1 OverviewThe Standard Model (SM) of parti
le physi
s is a 
omplete des
ription of the fundamen-tal building blo
ks of matter (elementary parti
les) and the intera
tions between them.Mathemati
ally, it is des
ribed by a set of renormalisable, relativisti
 quantum �eld the-ories. The fundamental intera
tions (for
es) are ele
tromagnetism and weak intera
tion,whi
h are des
ribed by the uni�ed ele
troweak theory, as well as the strong intera
tionand gravitation. Sin
e gravitation has not yet been su

essfully formulated in terms of aquantum �eld theory, it is not part of the SM. The ele
troweak and strong intera
tionsare based on fundamental symmetries in nature, whi
h are denoted as gauge symmetries.These gauge intera
tions are represented by bosoni
 quantum �elds (gauge bosons) ofspin 1. The elementary parti
les are represented by fermioni
 quantum �elds of spin 1
2(fermions). They are separated into leptons and quarks. Leptons are only a�e
ted byele
troweak intera
tions, while quarks also parti
ipate in strong intera
tions. Further-more, quarks are the 
onstituents of the proton and neutron, whi
h 
onstitute the atomi
nu
leus. A 
omplete overview of the 
urrent 
ontent of parti
les and intera
tions of theSM, as well as a sele
tion of their properties, is given in table 2.1.2.2 Quarks and LeptonsThe fundamental buildings blo
ks of the matter in the known universe 
an be des
ribedby fermioni
 quantum �elds. There are two di�erent types of fermions: the quarks andthe leptons. They are grouped into families, whi
h ea
h 
ontain a pair of a 
hargedlepton and a neutrino, as well as a pair of an up- and down-type quark:Leptons: (

e
νe

) (
µ
νµ

) (
τ
ντ

) Quarks: (
u
d

) (
c
s

) (
t
b

)
. (2.1)There are three 
opies, referred to as generations, of one fermion family. The fermionfamilies are identi
al, apart from the masses of the fermions. The fundamental fermion3



4 CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICSFermionGeneration I II IIIm = 0.511 MeV e− m = 105.7 MeV µ− m = 1776.8 MeV τ−Leptons Q = -1 Ele
tron Q = -1 Muon Q = -1 Taus = 1

2
s = 1

2
s = 1

2m < 2.2 eV νe m < 0.17 MeV νµ m < 18.2 MeV ντQ = 0 Ele
tron Q = 0 Muon Q = 0 Taus = 1

2
neutrino s = 1

2
neutrino s = 1

2
neutrinom = 2.5 MeV u m = 1.27 GeV 
 m = 173.1 GeV tQuarks Q = 2

3
Up Q = 2

3
Charm Q = 2

3
Tops = 1

2
s = 1

2
s = 1

2m = 4.9 MeV d m = 101 MeV s m = 4.2 GeV bQ = - 1
3

Down Q = - 1
3

Strange Q = - 1
3

Bottoms = 1

2
s = 1

2
s = 1

2GaugeGroup U(1)Y SU(2)L SU(3)Cmassless γ m = 91.2 GeV Z0 massless gGauge Q = 0 Photon Q = 0 Z0 boson Q = 0 GluonBosons s = 1 s = 1 s = 1m = 80.4 GeV W±Q = ±1 W± bosons = 1Table 2.1: Overview of the 
urrent 
ontent of elementary parti
les and intera
tions of theStandard Model (SM). For ea
h parti
le, three sele
ted properties are given: the mass m,ele
tri
 
harge Q and the spin s.�elds are represented by Dira
 spinor �elds ψ(x). An overview of the three fermiongenerations is given in table 2.1. For ea
h fermion, there also exists an antifermion ofidenti
al mass and opposite quantum numbers.Quarks 
annot be observed as free parti
les in experiments. They are bound into states oftwo and three quarks, 
alled mesons and baryons. This e�e
t will be dis
ussed in furtherdetail in the 
ontext of quantum 
hromodynami
s in se
tion 2.3.3. As an example, theup- and down-type quarks of the �rst fermion generation (
alled up and down quark)
onstitute the proton and the neutron, whi
h are the building blo
ks of the atomi
 nu
leus.Together with the ele
tron, the 
onstituents of the �rst fermion generation form all stablematter.



2.3. INTERACTIONS AND GAUGE INVARIANCE 52.3 Intera
tions and Gauge Invarian
e2.3.1 Prin
iple of Gauge Invarian
eThe underlying prin
iple of the intera
tions between the elementary parti
les are funda-mental symmetries in nature. The equations of motion have to remain identi
al under alo
al transformation of the fundamental �elds:
ψ(x) → V (x)ψ(x) , (2.2)where V (x) is unitary. In that 
ase, the Lagrangian of a given theory is referred to aslo
ally invariant under a 
ertain 
ontinuous group of symmetries G. The group element

V ∈ G 
an be expressed in terms of the basi
 generators of the symmetry group as anin�nitesimal transformation:
V (x) = eiαa(x)T a ≈ 1 + iαa(x)T a + O(α2) , (2.3)where T a are the generators of the symmetry group G. The generators ful�l the following
ommutation relation, known as Lie algebra:

[T a, T b] = if ab
T 
 , (2.4)where the numbers f ab
 are 
alled stru
ture 
onstants. The 
orresponding symmetrygroup of the Lie algebra is 
alled Lie group. In the 
ourse of the dis
ussion of the funda-mental gauge intera
tions, it is shown below, how the gauge �elds are derived from thefundamental symmetry groups. A brief overview of the gauge symmetries of the SM isgiven below, before they are dis
ussed in further detail in the following subse
tions.Gauge Symmetries of the Standard ModelAll fundamental intera
tions between elementary parti
le �elds in the SM are des
ribedby lo
al gauge symmetries. They give rise to the gauge bosons, whi
h mediate theintera
tions between the parti
les. The number of gauge bosons is derived from thenumber of generators T a of the 
orresponding symmetry group G. The gauge group ofthe Standard Model is 
omposed of the following three subgroups:
U(1) × SU(2) × SU(3) . (2.5)U(1) des
ribes the ele
tromagneti
 intera
tion. It has exa
tly one generator and the
orresponding gauge boson is referred to as the photon γ, whi
h is massless and ele
tri
allyneutral. The symmetry transformation of U(1) is a rotation by a 
omplex phase eiα(x).U(1) is the only Abelian (
ommutative) gauge group of the SM. A 
omplete theoreti
aldes
ription of the quantum �eld theory of ele
tromagneti
 intera
tions, 
alled quantumele
trodynami
s (QED), is des
ribed in [1℄ and [2℄ and will be 
ommented in more detailin the next se
tion.SU(2) des
ribes the weak intera
tion via a non-Abelian gauge theory, 
alled Yang-Millstheory. Unlike in the 
ase of U(1), the gauge bosons of the weak intera
tion, 
alled theW+, W− and Z0 bosons, 
arry �eld 
harge and intera
t with ea
h other. Self-
ouplingis a major feature of non-Abelian (non-
ommutative) gauge �elds. The W and Z bosons



6 CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICSare found to be massive, whi
h requires the introdu
tion of the me
hanism of spontaneoussymmetry breaking, whi
h will also be dis
ussed in the next se
tion.SU(3) des
ribes the strong intera
tion. Only the quarks intera
t via the strong 
ou-pling. Like in the 
ase of the weak intera
tion, the gauge bosons of SU(3) (
alled gluons)intera
t with ea
h other. There are eight di�erent types of gluons, whi
h are 
onsidered tobe massless, unlike in the 
ase of the SU(2) gauge bosons. There are three �eld 
harges ofthe strong intera
tion, whi
h are referred to as 
olours: red, green and blue. The 
ouplingof gluons to ea
h other is an important 
onsequen
e of the non-Abelian nature of thefundamental gauge symmetry and gives rise to e�e
ts like the 
on�nement of the quarksand the s
ale dependen
e of the strong 
oupling 
onstant αs.2.3.2 Uni�ed Ele
tromagneti
 and Weak Intera
tionQuantum Ele
trodynami
s (QED)The mathemati
ally simplest gauge group of the Standard Model U(1) gives rise to thetheoreti
ally best understood quantum �eld theory realised in nature: the quantum �eldtheory of ele
trodynami
s, 
alled quantum ele
trodynami
s (QED). U(1) has exa
tly onegenerator and therefore one gauge boson �eld exists. The Lagrangian of QED is givenby equation 2.6:
LQED = iψ̄(x)γµDµ(x)ψ(x) −mψ̄(x)ψ(x) − 1

4
(Fµν)

2 , (2.6)where Dµ(x) ≡ ∂µ + ieAµ(x) is the gauge-
ovariant derivative, whi
h represents the in-tera
tion between 
harged parti
les. The fermioni
 matter �elds ψ(x), whi
h 
arry theele
tri
 
harge e, 
ouple to the gauge �eld Aµ(x), referred to as the photon �eld. If thede�nition of the 
ovariant derivative Dµ(x) is 
ompared to equation 2.3, it follows, howthe photon �eld Aµ(x) is derived from the generators T a of the symmetry transformationof the gauge group: Aµ(x) ∝ ∂µ(αa(x)T a). The gauge �eld Aµ itself 
an be interpretedas the manifestation of the fundamental symmetry U(1). The ele
tromagneti
 �eld ten-sor Fµν represents the kinemati
 terms of the ele
tromagneti
 ve
tor �eld and thereforerepresents the relativisti
 form of Maxwells equations:
Fµν = ∂µAν − ∂νAµ =⇒ ǫµνρσ∂νFρσ = 0 ∧ ∂µF

µν = ejν , (2.7)where jν = (ρ,
−→
j ) 
ontains the 
harge density ρ and the ele
tri
 
urrent −→

j , whi
h arethe sour
es of ele
tromagneti
 �eld.Glashow-Weinberg-Salam Theory of Ele
troweak Intera
tionsThe Glashow-Weinberg-Salam theory (GWS theory) des
ribes both the ele
tromagneti
and the weak intera
tion as a SU(2)L × U(1)Y gauge theory, whi
h is 
alled the ele
troweakintera
tion. The theory is based on the non-Abelian SU(2)L symmetry of weak-isospin−→
T and the U(1)Y symmetry of hyper
harge Y . Therein, SU(2)L denotes the 
ouplingof 
harged, weak 
urrents to the � left-handed � 
omponent of fermion �elds, whi
h isdes
ribed below. In this des
ription, all ele
troweak gauge bosons are generated massless,like in the theory of QED. Experimentally, the gauge bosons of the weak intera
tion, the



2.3. INTERACTIONS AND GAUGE INVARIANCE 7W± and Z0 bosons, are found to be massive [3℄. Breaking the SU(2)L symmetry by a
omplex s
alar �eld φ(x) leads to a system, whi
h 
ontains massive gauge bosons, whi
his referred to as spontaneous symmetry breaking or the Higgs me
hanism, whi
h isexplained in more detail in the next se
tion. The Lagrangian of a Yang-Mills theory withself-
oupling ve
tor boson �elds is given by the following equation:
LYang-Mills = ψ(x)(iγµDµ(x))ψ(x) − 1

4
(F a

µν)
2 −mψ(x)ψ(x) . (2.8)Its stru
ture is similar to the QED Lagrangian of U(1)Y . In 
ase of SU(2)L, there arethree fundamental ve
tor �elds W1

µ, W2
µ and W3

µ. For U(1)Y , there is one fundamentalve
tor �eld B0
µ. In 
ase of an uni�ed gauge symmetry of ele
troweak intera
tion, the
ovariant derivative is de�ned as:SU(2)L × U(1)Y =⇒ Da

µ ≡ ∂µ − igW a
µT

a − ig′Y B0
µ . (2.9)

T a represent the generators of SU(2)L, g and g′ are the 
oupling 
onstants of ele
troweakintera
tions and Y is the U(1)Y hyper
harge. The four ve
tor �elds Wa
µ and B0

µ are
ombined into the form of the known, massive SM ve
tor �elds W±
µ and Z0

µ, as wellas the massless ve
tor �eld Aµ of the photon, orthogonal to Z0
µ:

W±
µ = 1√

2

(
W 1

µ ∓ iW 2
µ

) with mass mW± = 80.4 GeV
Z0

µ = 1√
g2+g′2

(
gW 3

µ − g′B0
µ

) with mass mZ0 = 91.2 GeV
Aµ = 1√

g2+g′2

(
g′W 3

µ + gB0
µ

) with mass mγ = 0 .The mixing of the fundamental �elds W3
µ and B0

µ is formulated in terms of a 
hange ofbasis, introdu
ing the weak-mixing angle θW:
(
W 3

B

)
→

(
Z0

A

)
=

(
cos(θW) − sin(θW)
sin(θW) cos(θW)

) (
W 3

B

)with cos2(θW) = mW
mZ .

(2.10)From equation 2.10 follows the important relation for the ele
tron 
harge e and theele
tri
 
harge quantum number Q:
g sin(θW) = g′ cos(θW) = e ⇐⇒ Q = T 3 + Y . (2.11)Coupling to FermionsA 
hara
teristi
 feature of the weak intera
tion is, that the W± bosons only 
ouple to theleft-handed heli
ity states of the quark and lepton �elds. The left-handed fermion �elds

ψL are assigned to isospin doublets under SU(2)L and the right-handed fermion �elds
ψR are assigned to singlets:
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ψ = ψL + ψR ⇐⇒

{
ψL = 1+γ5

2
EiL , 1+γ5

2
QiLand ψR = 1−γ5

2
(ei)R , . . . 1−γ5

2
(ui)R , . . . }

where EiL =

(
νℓ

ℓ−

)L and QiL =

(
ui

di

)L .Therein, ℓ represents the three di�erent lepton �avours e, µ and τ . There are also threedoublets of left-handed quarks:
QiL =

(
ui

di

)L =

((
u
d

)L , (
c
s

)L , (
t
b

)L )
. (2.12)The 
harged, weak 
urrents J µ±

W 
ouple the down-type quark and lepton �elds toup-type �elds or vi
e versa, as des
ribed in [1℄:
J µ+

W =
1√
2
(ν̄LγµℓL + ūiLγµd

iL) , J µ−
W =

1√
2
(ℓ̄LγµνL + d̄iLγµu

iL) . (2.13)Flavour MixingThe 
harged, weak intera
tions link the three up-type quarks uiL with an unitary rota-tion to the down-type quarks diL. The rotation is given by the Cabibbo-Kobayashi-Maskawa mixing matrix VCKM =
(
U †

uUd

). Therefore, the 
harged, weak 
urrent J µ+
Wis des
ribed by unitary transformations among the three quark doublets:

J +
W =

(
ū , c̄ , t̄

)
VCKM 


d
s
b



 ∧ VCKM =




Vud Vus Vub
V
d V
s V
b
Vtd Vts Vtb 

 . (2.14)There is also eviden
e for a mixing o

urring in the lepton se
tor. If neutrinos do nothave masses equals to zero, they may os
illate among di�erent types of neutrinos (νe, νµ,
ντ ). A detailed des
ription of neutrino masses and lepton �avour mixing 
an be found in[2℄.Ele
troweak Symmetry Breaking and the Higgs Me
hanismIn the SM theory of the ele
troweak intera
tion, all �elds are generated massless. Byintrodu
ing an additional 
omplex s
alar �eld φ(x), the W± and Z0 gauge bosonsa
quire masses by 
oupling to the new �eld with the potential form:

V (φ) = µ2φ†φ + λ(φ†φ)2 . (2.15)A graphi
al representation of equation 2.15 is given in �gure 2.1 (a). The Lagrangian issymmetri
 under rotations of φ(x). If the �eld takes on a non-zero global value:
〈φ〉 = φ0 ≡ ± v = ±

√
µ2

λ
, (2.16)
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(a) (b)Figure 2.1: (a) Representation of the Higgs potential form V (φ) given in equation 2.15,with φ = (Φ1, Φ2). (b) Standard Model �t of the expe
tation value for a neutral Higgsboson [4℄.referred to as the va
uum expe
tation value v, the symmetry of the Lagrangian is spon-taneously broken. The s
alar �eld is reformulated in terms of an expansion around itsground state φ0, whi
h is 
hosen arbitrarily:
φ(x) =

1√
2

(
0

v + h(x)

)
⇐⇒ LHiggs = |Dµφ|2 + µ2φ†φ− λ(φ†φ)2 . (2.17)The s
alar spin-0 �eld h(x) is referred to as the Higgs �eld. The masses of the gaugebosons (mW± and mZ0) follow from the 
oupling of the initial weak-isospin triplet Wi

µand hyper
harge singlet B0
µ ve
tor �elds to the Higgs �eld, represented by the kineti
 termof the Lagrangian:

Dµφ = (∂µ − igW a
µT

a − ig′Y B0
µ)φ =⇒





mW± = g

v

2
mZ0 =

√
g2 + g′2

v

2




 . (2.18)In �gure 2.2, the two Feynman graphs of the 
oupling of the weak gauge bosons to thes
alar Higgs �eld are shown. In the SM, also the masses of the fermions are generated byad ho
 
oupling to the Higgs �eld. It is generi
ally introdu
ted by assuming a Yukawa
oupling between the fermion �elds ψ and the s
alar �eld φ. The mass of the fermions
mf is proportional to the 
oupling strength λf to the Higgs �eld:

mf = λf
v√
2
. (2.19)



10 CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICSFigure 2.3 shows the Feynman graphs for the generation of fermion masses, as well asthe self-
oupling of the massive Higgs boson, whi
h 
reates its own mass mH =
√

2λ v.The 
ouplings of the massive SM parti
les to the Higgs �eld via their masses, have to bemeasured experimentally. Given the measured parameters of the SM, the preferred valueof the SM Higgs boson mass is obtained from a �t to ele
troweak pre
ision data, whi
his des
ribed in further detail in [4℄. The result of the �tting pro
edure, whi
h prefers theHiggs boson mass to be between 114 and 158 GeV/
2, is shown in �gure 2.1 (b).
W±

W∓

H0∝ m2W
v

Z0

Z0

H0∝ m2Z
vFigure 2.2: (Left) W± and (right) Z0 bosons a
quire its mass via 
oupling to the s
alarHiggs �eld H0.

f̄

f

H0∝ mf

v

H0

H0

H0∝ m2
h

vFigure 2.3: (Left) Fermion masses are also generated via 
oupling to the Higgs �eld.Therefore, a Yukawa term in the Lagrangian of the Standard Model is introdu
ed. (Right)The Higgs boson H0 generates its mass via self-
oupling. Here, only a trilinear 
ouplingis shown, whereas also quarti
 
oupling is allowed.2.3.3 Quantum Chromodynami
sThe theoreti
al des
ription of the strong intera
tion between quarks is given by the theoryof quantum 
hromodynami
s (QCD). QCD is the gauge theory of strong intera
tions andits 
orresponding gauge group is SU(3)C . Besides its fra
tional ele
tri
 
harge, everyquark also 
arries the 
harge of the strong for
e �eld, 
alled 
olour 
harge. As mentionedabove, there are three �avours of the 
olour 
harge: red (r), green (g) and blue (b).Correspondingly, the antiquarks 
arry the 
onjugated 
harges, labled as anti-red (r̄),anti-green (ḡ) and anti-blue (b̄).Intera
tion of Non-Abelian Gauge BosonsThe self-
oupling of the gauge bosons in non-Abelian gauge theories has been introdu
edin the previous se
tion. A more detailed des
ription of the non-linear 
ouplings of gluonsand quarks is given in the following. The Lagrangian of Yang-Mills theories has beengiven in equation 2.8, where the �eld tensor F a
µν is de�ned as:
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F a

µν = = ∂µA
a
ν − ∂νA

a
µ + gf ab
Ab

µA


ν . (2.20)The numbers f ab
 are the stru
ture 
onstants of QCD. From the square of the expressiongiven above, the gluon self-intera
tion is derived. The Feynman graphs of the three-and four-gauge boson verti
es are shown in �gure 2.4.

g

g

g

g

g

g

g

Figure 2.4: The non-linear intera
tions in QCD give rise to the self-
oupling of gluons toea
h other. (Left) Three- and (right) four-gauge boson verti
es are shown.Strong Coupling ConstantThe non-linear behaviour of self-intera
tion in QCD gives rise to a s
ale dependen
e ofthe strong 
oupling 
onstant αs. In prin
iple, any 
oupling strength has a momentum ors
ale dependen
e. The 
oupling strength of strong intera
tions depends on a s
ale Q (forexample the momentum transfer), whi
h is des
ribed by the β-fun
tion of QCD:
dαs(Q2)

d ln(Q2)
= Q2dαs(Q2)

dQ2
= β (αs(Q2)) . (2.21)This equation is referred to as the renormalisation group equation. The leading-ordersolution of equation 2.21 is:

αs(Q) =
2π

b0 log(Q/ΛQCD)
, (2.22)with b0 = 11− 2

3
nf , where nf is the number of approximately massless quarks. Equation2.22 shows, that the strong 
oupling 
onstant αs de
reases with in
reasing momentumtransfer, whi
h is shown in �gure 2.5 (a). A detailed des
ription of measurements of αs isgiven in [5℄. The s
ale dependen
e of αs is referred to as �running 
oupling�. Therefore, αsbe
omes small for large momentum transfers and QCD 
an be treated as a perturbative,e�e
tive theory (pQCD). Perturbation theory is only valid, if Q is signi�
antly largerthan ΛQCD, whi
h is about ΛQCD ≈ 200 MeV. The value of αs has been measured to higha

ura
y at the energy s
ale of Q = MZ, whi
h is also des
ribed in [5℄. The world averagevalue is αs(MZ) = 0.1184 ± 0.0007 and is shown in �gure 2.5 (b).When αs de
reases for higher energies, quarks 
ouple less to the gluons. In the limit ofa large momentum s
ale Q0, quarks 
an be treated as freely propagating fermions. Thisfa
t is referred to as asymptoti
 freedom. On the other hand, at the energy s
ale of SMpro
esses QSM, quarks 
annot be observed as free parti
les. The strong potential betweentwo quarks grows, when they are separated from ea
h other. At a 
ertain distan
e, anadditional quark-antiquark pair is 
reated and two 
olourless (neutral) obje
ts are formed.
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(a) (b)Figure 2.5: (a) The strong 
oupling 
onstant αs de
reases with in
reasing momentumtransfer Q. The s
ale dependen
e of αs is 
alled �running 
oupling�. (b) Results ofpre
ision measurements of αs at the energy s
ale of Q = MZ. The world average value is
αs(MZ) = 0.1184 ± 0.0007 [5℄.In 
ontrast to the asymptoti
 freedom at large energy s
ales, this low s
ale behaviour isreferred to as 
olour 
on�nement.HadronisationThe transformation pro
ess, when 
oloured quarks or gluons are 
on�ned into mesonsand baryons is 
alled hadronisation. There are di�erent, phenomenologi
al models, whi
hdes
ribe the pro
ess of hadronisation, be
ause this e�e
t o

urs at low energies, where it
annot be treated in perturbation theory. Therefore, an e�e
tive theory, like the stringfragmentation model, is applied:The attra
tive strong for
e between two 
oloured parti
les in
reases with growing distan
ebetween them. In the string fragmentation model, at short distan
es, this is des
ribedapproximately by a linear potential of the form V (r) = κ · r. The linear 
on�nement givesrise to a 
olour dipole �eld between 
harge and anti
harge, whi
h is shown in �gure 2.6 (a).The string 
onstant is approximately κ ≈ 1 GeVfm , whi
h 
an be interpreted as the averageenergy density of a string. If the potential energy, whi
h is stored in the strings, rea
hes a
ertain value, the string breaks up and a new quark-antiquark pair is produ
ed. Togetherwith the two initial quarks, two new quark-antiquark systems (mesons) are formed, whi
his illustrated in �gure 2.6 (b). If the string is broken up by a diquark-antidiquark pair, thestring breakup gives rise the 
reation of a baryon system. In the Lund string model,the string breakup is des
ribed mathemati
ally by quantum me
hani
al tunnelling, whi
his used for the simulation of hadronisation pro
esses, whi
h is des
ribed in [6℄.
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(a) (b)Figure 2.6: (a) In the string fragmentation model, at short distan
es, the strong 
ouplingbetween quarks and gluons is des
ribed approximately by a linear string potential poten-tial of the form V (r) = κ · r. (b) If the potential energy, whi
h is stored in the strings,rea
hes a 
ertain value, the string breaks up and a new quark-antiquark pair is produ
ed.Together with the two initial quarks, two new diquark systems (mesons) are formed.Parti
le PhenomenologyQuarks are bound into 
olourless states of two or three quarks. All strongly intera
tingparti
les, whi
h are 
omposed of quarks, are 
alled hadrons. Their wavefun
tions must beinvariant under SU(3)C symmetry transformations. Colourless states are either 
omposedof a quark-antiquark pair (q̄q′), whi
h 
onstitutes the 
lass of s
alar (spin-0) or ve
tor(spin-1) mesons. On the other hand, the 
lass of hadrons 
omposed of three quarks(qq′q′′) is referred to as baryons. Baryons are the building blo
ks of stable matter, theatomi
 nu
leus, whi
h is 
omposed of protons (uud) and neutrons (udd).2.4 Stru
ture of the ProtonIn the quark-parton model the proton only 
onsists of three valan
e quarks: two up quarksand one down quark (uud). Furthermore, there is a large number of gluons inside the pro-ton, whi
h 
an split into quark-antiquark pairs. Quark pairs, whi
h were produ
ed fromgluon splitting, are 
alled sea quarks. In order to understand the produ
tion me
hanismsof the top quark in proton-proton 
ollisions, the stru
ture of the proton will be dis
ussedin further detail.Parton Distribution Fun
tionsThe quark and gluon 
ontent of the proton is des
ribed by the parton distribution fun
tions(PDFs). The fun
tion fAi (x) spe
i�es the probability for �nding a parton of type i insidethe parti
le A, whi
h 
arries the momentum fra
tion x of the total momentum of A. The
ross se
tion of a fermion-antifermion pair produ
tion pro
ess in proton-proton 
ollisions

p1p2 → f f̄ is given in equation 2.23:
σp1p2→ff̄ =

∫
dx1

∫
dx2 f

p1

a (x1) f
p2

b (x2) σ̂ab→ff̄ , (2.23)where σ̂ab→ff̄ is the 
ross se
tion for the hard s
attering pro
ess of two partons a and
b inside the protons, whi
h is 
al
ulable in perturbative QCD [6℄. The PDFs 
annot be
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iples, but have to be measured in parti
le 
ollisions. Using thequark-parton model, the PDFs are linked to the measured stru
ture fun
tions F p
1 (x)and F p

2 (x) of the proton [7℄. F p
1 (x) and F p

2 (x) are given by the following equations:
F p

1 (x) =
1

2

∑

i

e2i f
p
i (x) , (2.24)

F p
2 (x) = 2xF p

1 (x) = x
∑

i

e2i f
p
i (x) . (2.25)The di�erent quark �avours are labelled by the index i. In proton-proton 
ollisions at√

s = 7 TeV, the up, down and strange quarks (u, d and s) are referred to as light quarks,whereas the 
harm and bottom (c and b) quarks are 
onsidered as heavy quarks. Theele
tri
al 
harge of a quark is denoted by ei and is given in table 2.1. The 
urrentlymost pre
ise measurements of the proton stru
ture have been derived from deep inelasti
ele
tron-proton s
attering at HERA, des
ribed in [8℄. In �gure 2.7, the results obtainedfrom a �tting pro
edure at a �xed energy s
ale of Q2 = 10 GeV2 of the 
ombined measure-ments of the H1 and ZEUS experiments are shown. For large values of the momentumfra
tion x, the dominant 
ontributions stem from up and down valan
e quarks. For lowvalues of x, the gluon PDFs are dominating the 
omposition of the proton stru
ture.
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Figure 2.7: Parton distribution fun
tions (PDFs) measured in deep inelasti
 proton-ele
tron s
attering at HERA. The distributions are obtained from a 
ombined �ttingpro
edure of the measurements of the H1 and ZEUS experiments, referred to as HERA-PDF1.5 [8℄.



2.4. STRUCTURE OF THE PROTON 15Parton EvolutionThe PDFs are measured from deep inelasti
 ele
tron-proton s
attering at a spe
i�
 mo-mentum transfer Q2
0 = 10 GeV2, shown in �gure 2.7. The hard intera
tion pro
ess of twopartons depends on x1 and x2 of the two partons, as well as on the energy s
ale Q ofthe pro
ess. In order to perform 
al
ulations at higher s
ales, su
h as for proton-proton
ollisions at √s = 7 TeV, the stru
ture fun
tions of the proton have to be extrapolatedtowards higher energy s
ales. If the Q-dependent stru
ture fun
tions fi(x) = fi(x,Q

2
0)are known at a spe
i�
 s
ale Q0, they 
an be 
al
ulated at any energy s
ale Q, using theDGLAP equations (Dokshitzer-Gribov-Lipatov-Altarelli-Parisi), des
ribed in [9℄ and[10℄, whi
h are given in equation 2.26 at leading-order of αs:

Q2 d

dQ2
fi(x,Q

2) =
αs(Q2)

2π

∑

k

1∫

x

dz

z
Pik(z) fk(

x

z
,Q2) , (2.26)where Pik(z) are the splitting kernels, whi
h des
ribe the bran
hing of one parton i intotwo, where the daughter parton k has the momentum fra
tion z of the mother parton.



16 CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS



Chapter 3Physi
s of the Top QuarkThe top quark was dis
overed in 1995 at the Tevatron in proton-antiproton 
ollisions at√
s = 1.8 TeV [11℄. It is the heaviest elementary parti
le of the Standard Model. Themass of the top quark was measured to be (172.0 ± 1.6) GeV/
2 [3℄. Compared to theother �ve quarks, most of the properties of the top quark, like the spin or the ele
tri

harge, have not yet been measured with high a

ura
y. All measurements strongly favourthe top quark to be the weak-isospin partner of the bottom quark, with T3 = 1

2
and Q =

2
3
. Hen
e, the top and bottom quark 
onstitute the third generation of the quarks. Thetop quark has also been observed at the LHC within the �rst data taking period in 2010in proton-proton 
ollisions √s = 7 TeV, whi
h is the subje
t of this thesis.3.1 Produ
tion and De
ay of Top QuarksProdu
tion of Top QuarksThe top quark has been observed in proton-antiproton 
ollisions at the Tevatron and inproton-proton 
ollisions at the LHC at di�erent 
entre-of-mass energies. An overviewof the expe
ted produ
tion 
ross se
tions of several Standard Model pro
esses, as well assele
ted s
enarios of Higgs boson produ
tion, as a fun
tion of the 
entre-of-mass energy, isshown in �gure 3.1. In parti
ular, the produ
tion 
ross se
tion of tt̄ quark pairs in
reasessigni�
antly with in
reasing 
entre-of-mass energy. Top quark pairs are produ
ed ininelasti
 s
attering pro
esses between two partons of the proton. Due to the high gluon
ontent of the proton, gluon-gluon fusion pro
esses are the dominant produ
tion pro
essat the LHC, as des
ribed in [13℄. The theoreti
al expe
tation of tt̄ quark pair produ
tionfrom gluon-gluon fusion pro
esses at the design value of the LHC 
entre-of-mass energyof 14 TeV is about 90%. The remaining fra
tion of approximately 10% is expe
ted tobe produ
ed in quark-antiquark annihilations. The leading-order produ
tion pro
esses oftt̄ quark pairs are shown in �gure 3.2.The top quark pair produ
tion 
ross se
tion is 
al
ulated using the Feynman rules for theleading-order pro
esses, given by the following equation [14℄:

q(p1) + q̄(p2) → t(p3) + t̄(p4) ,
g(p1) + g(p2) → t(p3) + t̄(p4) .

(3.1)17
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Figure 3.1: Produ
tion 
ross se
tions of several Standard Model and new physi
s pro-
esses, su
h as Higgs boson produ
tion, as a fun
tion of the 
entre-of-mass energy [12℄.The expe
ted 
ross se
tions are 
al
ulated for proton-antiproton 
ollision for the Tevatronenergy range, and for proton-proton 
ollisions for energies feasible at the LHC.



3.1. PRODUCTION AND DECAY OF TOP QUARKS 19
g

g

g

t

t̄

g

q

q̄

t

t̄

t̄

g

g

t̄

t

g

g

t̄

t

Figure 3.2: Leading-order top quark produ
tion pro
esses in proton-proton 
ollisions.The four-momenta of the partons are de�ned as pµ = (E, px, py, pz) and are given in bra
k-ets. The leading-order, di�erential 
ross se
tion of tt̄ quark pair produ
tion is obtainedfrom the invariant matrix elements Mij, given by the following equation:
dσ̂ij =

1

2(p1 + p2)2

d3p3

(2π)32E3

d3p4

(2π)32E4
(2π)4 δ4(p1 + p2 − p3 − p4)

∑
|Mij|2 , (3.2)where the �rst fa
tor 1/(2(p1 + p2)

2) is the �ux fa
tor and ∑
|Mij|2 is the sum of thesquare of the matrix elements, averaged over the initial and �nal state 
olour and spinindi
es, whi
h are given in [14℄.De
ay of Top QuarksThe ele
troweak de
ay of the top quark is given by the CKM-matrix elements Vtd, Vtsand Vtb, whi
h have been de�ned by equation 2.14. The matrix elements 
an be mostpre
isely determined by a global �t, that uses all available measurements of the CKM-matrix elements, des
ribed in [3℄. Assuming unitarity of the CKM-matrix, Vtb is expe
tedto be approximately 1.0 and the two matrix elements Vtd and Vts are negligibly small.Hen
e, the top quark de
ays almost to 100% into a bottom quark and a W boson, withresults into a bran
hing ratio of BR(t→Wb) ≈ 1.0.The W boson further de
ays either hadroni
ally into two quarks W → qq̄′ or leptoni
allyinto a lepton-neutrino pair W → ℓ νℓ. The dominant �nal states of the hadroni
 W de
ayare ud̄ and cs̄, whi
h ea
h have three 
oloured degrees of freedom. The other, allowed �nalstates cd̄ and us̄ are Cabibbo-suppressed. Therefore, as a leading-order approximation,the hadroni
ally de
aying W boson a

ounts for six �nal states. In addition to that, theleptoni
ally de
aying W boson a

ounts for three di�erent �nal states with an ele
tron,a muon or a tau lepton, whi
h results in total into nine �nal states, ea
h having an equalbran
hing fra
tion of 1/9. A graphi
al representation of the fra
tion of the di�erent de
ay
hannels is given in �gure 3.3. A

ording to the two di�erent de
ay 
hannels of the Wboson, three di�erent de
ay 
hannels are assigned to tt̄ quark pairs:
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 de
ay (1
9
≈ 11%): b W+ b̄ W− → b ℓ+ νℓ b̄ ℓ− ν̄ℓSemileptoni
 de
ay (4

9
≈ 44%): b W+ b̄ W− → b ℓ+ νℓ b̄ q q̄′ / b q q̄′ b̄ ℓ− ν̄ℓFullhadroni
 de
ay (4

9
≈ 44%): b W+ b̄ W− → b q q̄′ b̄ q̄′′ q′′′

Figure 3.3: Fra
tion of the di�erent de
ay modes of the W boson.The event signature of the dileptoni
 de
ay 
hannel of the top quark pair 
onsistsof two isolated, oppositely-
harged leptons with high transverse momentum, two high-energeti
 b quarks and large missing transverse energy ��ET , due to the neutrinos from theW boson de
ays, whi
h leave the dete
tor without intera
tion and 
an only be dete
tedindire
tly. The dileptoni
 de
ay of a tt̄ quark pair is given by the following equation:t t̄ −→ bW+ b̄ W− −→ b + ℓ+ νℓ + b̄ + ℓ− ν̄ℓ . (3.3)Figure 3.4 shows the dileptoni
 de
ay 
hannel, whi
h is the 
learest event signature oftt̄ quark pair de
ays. The dire
t bran
hing ratio of tt̄ quark pairs into a muon and anele
tron is 2.47%, whi
h is enhan
ed to 3.41%, if leptoni
 τ de
ays into the muon-ele
tron�nal state are also 
onsidered. Further 
orre
tions to the leading-order approximation ofthe bran
hing ratio are applied at a later stage in the 
ontext of systemati
 un
ertaintiesin se
tion 7.1.
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Figure 3.4: The dileptoni
 de
ay 
hannel of a tt̄ quark pair. The �nal state 
onsists of twooppositely 
harged leptons, two b quarks and two neutrinos, whi
h 
an only be dete
tedindire
tly by missing transverse energy.3.2 Measurements of Top Quark PropertiesThe properties of tt̄ quark pairs have been measured at the Tevatron, su
h as the massof the top quark and the produ
tion 
ross se
tion at 1.8 and 1.96 TeV 
entre-of-massenergy in proton-antiproton 
ollisions. At the LHC, the top quark is produ
ed with amu
h higher rate 
ompared to the Tevatron. Hen
e, the LHC is referred to as the �rst�top fa
tory� and allows for pre
ision measurements of the properties of the top quarkwith high statisti
s. Due to its large mass, the lifetime of the top quark is shorter thanthe times
ale of hadronisation. Therefore, top quarks de
ay before they hadronise, whi
hgives an unique opportunity to study the properties of bare quarks.Top Quark Pair Cross Se
tionThe top quark pair produ
tion 
ross se
tion has been measured in proton-antiproton
ollisions by the CDF and DØ experiments at √
s = 1.8 and 1.96 TeV, des
ribed in[16℄. The 
ombined result for a top quark mass of 175 GeV/
2 is (7.3 ± 0.9) pb. Themeasurements are 
ontinued at √s = 7 TeV in proton-proton 
ollisions, performed by theCMS and ATLAS experiments at the LHC, based on the data taking period in 2010 withan integrated luminosity of about 3 and 36 pb−1, des
ribed in [17℄ and [15℄. Figure 3.5shows the top quark pair 
ross se
tion as a fun
tion of the 
entre-of-mass energy in proton-proton and proton-antiproton 
ollisions, whi
h shows the measured values obtained by allfour experiments. The measured values at 
ollision energies of 1.8, 1.96 and 7 TeV agreewith the expe
ted values obtained from next-to-leading order 
al
ulations. The next-to-leading order predi
tion for the tt̄ quark pair 
ross se
tion at √s = 7 TeV is (157.5+23.2

−24.4)
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Figure 3.5: Top quark pair 
ross se
tions as a fun
tion of the 
entre-of-mass energy inproton-proton and proton-antiproton 
ollisions. The measured values at 
ollision energiesof 1.8, 1.96 and 7 TeV are 
ompared to the theoreti
al predi
tions obtained from next-to-leading order 
al
ulations [15℄.



3.2. MEASUREMENTS OF TOP QUARK PROPERTIES 23pb, given in [18℄, based on a top quark mass of 172.5 GeV/
2. The measurement performedby the top quark working group of the CMS 
ollaboration, whi
h is des
ribed in [19℄, is
ompared to the measurement presented in this thesis in se
tion 7.5. Furthermore, �rstresults from the measurement of di�erential 
ross se
tions based on the 
omplete 2010and the �rst part of the 2011 data taking periods are presented in se
tion 7.6 and 
hapter8.Mass of the Top QuarkThe mass of the top quark is a fundamental parameter of the Standard Model. Sin
e themasses of the parti
les are free parameters, they 
annot be 
al
ulated from theory, butthey have to be measured experimentally. The top quark is the heaviest parti
le of theStandard Model. In 
ombination with the mass of the W boson, it plays an importantrole on 
onstraining the mass of the Higgs boson via quantum loop 
orre
tions, des
ribedin [4℄. In �gure 3.6, two quantum loop pro
esses are shown, whi
h in
lude the top quarkand the W boson. Based on the observed values of the top quark and W boson masses,limits on the mass of the Higgs boson 
an be 
al
ulated, whi
h is shown in �gure 3.7 (b).
t

b̄

W W

W

H

W W

Figure 3.6: Quantum loop pro
esses, whi
h in
lude the top quark and the W boson. Thetop quark and W boson masses play a key role by 
onstraining the mass of the Higgsboson via quantum loop 
orre
tions.The most pre
ise measurement of the mass of the top quark has been performed in all �nalstates at the CDF and DØ experiments, des
ribed in [20℄. Figure 3.7 (a) shows the mostre
ent 
ombination of the measurements of the CDF and DØ 
ollaborations, whi
h resultin a top quark mass of (173.3± 1.1) GeV/
2. A �rst measurement of the top quark massat the LHC is presented in [19℄, using only the dileptoni
 de
ay 
hannel, whi
h results ina top mass of (175.5 ± 6.5) GeV/
2.
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)2 (GeV/ctopm
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CDF March’07  2.7±     12.4  2.2)± 1.5 ±(

Tevatron combination *  1.1±     173.3  0.9)± 0.6 ±(
  syst)± stat  ±(

CDF-II track  6.9±     175.3  3.0)± 6.2 ±(

CDF-II alljets  2.5±     174.8  1.9)± 1.7 ±(

CDF-I alljets 11.5±     186.0  5.7)±10.0 ±(

DØ-II lepton+jets *  1.8±     173.7  1.6)± 0.8 ±(

CDF-II lepton+jets *  1.2±     173.0  1.1)± 0.7 ±(

DØ-I lepton+jets  5.3±     180.1  3.6)± 3.9 ±(

CDF-I lepton+jets  7.4±     176.1  5.3)± 5.1 ±(

DØ-II dilepton *  3.8±     174.7  2.4)± 2.9 ±(

CDF-II dilepton *  3.8±     170.6  3.1)± 2.2 ±(

DØ-I dilepton 12.8±     168.4  3.6)±12.3 ±(

CDF-I dilepton 11.4±     167.4  4.9)±10.3 ±(

Mass of the Top Quark
(* preliminary)July 2010

/dof = 6.1/10 (81%)2χ(a) (b)Figure 3.7: (a) Combination of the measurements of the top quark mass by the CDF andDØ 
ollaborations [20℄. (b) Limits on the mass of the Higgs boson, whi
h are 
al
ulatedusing quantum loop pro
esses, whi
h in
lude the top quark and the W boson [4℄.



Chapter 4LHC and CMS ExperimentErstens kommt es anders und zweitens als man denkt.Wilhelm Bus
h4.1 Large Hadron ColliderThe Large Hadron Collider (LHC) is a super
ondu
ting a

elerator experiment, hostedat the European Organisation for Nu
lear Resear
h (CERN, Fren
h: Organisation Eu-ropéenne pour la Re
her
he Nu
léaire), Geneva (Switzerland). It is a proton-proton
ollider aiming for the dis
overy of the Higgs boson and physi
s beyond the StandardModel with a 
entre-of-mass energy of up to 14 TeV [21℄. It was built between 2000and 2008 into the existing tunnel 
omplex of the Large Ele
tron Positron (LEP) 
ollider.After eight years of 
onstru
tion, the LHC had �rst beams inje
ted in summer 2008. Af-ter a major te
hni
al a

ident in September 2008, the LHC provided �rst 
ollisions inNovember 2009. Protons are a

elerated in two separate rings of 26.7 km 
ir
umferen
e,whi
h are hosted in the same tunnel 
omplex. In 2010, protons were a

elerated up toenergies of 3.5 TeV, resulting in a 
entre-of-mass energy of √s = 7 TeV. The LHC is
urrently the worlds most high-energeti
 proton a

elerator, with a design luminosity is
L = 1034 
m−2 s−1 and a design energy of the protons of 7 TeV. In 2010, a peak luminosityof L = 2 · 1032 
m−2 s−1 was a
hieved.The LHC 
omprises 1232 dipole magnets [22℄, whi
h provide a magneti
 dipole �eld of8.33 T at an energy of 7 TeV per proton beam. The super
ondu
ting dipole magnetsare 
ooled with super-�uid helium down to temperatures of 1.9 K. Ea
h proton beam isseparated into bun
hes of Np = 1.15 × 1011 protons per bun
h, whi
h have a spa
ing of25 ns. This 
orresponds to a 
ollision frequen
y of 40 MHz. The design value for thenumber of bun
hes per beam is nb = 2808. Figure 4.1 gives an overview over the LHCa

elerator 
omplex [23℄. Before the proton bun
hes are inje
ted into the main a

eleratorLHC, they are a

elerated in several pre-a

elerators. Proton bun
hes of 26 GeV and the
orre
t spa
ing of 25 ns are formed in the Proton Syn
hrotron (PS). Afterwards, beamsare a

elerated to 450 GeV in the Super Proton Syn
hrotron (SPS), before they aretransferred to the LHC. 25
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Figure 4.1: The Large Hadron Collider (LHC) a

elerator 
omplex, hosted at the Euro-pean Organisation for Nu
lear Resear
h (CERN, Fren
h: Organisation Européenne pourla Re
her
he Nu
léaire), Geneva (Switzerland). It is a super
ondu
ting 
ollider exper-iment, where protons are 
ollided at 
entre-of-mass energies of 7 TeV in an a

elerator
omplex of 26.7 km 
ir
umferen
e [23℄.



4.2. COMPACT MUON SOLENOID 27LuminosityThe number of events, generated in proton-proton 
ollisions, is given by:
Nevent = L × σevent , (4.1)where L =

∫
dtL is the integrated luminosity and σevent is the 
ross se
tion for a spe
i�
pro
ess. The instantaneous luminosity (for simpli
ity referred to as the luminosity) isgiven by equation 4.2, as des
ribed in [21℄:

L =
N2p nb γ fr
4π ǫn β∗ F , (4.2)where Np is the number of protons per bun
h, nb the number of bun
hes per beam, γ therelativisti
 gamma fa
tor, fr the revolution frequen
y, ǫn the normalised transverse beamemittan
e, β∗ the beta fun
tion at the 
ollision point and F the geometri
 luminosityredu
tion fa
tor, due to the 
rossing angle at the intera
tion point (IP) [21℄. The totalintegrated luminosity L provides an absolute normalisation for most physi
s analysis,su
h as the measurement of 
ross se
tions. Di�erent methods for the measurement of theluminosity are des
ribed below in 4.2.7.Experiments at the LHCThere are four main experiments at the LHC: ATLAS, CMS, ALICE and LHCb. TheATLAS and CMS experiments are multi-purpose dete
tors. They are designed to 
overthe full spe
trum of measurements at the energy frontier and pre
ision measurements ofStandard Model pro
esses. Important areas of new physi
s sear
hes are the potentialdis
overy of the Higgs boson, as well as supersymmetri
 parti
les and exoti
 signatures.ATLAS and CMS are 
omplemented by two spe
ial-purpose experiments: LHCb is par-ti
ularly designed for the study of b physi
s at a peak luminosity of 1032 
m−2s−1 andTOTEM for the measurement of the elasti
 proton-proton 
ross se
tion. LHCb willalso allow for performing pre
ise measurements of CP-violation, whi
h allow for indire
tsear
hes of new physi
s in rare de
ays. In addition to the proton beams, the LHC wasalso operated with heavy-ion beams at the end of 2010. The ALICE experiment is adedi
ated heavy-ion experiment for the studies of lead-lead 
ollisions. The design energyper nu
leon in Pb-Pb 
ollisions is 2.76 TeV, whi
h results in a total energy of 1148 TeVof two 
olliding lead nu
lei.4.2 Compa
t Muon SolenoidA 
omprehensive des
ription of the Compa
t Muon Solenoid (CMS) dete
tor is given in[22℄ and [24℄. The CMS dete
tor is a hermeti
, 4π multi-purpose dete
tor, shown in �gure4.2. All subdete
tors are arranged 
on
entri
ally around the intera
tion point (IP). Thedete
tor is divided into a 
entral region, 
alled barrel, and two end
ap regions. The mainfeature of the CMS dete
tor is the 3.8 T magneti
 �eld, 
reated by a super
ondu
t-ing solenoid, whi
h allows an ex
ellent momentum resolution of re
onstru
ted obje
ts.Furthermore, it has three di�erent subdete
tors for the dete
tion of muons, whi
h
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ated outside the solenoid. In the barrel region, aluminium drift tubes (DT) areused, and 
athode strip 
hambers (CSC) in the end
aps. Both muon systems are 
omple-mented by resistive plate 
hambers (RPC) for improved trigger timing. The sandwi
h-likearrangement of the muon dete
tors and the iron return yoke gives rise to the 
hara
teristi
appearan
e of the CMS dete
tor. The weight of the solenoid in
luding the iron returnyoke is 10 000 t, the total weight of the whole dete
tor is 12 500 t. Its dimensions are alength of 22 m and a diameter of 15 m. Therefore the dete
tor is denoted as �
ompa
t�.

Figure 4.2: S
hemati
 overview of the CMS dete
tor [22℄. Its dimensions are a length of22 m and a diameter of 15 m.The fully sili
on-based inner tra
king system 
omprises a 3-layer sili
on-pixel and a 10-layer sili
on-strip dete
tor, whi
h allow for an ex
ellent spatial resolution 
lose to theIP, as well as a high momentum resolution. The ele
tromagneti
 
alorimeter (ECAL) is
omposed of lead-tungstate 
rystals, whi
h provide an ex
ellent ele
tromagneti
 energyresolution for the measurement of ele
trons and photons. It is optimised for a potentialdis
overy of a light, neutral Higgs boson, de
aying into a pair of photons (H0 → γγ). Asampling hadroni
 
alorimeter (HCAL) 
omposed of brass absorbers and plasti
 s
intil-lators 
ompletes the 
alorimetri
 system, whi
h is hosted inside the solenoid. One featureof the CMS dete
tor is, that the inner tra
king system, as well as the 
omplete 
alorime-try (ECAL and HCAL) are hosted inside the solenoid 
oil. The 
alorimetri
 system issupplemented by an additional hadroni
 outer (HO) 
alorimeter, whi
h dete
ts possibletails of hadroni
 showers, referred to as �tail-
at
her �. The CMS 
oordinate system usesthe pseudorapidity, based on the polar angle θ, whi
h is de�ned as η ≡ − ln
(
tan

(
θ
2

)).
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ondu
ting MagnetFor the pre
ise measurement of the parti
le momenta, a high magneti
 �eld is needed.The magneti
 �eld is 
reated by a super
ondu
ting solenoid of 13 m length and 6 minner diameter. This solenoid is the largest magnet 
oil ever built and provides a magneti
�eld of up to 4 T. In the 2010 data taking period, it was operated at 3.8 T. The totalenergy stored in the 
oil is 2.6 GJ, whi
h 
orresponds to a stored energy of 11.6 kJ perkilogramme of 
old mass, with a weight of the 
old mass of 220 t. The thi
kness of the
old mass is 3.9 radiation lengths. The iron yoke, whi
h returns the magneti
 �ux,
omprises �ve barrel modules (wheels) and two end
aps. The mass of the iron barrel is6 000 t and ea
h end
ap has a mass of 2 000 t, whi
h results in a total weight of 10 000 tof the return yoke, as des
ribed in [24℄.4.2.2 Inner Tra
king SystemThe inner tra
king system, also shortly referred to as the tra
ker, is the innermost subde-te
tor 
losest to the intera
tion point, and thus has to 
ope with a high 
harged-parti
le�ux. The main task of the inner tra
king system is to re
onstru
t 
harged-parti
letraje
tories and to measure parti
le momenta, as well as the pre
ise re
onstru
tion ofprimary and se
ondary verti
es. Also in heavy-ion 
ollisions, where the density of
harged tra
ks is mu
h higher, the CMS tra
ker permits the re
onstru
tion of tra
ks ina high-density environment, as des
ribed in [22℄. The re
onstru
tion of 
harged-parti
letra
ks and the 
harge identi�
ation of re
onstru
ted obje
ts is performed by the innertra
king system. The pre
ise determination of parti
le momenta and 
harges is a ma-jor requirement of the analysis of top quark de
ays, as well as for the use of b quarkidenti�
ation algorithms, whi
h rely on the exa
t re
onstru
tion of displa
ed verti
es.

Figure 4.3: Overview of the fully sili
on-based inner tra
king system [24℄. The innertra
king system is divided into two subdete
tors: pixel tra
ker, also referred to as vertexdete
tor, and strip tra
ker. The geometry is shown, using the pseudorapidity η.
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king system is divided into two subdete
tors: pixel tra
ker, whi
h isalso referred to as vertex dete
tor, and strip tra
ker. Both subsystems are fully basedon sili
on sensors. The inner tra
king system 
onsists of 66 million sili
on pixels and9.6 million sili
on strips. Figure 4.3 shows a s
hemati
 view of the CMS inner tra
kingsystem, also showing the geometry in terms of the pseudorapidity η, whi
h has beende�ned above.Sili
on Pixel Dete
tor (Vertex Dete
tor)In the barrel region, 
lose to the intera
tion point, three layers of pixel dete
tors arepla
ed in parallel to the beam pipe at radii of r = 4.4, 7.3 and 10.2 
m with a size ofa pixel of 100 × 150µm2. Additionally, there are two pixel end
ap disks in the forwarddire
tion transverse to the beam line, whi
h both have two pixel layers at distan
es of
|z| = 34.5 and 46.5 
m. The pixel tra
ker is also referred to as vertex dete
tor, be
ausethe main task of the inner tra
king system is to provide information about the primaryintera
tion point (primary vertex) and displa
ed intera
tion points (se
ondary verti
es)from the de
ay of long-lived unstable parti
les, like bottom or 
harm quarks. Due to thehigh magneti
 �eld, 
harged parti
les traversing the sili
on sensors are de�e
ted by theLorentz for
e. In the end
ap disks, the blades 
arrying the pixel modules are rotatedby 20◦ to 
ompensate for the de�e
tion, whi
h leads to a turbine-like geometry of theend
aps, whi
h is shown in �gure 4.4. A detailed des
ription of the pixel tra
ker is givenin [22℄.

Figure 4.4: The pixel tra
ker (vertex dete
tor) 
omprises three layers of pixel dete
torspla
ed in parallel to the beam pipe, as well as two pixel end
ap disks in the forwarddire
tion transverse to the beam line [22℄. In the end
ap disks, the blades 
arrying thepixel modules are rotated by 20◦ to 
ompensate for the de�e
tion of 
harged parti
les bythe Lorentz for
e.
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on Strip Dete
tor (Tra
ker)The sili
on strip tra
ker system provides a 
overage of |η| < 2.4 and 
onsists of almost15400 modules, whi
h are mounted on a 
arbon-�bre stru
ture and are operated at atemperature of around -20�. The strip tra
ker 
overs a region between 20 < r < 110 
m,where the parti
le �ux de
reases with respe
t to the innermost region of the pixel tra
ker.Therefore sili
on mi
rostrip dete
tors are used. A 
omprehensive des
ription of the striptra
ker is given in [22℄.The tra
ker inner barrel (TIB) 
onsists of four layers of strip dete
tors. In the �rsttwo layers of the TIB, the modules are mounted as stereo modules with an angle of 100mrad in order to provide a measurement in (r− φ) and (r− z) dire
tion. The outermostregion of the inner tra
king system is referred to as the tra
ker outer barrel (TOB),whi
h 
overs a radius between 55 < r < 110 
m. The signi�
antly lower parti
le �uxallows for the use of larger-pit
h sili
on mi
rostrip dete
tors with a good signal-to-noiseratio. The TOB 
omprises six layers of strip dete
tors, where the �rst two layers are alsomounted as stereo modules. In the forward region, there are nine layers of mi
rostrips inea
h of the two tra
ker end
aps (TEC). Additionally, there are three layers of tra
kerinner disks (TID) on ea
h side, in order to �ll the gap in the transition region betweenTIB and TEC.4.2.3 CalorimetryThe 
alorimetry provides an in
lusive energy measurement of parti
les. Ele
tromagneti-
ally intera
ting parti
les, like the ele
tron and the photon, are measured in the ele
tro-magneti
 
alorimeter (ECAL). Strongly intera
ting parti
les, like the neutron and pro-ton, are observed as jets in the hadroni
 
alorimeter (HCAL) and the ECAL. Weaklyintera
ting parti
les, like neutrinos, es
ape the dete
tor without depositing any energy.This is measured as an imbalan
e in the total sum of the transverse energy deposit, 
alledmissing transverse energy (MET) ��ET . A hermeti
 
alorimetri
 system is needed, in orderto pre
isely measure all energy deposits and to 
orre
tly re
onstru
t the ET imbalan
efrom neutrinos or other es
aping parti
les. A 
omplete des
ribtion of the ECAL andHCAL is given in [24℄.Ele
tromagneti
 CalorimeterThe ele
tromagneti
 
alorimeter (ECAL) is made of lead tungstate (PbWO4). Theses
intillating 
rystals are a homogeneous, a
tive material. The ECAL is hermeti
 and
omprises about 75 000 
rystals in the barrel and end
ap regions. Figure 4.5 (a) shows as
hemati
 view of the ECAL. The 
hoi
e of PbWO4 
rystals provides a high density of8.3 g
m3 and a short radiation length of X0 = 0.89 
m, whi
h results in a �ne granularityand a 
ompa
t ECAL [24℄. The 
hoi
e of PbWO4 
rystals allows for the 
onstru
tionof a 
ompa
t 
alorimeter hosted inside the solenoid, whi
h is radiation hard and has anex
ellent energy resolution.The ECAL barrel (EB) 
overs a region in pseudorapidity of 0 < |η| < 1.479, shown in�gure 4.5 (b). The inner radius of the EB is 129 
m. The 
rystals of the ECAL havea front fa
e 
ross-se
tion of 22 × 22 mm2 and a length of 230 mm, whi
h 
orresponds to
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(a) (b)Figure 4.5: (a) S
hemati
 view of the ele
tromagneti
 
alorimeter (ECAL) [24℄. (b)Geometry of the ECAL subdete
tors: ECAL end
aps (EE), preshower (ES) and barrel(EB) [22℄.nearly 26 radiation lengths [22℄. The 
rystals in the EB are grouped into 36 identi
alsupermodules. The ECAL end
aps (EE) 
over a region in pseudorapidity of 1.479 <
|η| < 3.0. Ea
h end
ap 
onsists of two semi-
ir
ular aluminium plates (dees), where 25
rystals are arranged into an array of 5 × 5 super
rystals. They have a front fa
e 
ross-se
tion of 28.6×28.6mm2 and a length of 220 mm, whi
h 
orresponds to nearly 25X0. Infront of ea
h EE, a preshower (ES) devi
e is mounted between 1.653 < |η| < 2.6, whi
his shown in 4.5 (b). The aim of the preshower dete
tor is to identify neutral pions, whi
hdominantly de
ay into a pair of photons (π0 → γγ), as des
ribed in [24℄.Hadroni
 CalorimeterThe identi�
ation of hadroni
 jets and the measurement of missing transverse energy
��ET is an important 
hallenge at hadron 
olliders. The 
hoi
e of the magnet and thealmost 
omplete in
lusion of the 
alorimetri
 system into the solenoid determine the designparameters of the hadroni
 
alorimeter (HCAL). The design of the HCAL maximises thematerial inside the magnet 
oil in terms of intera
tion lengths and provides hermeti
ity forthe ��ET measurement [22℄. An additional layer of s
intillators is pla
ed outside the solenoid,referred to as the hadron outer (HO) dete
tor, in order to dete
t tails of hadroni
 showers.The absorber material is brass, be
ause it has a su�
iently short intera
tion length andis non-magneti
. The a
tive medium 
onsists of plasti
 s
intillator tiles, whi
h are readout with wavelength-shifting �bres. The s
intillator plates have a thi
kness of 3.7 mm,ex
ept for the �rst layer atta
hed to the ECAL barrel, whi
h has a thi
kness of 9 mm.For the dete
tion of photons, multi-
hannel hybrid photodiodes (HPD) are used. Figure4.6 gives an overview of the di�erent HCAL sub
omponents.The HCAL barrel (HB) 
overs a region in pseudorapidity of |η| < 1.4 and 
omprises2 304 towers with a segmentation of ∆η × ∆φ = 0.087 × 0.087. The HB has 15 layersof brass plates, ea
h with a thi
kness of 5 
m. The hadroni
 outer (HO) 
alorimetersamples the amount of energy from hadroni
 showers, whi
h may leak through the rear ofthe HB. In
luding the HO, the e�e
tive thi
kness of the hadroni
 
alorimeter more than 10
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Figure 4.6: The hadroni
 
alorimeter (HCAL) is 
omprises HCAL barrel (HB) and end-
aps (HE), whi
h are hosted inside the magnet 
oil. An additional layer of s
intillatorsis pla
ed outside the solenoid, referred to as the hadron outer (HO). The hadron for-ward (HF) dete
tor is used for the online measurement of the instantaneous luminosityin real-time [24℄.intera
tion lengths. The forward region of the HCAL 
omprises two subdete
tor systems:the hadron end
aps (HE) 
over a region of 1.3 < |η| < 3.0 on ea
h side of the dete
torand 
ontain also 2 304 towers in total. For the hadron forward (HF) 
alorimeter, whi
h
overs a region of 2.9 < |η| < 5.2, steel as absorber material and quartz �bres were
hosen. The signals, whi
h originate from Cerenkov light emitted in the quartz �bres, aredete
ted by photomultipliers. The HF is lo
ated at 11.2 m from the intera
tion point andis used for the online measurement of the instantaneous luminosity in real-time, whi
h isdes
ribed below in 4.2.7.4.2.4 Muon SystemMuons are identi�ed unambiguously in the muon dete
tors, as all other parti
les arestopped in the 
alorimetry before. Therefore, the re
onstru
tion and identi�
ation ofmuons is an essential requirement of many analysis at hadron 
olliders. The design andthe performan
e of the muon dete
tors were one of the driving 
on
epts of the CMSexperiment, in order to provide a pre
ise and robust measurement of muons, as des
ribedin [24℄. Additionally, the 
harge and the momentum of muons is 
ombined with themeasurements from the inner tra
king system, based on 
harged-parti
le tra
ks. Muonsplay a key role in many Standard Model pro
esses, like Drell-Yan produ
tion, as well asin the dis
overy of new physi
s, for example the de
ay of a heavy, neutral Higgs boson
H0 → Z0(Z0)⋆ → µ+µ−µ+µ−.
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Figure 4.7: The muon system 
omprises three types of gaseous dete
tors: drift tube (DT)
hambers are used in the barrel region, 
athode strip 
hambers (CSC) in the end
aps, aswell as resistive plate 
hambers (RPC), whi
h are used both in the barrel and end
apsfor improved timing resolution [22℄.Figure 4.7 gives an overview of the muon system of the CMS dete
tor. There are threetypes of gaseous dete
tors, whi
h are used for the dete
tion of muons in the CMS experi-ment: in the barrel region, whi
h 
overs a range in pseudorapidity of |η| < 1.2, where a rel-atively low muon rate is expe
ted and the residual magneti
 �eld is low, drift tube (DT)
hambers are used [22℄. In the two end
aps, whi
h 
over a region of 0.9 < |η| < 2.4, mu
hhigher muon and ba
kground rates are expe
ted and therefore 
athode strip 
hambers(CSC) are used. These two dete
tors are 
omplemented by resistive plate 
hambers(RPC) in both the barrel and end
aps up to a pseudorapidities of |η| < 1.6. The main fea-ture of the RPCs is their fast response and good timing resolution for operation at highrates. The CSCs/DTs and the RPCs provide two independent sour
es of informationwithin the �rst trigger level and form a �exible and robust muon trigger system.Drift TubesDrift tube 
hambers 
over a range of |η| < 1.2 and 
omprise 250 
hambers, whi
h arearranged in four layers, referred to as stations, inside the magnet return yoke at distan
esof 4.0, 4.9, 5.9 and 7.0 m from the beam axis. The muon stations are arranged in �vewheels, whereas ea
h wheel is further divided into 12 se
tors, 
overing 30◦ in azimuthalangle. Muons with high transverse momentum 
ross at least three out of four stations.In the two innermost layers of drift tube 
hambers, ea
h DT is embedded into two RPCs.In the two outer layers, one RPC is atta
hed to the innermost side of the DT 
hamber.Therefore, a high-pT muon 
rosses up to six RPCs and four DTs, resulting into up to 44measured points as input to the tra
k re
onstru
tion algorithm [22℄.
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aps 
onsist of 468 
athode strip 
hambers and 
over a range between
0.9 < |η| < 2.4. Ea
h CSC has a trapezoidal shape and 
omprises six gas gaps, whi
hhave one plane of radial 
athode strips and one plane of anode wires, whi
h are arrangedperpendi
ular to the strips [22℄. In order to avoid gaps in the φ-plane, CSCs overlap in
φ. A 
harged parti
le traversing a CSC 
auses ionisation and the subsequent ele
tronavalan
he leads to 
harges drifting to the anode wire and image 
harges at a group of
athode strips.Resistive Plate ChambersThe resistive plate 
hambers are gaseous parallel-plate dete
tors, whi
h provide a timingresolution of an ionising event, that is mu
h shorter than the 25 ns of the LHC bun
h
rossing. Therefore, RPCs are espe
ially dedi
ated to the triggering of muons and 
om-plement the muon system in the barrel and the end
ap regions. RPCs 
over a range inpseudorapidity up to |η| < 1.6. RPCs also help to resolve ambiguities in the CSCs [24℄.4.2.5 Trigger and Data A
quisitionAt the nominal LHC bun
h 
rossing rate, proton-proton 
ollisions are provided every 25ns, whi
h results in a 
ollision rate of 40 MHz. For ea
h bun
h 
rossing, on average 20events are expe
ted to o

ur, whi
h results into a total input rate of the order of 109intera
tions per se
ond. The task of the online trigger and data a
quisition systemis to sele
t the most interesting events at a rate of the order of 102 events per se
ond,whi
h are written to ar
hival media (mass storage). Hen
e, a redu
tion fa
tor of theorder 107 is needed. The trigger and data a
quisition system 
omprises 
ustom dete
torele
troni
s, a read-out network and an online event �lter system, whi
h is illustrated in�gure 4.8 (b). The redu
tion of the input rate is implemented in two steps: a level-1 (L1)trigger system, whi
h is based on 
ustom dete
tor ele
troni
s and a high-level trigger(HLT) system, whi
h is based on a farm of 
ommer
ial pro
essors in the online event �ltersystem. A 
omprehensive des
ription of the CMS trigger system is given in [25℄.Level-1 TriggerThe L1 trigger system is hosted in a servi
e 
avern underground next to the dete
tor
avern. The minimal pro
essing time, in
luding transit time from the front-end dete
torele
troni
s to the servi
e 
avern, L1 trigger 
al
ulation time and return ba
k to the front-end ele
troni
s, is 3.2 µs. This time interval in
ludes a total laten
y of the L1 trigger
al
ulation of less than 1 µs. The L1 trigger system uses a 
oarser subset of the full eventinformation from the 
alorimetry, the muon system and some 
orrelated information be-tween both subsystems (global trigger). The high-resolution data is stored intermediatelyin pipelined memory at the front-end ele
troni
s, while the L1 trigger de
isions are made.A L1 trigger de
ision interval 
orresponds to 128 beam 
rossings at a bun
h 
rossing timeof 25 ns. The trigger de
ision is based on redu
ed information from the dete
tor output,whi
h is used to build trigger obje
ts, su
h as muons, ele
trons and photons, as well asjets and missing energy, 
alled the �trigger primitives�. Figure 4.8 (a) shows a sket
h of
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(a) (b)Figure 4.8: The online trigger and data a
quisition system 
omprises 
ustom dete
torele
troni
s, a read-out network and an online event �lter system. (a) S
hemati
 view ofthe level-1 trigger system, whi
h is based on 
ustom dete
tor ele
troni
s. (b) The read-outnetwork and online event �lter system [25℄.
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ision algorithm, whi
h is des
ribed in [25℄. The event output rate ofthe L1 trigger system, whi
h is forwarded to the HLT event �lter farm, is about 100 kHz,whi
h 
orresponds to a redu
tion fa
tor of the order of 103.High-Level TriggerEa
h event in proton-proton 
ollisions, whi
h is kept intermediately in pipelined mem-ory in the dete
tor ele
troni
s, has a size of 1.5 MB. Based on the L1 trigger de
ision,the stored events are transferred from the dete
tor front-end bu�ers to the event �lterunits in the online pro
essor farm by a read-out network, 
alled swit
h. The use ofa software-based HLT, whi
h is implemented on a pro
essor farm, allows for maximal�exibility and bene�ts from the evolution of the 
omputer te
hnology. The idea of theHLT re
onstru
tion algorithm is to use only those obje
ts and regions of the dete
tor,that are a
tually needed for re
onstru
tion [22℄. Finally, after the re
onstru
tion of anevent, the full information in
luding also tra
king information is forwarded to the storagesystem and further o�ine pro
essing. The HLT system provides an additional redu
tionfa
tor of the order of 103 down to 100 - 200 events per se
ond, whi
h is manageable by themass storage and o�ine 
omputing systems, whi
h are des
ribed in the following.CMS Computing SystemThe CMS experiment uses a world-wide, tiered approa
h for the pro
essing of the data,re
orded by the trigger and data a
quisition system. The CMS 
omputing system is
omposed of three layers (tiers), whi
h are referred to as Tier-0 (T0), Tier-1 (T1) and Tier-2 (T2). Figure 4.9 shows an overview of the work�ow between the CMS 
omputing 
entres.Tier-0 is a high-performan
e 
omputing 
entre lo
ated at the CERN 
ite (Geneva). Itsmain purpose is the storage and repro
essing of the `raw ' data output from the CMSonline trigger and data a
quisition system, as des
ribed above. The CERN AnalysisFa
ility (CAF) is also hosted at CERN and provides large 
omputing resour
es for thepurpose of prompt re
onstru
tion and prompt 
alibration of the re
orded data. In thefollowing, the raw data samples are distributed throughout the next layer of 
omputing
entres, the Tier-1 
entres. The T1 
entres are seven large 
omputing 
entres, hostedat CMS 
ollaborating 
ountries world-wide. Ea
h of them re
eives a subset of the datasamples, produ
ed at T0. They also provide a tape ar
hive for the full event data format(raw and re
onstru
ted data). They also provide substantial CPU power for furtherrepro
essing of the data sets and data-intensive analysis tasks, as well as a se
ond se
ure
opy of the raw data. Finally, the Tier-2 
entres provide 
omputing resour
es for useranalysis and the produ
tion of simulated data samples (Monte Carlo produ
tion).4.2.6 Data Quality MonitoringThe data quality monitoring (DQM) system provides an unique tools for the assessmentof the status of the dete
tor subsystems in real-time (online DQM), as well as themonitoring and 
erti�
ation of the re
onstru
tion and 
alibration of the re
orded data(o�ine DQM). An overview of the DQM work�ow in shown in �gure 4.10. The toolsfor the 
reation of 
ontrol histograms are 
alled DQM appli
ations. The histograms of
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Figure 4.9: Overview of the work�ow between the CMS 
omputing 
entres: the CMS
ollaboration uses a world-wide, tiered approa
h for the pro
essing of the data, re
ordedby the trigger and data a
quisition system. The CMS 
omputing system is 
omposed ofthree layers, whi
h are referred to as Tier-0, Tier-1 and Tier-2 
entres [24℄.the online and o�ine DQM are visualised by one 
entralised, web-based graphi
al userinterfa
e (GUI). The results of the 
erti�
ation pro
edure, whi
h is 
arried out in dailyshift operations, is stored in a 
entral 
erti�
ation data base, whi
h is referred to as therun registry. Based on this 
erti�
ation pro
edure, a list of 
erti�ed, good runs is 
reatedand de�nes the input for sophisti
ated, o�ine physi
s analysis, as presented in this thesis.A report of the operations of the DQM system is given in [26℄.

Figure 4.10: Overview of the work�ow of the data quality monitoring system [26℄.The purpose of the online DQM is the real-time 
ontrol and monitoring of the CMSdete
tor. The monitoring is performed in shift operation, for 24-hours 
overage on ea
hday. For the online DQM, a subset of the event data from the HLT output stream is
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essed in parallel by several independent DQM appli
ations, ea
h 
orresponding toone singular or more subsystems, su
h as the CSCs or sili
on strip tra
ker (SiStrip).The DQM appli
ations 
reate 
ontrol histograms in real-time during the data taking,whi
h are 
alled monitor elements. These monitor elements are assessed via the DQMGUI. The GUI plays a 
entral role in the DQM pro
edure. It allows for the monitoringof the dete
tor status in real-time in the online DQM, as well as for the validation ofre
onstru
ted obje
ts in the o�ine DQM. It provides a 
ompa
t overview of the status ofall subsystems and provides histograms from a
tual data taken, as well as from ar
hiveddata taking periods. The o�ine DQM enables the possibility to monitor re
onstru
tedphysi
s obje
ts, su
h as muons, photons or jets, with a relatively short laten
y 
lose tothe data taking. The aim is to provide fast feedba
k of possible problems, due to there
onstru
tion pro
edure. An anew evaluation of the dete
tor 
omponents with full eventstatisti
s of a given data taking period is also performed.An overview of the prompt data monitoring and validation for a top quark-spe
i�
event topology with the early data, re
orded by the CMS dete
tor, is given in [27℄. Theaim is to monitor rates, topology and trigger e�
ien
ies for top-like dilepton events in theonline and o�ine DQM, as well as the prompt validation of dilepton obje
t re
onstru
tionin the o�ine DQM sequen
e.4.2.7 Luminosity MeasurementThe measurement of the luminosity at the CMS experiment is an important 
omponentin order to monitor the performan
e of the LHC in real-time. It also provides the overallnormalisation for most physi
s analysis, su
h as the measurement of 
ross se
tions. Theinstantaneous luminosity of the LHC is determined from the beam size, measured inhorizontal and verti
al separation s
ans (Van Der Meer s
ans), and the beam 
urrent.The total systemati
 error of the luminosity measurement is 3.6%, whi
h is des
ribedin [28℄ in further detail. An overview of the measurement of the luminosity is given in[29℄. Figure 4.11 (a) shows the instantaneous luminosity L as a fun
tion of time for the
omplete data taking period in 2010, whereas the 
orresponding integrated luminosity
L =

∫
dt L is shown in 4.11 (b).Online and O�ine MethodsThe CMS online luminosity measurement uses the hadron forward (HF) 
alorimeterin order to measure the instantaneous luminosity in real-time, whi
h is referred to as theonline HF method. Therefore, two methods are implemented into the HF �rmware. The�rst method uses the average fra
tion of empty 
alorimeter towers in order to derive themean number of intera
tions per bun
h 
rossing. The se
ond method assumes a linearrelationship between the average transverse energy ET per tower and the luminosity. Bothmethods are also used to estimate residual ba
kground e�e
ts due to beam-gas and beams
raping intera
tions.In addition to the online HF measurement of the luminosity, two o�ine methods areapplied as a 
ross-
he
k to the online method. In general, the o�ine methods have asigni�
antly longer laten
y, due to the prompt re
onstru
tion. On the other hand, theyprovide a better ba
kground reje
tion of beam-gas and non-
ollision events. The o�ine
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(a) (b)Figure 4.11: (a) Instantaneous luminosity L as a fun
tion of time and (b) the integratedluminosity L =
∫
dt L for the 
omplete data taking period in 2010.HF method exploits the energy depositions in the HF and is based on the 
oin
iden
eof the total sum of transverse energy (ΣET) of at least 1 GeV in the HF on both sidesof the CMS dete
tor. An additional timing requirement is applied, in order to redu
eba
kground from non-
ollision events. The se
ond method, 
alled the vertex method,is based on information from tra
king and vertex �nding and provides an orthogonal setof systemati
 un
ertainties, whi
h 
omplements the online and o�ine HF methods. Atleast one re
onstru
ted vertex with at least two asso
iated tra
ks is required. The vertexmethod provides a good e�
ien
y for minimum bias events and is highly suppressiveagainst non-
ollision ba
kground events [29℄.Normalisation and Van Der Meer S
ansIn order to obtain the total luminosity, whi
h is needed for physi
s analysis, the luminositymeasured by the online and o�ine methods is normalised to an absolute s
ale. The s
aleis provided by a separation s
an method, referred to as Van Der Meer (VdM) s
an, whi
his named after Simon van der Meer. This s
ale is used for the determination of theabsolute luminosity. The aim of this method is to measure the size and the shape ofthe intera
tion region as a fun
tion of the transverse beam separation. This informationis used to determine the beam pro�le F (x, y) = fx(x)fy(y) transverse to the beamdire
tion, whi
h is des
ribed in [29℄. Finally, the absolute luminosity is 
al
ulated fromthe beam size, derived from the VdM s
an, and the beam 
urrent. The total systemati
un
ertainty of the luminosity measurement yields a relative error of 3.6%, as des
ribed in[28℄.



Chapter 5Simulation and Event Re
onstru
tionWhen you're a Jet, you're a Jet all the way.West Side StoryAn event is the result of a single proton-proton 
ollision inside the CMS dete
tor ora simulated 
ollision event. Monte Carlo generators are used to simulate events,su
h as top-antitop quark pair produ
tion. The 
al
ulation of the produ
tion pro
essoriginating from an inelasti
 proton-proton s
attering and the subsequent de
ay into �nalstates of stable quarks and leptons, is 
alled the generation step. The response of theCMS dete
tor is simulated in the simulation step. This information is 
onverted into adata format, whi
h is similar to the real dete
tor output (Raw data), referred to as thedigitisation step. Figure 5.1 shows an illustration of the full dete
tor simulation before there
onstru
tion. The raw data format, whi
h originates from the full dete
tor simulation(
ontaining generation, dete
tor simulation and digitisation) or from the real dete
toroutput, is 
ommitted to the re
onstru
tion step. The aim of the event re
onstru
tionis to determine the dete
tor response, re
onstru
tion e�
ien
ies, as well as the resolutionof re
onstru
ted obje
ts.

Figure 5.1: The generation and re
onstru
tion of a Monte Carlo simulated event.41



42 CHAPTER 5. SIMULATION AND EVENT RECONSTRUCTION5.1 Monte Carlo SimulationDi�erent Monte Carlo (MC) generators are used in order to simulate signal and ba
k-ground pro
esses for physi
s analysis. The 
orre
t theoreti
al understanding of the signalprodu
tion pro
ess and all relevant ba
kground pro
esses is a key ingredient to the in-terpretation of the result of the measurement. For the generation of simulated datasamples, whi
h are used for the analysis presented in this thesis, the event generatorPythia6 is used [6℄. Additional higher-order radiation e�e
ts are 
al
ulated by the gen-erator MadGraph [30℄ on matrix element level and are further pro
essed by Pythia6for the simulation of the full parton showering pro
ess. Finally, for the 
orre
t treatmentof the de
ay of τ leptons in several �nal states, the Tauola de
ay library is used [31℄.Pythia6The main task of MC generators is to provide a 
omplete des
ription of the event stru
tureat 
ollider experiments. Therefore, Pythia starts with the 
al
ulation of the matrixelement of an inelasti
 proton-proton s
attering pro
ess, 
alled the hard pro
ess, at theleading-order (LO) of the strong 
oupling 
onstant αs. In terms of initial state and �nalstate obje
ts (A → B), Pythia is optimised for the 
al
ulation of pro
esses with twoinitial partons resulting into one or two partons in the �nal state, referred to as (2 → 1)or (2 → 2) pro
esses. In general, the 
ross se
tion at LO of any pro
ess with two initialpartons i, j and one �nal parton k is given by equation 2.23, where f 1
i and f 2

j are theparton density fun
tions of the 
olliding parti
les 1 and 2, introdu
ed in se
tion 2.4, and
σ̂ij→k is the 
ross se
tion of the hard pro
ess (ij → k) 
al
ulated in LO of perturbativeQCD [6℄. In the following, several higher-order 
orre
tions are applied to the LOapproximation, in order to obtain a 
omplete des
ription of the pro
ess.The initial and �nal state partons give rise to the emission of bremsstrahlung, whi
h isreferred to as initial state and �nal state radiation (ISR/FSR). The higher-order 
orre
-tions are obtained either from the matrix element method, where additional Feynmandiagrams are 
al
ulated order by order, or from perturbative 
al
ulations, su
h as par-ton showering, whi
h is a key feature of Pythia. Using the parton showering method,multijet events are generated from bran
hings of one parton into two (a → bc). Thebran
hing pro
ess is des
ribed by the splitting kernels Pa→bc(z), where the daughter par-ton b has the energy fra
tion z of its mother parton a. In general, the separation ofradiation into ISR and FSR showers is arbitrary. Using parton showers, in order to modelthe perturbative 
orre
tions to the LO approximation, is preferred, be
ause 
orre
tionsare relatively simple to 
al
ulate, 
ompared to the matrix element method. The LO 
rossse
tion is referred to as the Born 
ross se
tion σBorn. By 
onsidering one additional vir-tual or real emission, the next-to-leading order (NLO) 
ross se
tion σNLO is obtainedby the following equation:

σNLO = σBorn + σvirtual + σreal . (5.1)Further 
orre
tions have to be applied due to the hadronisation pro
ess. As alreadyintrodu
ed in se
tion 2.3.3, the string fragmentation model is used, in order to approxi-mate the long-range 
on�nement of the strong for
e (Lund string model). Combiningthe string fragmentation model and the perturbative 
orre
tions obtained from parton



5.2. OBJECT RECONSTRUCTION 43shower models, an almost 
omplete des
ription of hard intera
tions at hadron 
olliders isobtained.MadGraphThe MadGraph/MadEvent MC event generator (MadGraph) is used for the 
al
ulationof higher-order 
orre
tions to the hard pro
ess on matrix element level, as des
ribed above[30℄. Therefore, additional radiative pro
esses (bremsstrahlung) are 
al
ulated at tree-level and further pro
essed with the full parton showering and hadronisation infrastru
tureof a general-purpose event generator, su
h as Pythia6. It should be noted, that thispro
edure does not provide a 
omplete NLO des
ription of the hard pro
ess, whi
h alsorequires the 
al
ulation of loop diagrams. An important aspe
t of the method used byMadGraph is the 
orre
t mat
hing of a 
al
ulated higher-order matrix element to aparton shower, in order to avoid double-
ounting.TauolaThe Tauola MC pa
kage is an universal interfa
e for the pro
essing of the de
ay of τleptons, as des
ribed in [31℄. This pa
kage in
orporates a substantial amount of resultsfrom high-pre
ision τ lepton measurements. The universal interfa
e of Tauola requiresthe general-purpose MC generator, su
h as Pythia6, to produ
e stable τ leptons. Theevent 
ontent, whi
h is provided by the MC generator, is sear
hed through for all stable
τ leptons and neutrinos. It is required, that a τ -�avoured pair of parti
les (τ+τ− or τντ )originates from the same mother parti
le. Finally, the de
ay of the pair is performed byTauola.5.2 Obje
t Re
onstru
tionFor ea
h event, either from proton-proton 
ollisions or 
osmi
 muon data taking, the CMSdete
tor provides a set of dete
tor signals. In order to perform an analysis, the raw datahave to be 
onverted into 
lasses, whi
h are referred to as physi
al obje
ts, e.g. ele
trons,photons or jets. This step, the transformation of raw-level data into re
onstru
ted physi
sobje
ts, is 
alled re
onstru
tion. The pro
ess of re
onstru
tion uses the information ofone or more subdete
tors of the CMS experiment to build di�erent 
lasses of 
andidates.Figure 5.2 shows a sli
e through the CMS dete
tor, whi
h illustrates the use of the di�erentsubdete
tors for the re
onstru
tion of the di�erent parti
le 
andidates.In the �rst step of the re
onstru
tion, hits in the inner (tra
ker) or outer tra
king (muon)systems are 
ombined, in order to form 
harged-parti
le tra
ks, as well as the 
luster-ing of single-
ell energy deposits into 
alorimeter energy 
lusters. In the following,this information is transformed into physi
s obje
t 
andidates, like ele
trons or muons.Neutral parti
les, like photons or neutral hadrons, are re
onstru
ted from an ECAL orHCAL 
lusters. Charged parti
les 
onsist of the 
ombination of a re
onstru
ted tra
kand a 
alorimeter 
luster. For example, ele
trons are expe
ted to have a tra
k pointingtowards the dire
tion of a 
luster in the ECAL, without any mat
hing energy deposit inthe HCAL or any re
onstru
ted tra
k in the muon system. Muons are expe
ted to tra-verse the 
alorimetry without signi�
ant loss of energy. Therefore, only a minimal energy



44 CHAPTER 5. SIMULATION AND EVENT RECONSTRUCTIONdeposit in the HCAL or ECAL is required for the re
onstru
tion of a muon 
andidate.The re
onstru
tion of 
harged hadrons uses information from all subdete
tors, ex
ept forthe muon system.

Figure 5.2: Sli
e through the CMS dete
tor. It is illustrated, how the di�erent subdete
-tors are used for the re
onstru
tion of the di�erent parti
le 
andidates [32℄.
5.2.1 Muon Re
onstru
tionMuon ResolutionThe quality of the re
onstru
tion of muon 
andidates depends on the resolution ande�
ien
y of the used subdete
tors. The muon momentum is 
al
ulated from its measuredbending angle, either individually from the inner tra
king system or the muon systemalone, or a 
ombination of both tra
king systems. Figure 5.3 shows the momentumresolution for muons in the barrel region |η| < 0.8 (left) and the end
ap regions 1.2 <
|η| < 2.4 (right).The inner tra
king system provides the best momentum resolution for low pT up to severalhundred GeV in both regions of the muon system, whi
h is shown in �gure 5.3. In the
entral part of the dete
tor, the muon momentum resolution is improved by 
ombining in-formation from the tra
ker and the muon dete
tors for muon momenta of pT & 200 GeV/
.In the end
ap region, the inner tra
king system is dominating the momentum resolutionup to momenta in the TeV range. Re
onstru
ted tra
ks from the muon system providean unambiguous identi�
ation of muons, whereas the inner tra
king system improves themeasurement of the muon momentum signi�
antly. From that fa
t, three di�erent muonre
onstru
tion algorithms arise, whi
h are 
ommented in the following subse
tion. Itshould be noted, that the overall muon momentum resolution ∆p

p
is below 5% for muonmomenta up to pT . 500 GeV/
 and below 2% for pT . 200 GeV/
 in the 
entral dete
tor.
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Figure 5.3: Muon transverse momentum resolution for the barrel region |η| < 0.8 (left)and the end
ap regions 1.2 < |η| < 2.4 (right). In both regions of the muon system, theinner tra
king system is providing the best momentum resolution for low pT up to severalhundred GeV [24℄.Re
onstru
tion AlgorithmsMuons are re
onstru
ted using re
onstru
ted tra
ks from the muon dete
tors alone or
ombining them with re
onstru
ted tra
ks from the sili
on tra
ker. Tra
ks are re
on-stru
ted independently in the inner tra
king system (tra
ker tra
ks) and in the muonsystem (stand-alone muon tra
ks) [33℄. The 
on
ept of regional or lo
al re
onstru
tion isused for muon re
onstru
tion. Seeds in the muon system de�ne regions of interest, wherea lo
al re
onstru
tion is performed, su
h as the software algorithm only re
onstru
ts
harged-parti
le tra
ks 
ompatible with hits in the muon 
hambers. Stand-alone muonre
onstru
tion only uses information from the muon system, whereas global muon re
on-stru
tion also uses information from the inner tra
king system. The latter method, whi
hin
ludes tra
ker tra
ks, is subdivided into an outside-in (global muon) and an inside-out(tra
ker muon) approa
h.The global muon re
onstru
tion starts with a lo
ally re
onstru
ted stand-alone muon inthe muon system. The muon traje
tory is extrapolated ba
k onto the surfa
e of theouter sili
on tra
ker volume, whi
h is therefore referred to as an outside-in approa
h. If amat
hing tra
ker tra
k is found, a global muon tra
k is �tted, whi
h 
ombines tra
ker andstand-alone muon tra
ks. As mentioned above, for muon momenta up to pT . 200 GeV/
,the momentum resolution is determined by the tra
ker �t. The inside-out approa
hre
onstru
ts tra
ker muons, whi
h use tra
ker tra
ks as a seed and are extrapolated tothe muon system, taking into a

ount the expe
ted energy loss traversing the 
alorimetryand solenoid 
oil. If at least one mat
hing muon segment is found, the tra
ker tra
k is
onsidered as tra
ker muon tra
k.
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ationThe standard muon re
onstru
tion algorithms 
ontain by design a basi
 muon identi�
a-tion, given that any muon 
andidate tra
k found in the inner or outer tra
king dete
torshas to be 
ompatible with a muon hypothesis. In addition to that, a furthermuon qual-ity and identi�
ation (muon ID) sele
tion is applied to re
onstru
ted muon 
andidatesin order to provide additional information for ea
h muon. The muon tra
k quality
omprises the number of hits asso
iated to the 
andidate tra
k (stand-alone, tra
ker orglobal tra
k), the χ2 of the tra
k �t and the transverse impa
t parameter with respe
t tothe primary vertex [33℄.Muon IsolationMuon 
andidates, whi
h have been su

essfully identi�ed and re
onstru
ted, are expe
tedto be real muons. At this sele
tion step, most of the muons originate from the leptoni
de
ays of heavy quarks, su
h as b and 
 quarks. There are also 
ontributions from muoni
kaon and pion de
ays [22℄. Su
h muons are usually a

ompanied by other parti
les fromthe fragmentation pro
ess and the subsequent de
ays, whi
h form jets. High-pT muons,whi
h originate from heavier parti
les, like W and Z bosons, are expe
ted to have nosu
h a
tivity in their environment. The absen
e of parti
les in the vi
inity of the muonis de�ned as isolation. The de�nition of isolation allows for the separation of muonsoriginating from the de
ay of light hadrons and those from the leptoni
 de
ay of ve
torbosons or heavier obje
ts. Di�erent muon isolation algorithms 
ompare the amount of
alorimeter energy deposits and 
harged-parti
le tra
k momenta in a de�ned 
one aroundthe muon dire
tion to the momentum of the muon itself. The energy deposited by themuon and its transverse momentum is not 
onsidered for the determination of the isolationvariables, referred to as veto 
one, whi
h is illustrated in �gure 5.4.

Figure 5.4: Muon isolation algorithms 
ompare the amount of 
alorimeter energy depositsand 
harged-parti
le tra
k momenta in a de�ned 
one around the muon dire
tion to themomentum of the muon itself. The energy deposited by the muon and its transversemomentum is not 
onsidered for the determination of the isolation variables, 
alled veto
one [24℄.
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ombined isolation is de�ned as:
I
omb = IECAL + IHCAL + ITrk ,where the 
alorimeter isolations IECAL and IHCAL are the sum of transverse energy ET inthe ECAL and HCAL in a 
one of size ∆R ≡

√
(∆η)2 + (∆φ)2 < 0.3 in (η − φ) spa
earound the muon dire
tion. Respe
tively, the tra
ker isolation ITrk is de�ned as thesum of transverse momentum pT within a 
one ∆R < 0.3. The tra
k of the muon, aswell as the energy in the ECAL and HCAL asso
iated to the muon are ex
luded fromthe 
omputation of the isolation [33℄. In order to enhan
e the separation power of theisolation requirement between signal and ba
kground, the isolation is normalised to the

pT of the muon. This quantity is referred to as the 
ombined relative isolation, whi
his de�ned as:
Irel
omb =

I
omb
pT(µ)

=
IECAL + IHCAL + ITrk

pT(µ)
.5.2.2 Ele
tron Re
onstru
tionIn 
ontrast to muons, ele
trons do not have a unique signature in an ex
lusive subsystem,like the muon system. Hen
e, there is no inherent ele
tron identi�
ation embedded intheir re
onstru
tion algorithm. Therefore, the rate of wrongly re
onstru
ted ele
trons isrelatively higher 
ompared to muons. A re
onstru
ted ele
tron 
onsists of the 
ombina-tion of a 
harged-parti
le tra
k in the inner tra
king system originating from the IP anda 
orresponding energy deposition in the ECAL. The re
onstru
tion of ele
trons is 
om-promised by the fa
t, that there is a large amount of tra
ker material between the IP andthe ECAL. By traversing the tra
ker material, ele
trons radiate a 
onsiderable amountof bremsstrahlung, whi
h 
auses a spread of the energy lo
alisation in the ECAL 
rystalsin the φ-dire
tion. The average amount of tra
ker material traversed by the ele
tronsvaries between 0.3X0 in the barrel region and up to 1.5X0 in the overlap region around

|η| = 1.5.Ele
tron Energy ResolutionThe quality of the ele
tron re
onstru
tion and the 
orre
t determination of its energymainly depend on the energy resolution of the ECAL. The energy resolution of anECAL supermodule for in
ident ele
trons σE
E

has been measured with a test beam. Theresult is shown in �gure 5.5. The energy resolution is below 1% for measured energies ofgreater than 20 GeV. It is parametrised as a fun
tion of energy, 
onsidering a sto
hasti
term S, a noise term N and a 
onstant term C, as des
ribed in [22℄:
(σE
E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ C2 .
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Figure 5.5: Energy resolution of an ECAL supermodule for in
ident ele
trons σE
E
, whi
hhas been measured with a test beam [24℄. The energy resolution is parametrised as afun
tion of energy, 
onsidering a sto
hasti
 term S, a noise term N and a 
onstant termC, as des
ribed in [22℄.Ele
tron ClusteringAn ele
tromagneti
 shower 
aused by a single ele
tron or photon deposits its energy inseveral 
rystals in the ECAL [22℄. In an ideal environment, about 94% of the ele
tronenergy is 
ontained in an array of 3× 3 
rystals, while 97% is 
lustered in an 5× 5 array.A single elementary 
ell of ECAL 
rystals is referred to as a basi
 
luster. In the realexperiment, ele
trons traverse the sili
on tra
ker �rst and radiate bremsstrahlung. Theemission of bremsstrahlung leads to a widening of the ele
tron energy distribution in theECAL along the tra
k 
urvature, perpendi
ular to the magneti
 �eld. Hen
e, the energydeposit is spread in φ-dire
tion. The distribution of the ele
tron energy among a 
lusterof 
lusters due to bremsstrahlung photon emission is 
alled �super
luster �, illustrated in�gure 5.6.

Figure 5.6: An ele
tromagneti
 super
luster is 
omposed of an 5× 5 array of ECAL basi

lusters.
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tromagneti
 super
luster 
onsists of an 5×5 array of basis 
lusters and ideally
ontains the 
omplete energy from the emitted photons, whi
h is expressed as ∑
Eγbrem/Ee.Figure 5.7 shows the distribution of bremsstrahlung emission as a fra
tion of the initialele
tron energy. In order to 
olle
t this energy spread in φ-dire
tion, the hybrid and is-land super
lustering algorithms are used. The hybrid algorithm is designed to re
onstru
trelatively high-ET ele
trons in the barrel, while the island algorithm is better suited forlow-energeti
 ele
tron re
onstru
tion in the end
ap region [22℄. The super
lustering algo-rithms require a basi
 
luster as seed 
luster above an energy threshold of EseedT > 1 GeV.Those seed 
lusters initiate a dynami
al re
overy pro
edure of the lost photon energy.

Figure 5.7: Distribution of bremsstrahlung emission as a fra
tion of the initial ele
tronenergy. In order to 
olle
t this energy spread in φ-dire
tion, two super
lustering algorithms(hybrid and island) are available. [34℄.Ele
tron tra
k re
onstru
tionThe re
onstru
tion of an ECAL super
luster initiates a super
luster-driven tra
k re
on-stru
tion. The super
luster-driven seed �nding method �rst sear
hes for two hits in thepixel dete
tor. It is assumed, that the energy weighted average impa
t point of the ele
-tron and its asso
iated bremsstrahlung photons 
oin
ides with the impa
t point of anideal, non-radiating ele
tron of the same momentum [22℄. The energy-weighted meanposition of the super
luster is extrapolated ba
kward towards the innermost layer of thepixel dete
tor. If a 
ompatible hit is found within a loose ∆φ−∆z window, the predi
tedtraje
tory of the found hit and the super
luster position is propagated towards the nextpixel layer, in order to sear
h for a se
ond pixel hit within a narrower ∆φ− ∆z window.The two hits found in the pixel dete
tor are used as input for a tra
k �nding algorithmin the sili
on strip tra
ker. Tra
ks are re
onstru
ted using a Gaussian Sum Filter, re-ferred to as GSF tra
ks. In 
ontrast to a simple Kalman Filter (KF), whi
h uses a globalleast-square minimisation method, based on a linear model for the tra
k evolution, theGSF uses a non-linear �lter approa
h, whi
h also a

ounts for non-Gaussian �u
tuations.
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ription of the propagation of the ele
tron is a
hieved. A moredetailed des
ription of the ele
tron tra
k re
onstru
tion is given in [34℄. In summary, thetra
k re
onstru
tion pro
edure 
omprises four modular 
omponents:1. Seed generation: initial tra
k (seed) �nding2. Traje
tory builder: building all possible traje
tories for a given seed3. Traje
tory 
leaner: solving ambiguities among possible traje
tories4. Traje
tory smoother: �nal tra
k �t (ba
kward �t)Ele
tron Classi�
ationAs an example, approximately 35% of the ele
trons radiate about 70% of their initialenergy before rea
hing the ECAL. In nearly 10% of all 
ases, this fra
tion is above 95%.A

ording to the amount of radiation losses in the inner tra
ker, ele
trons are grouped intodisjoint ele
tron 
lasses, introdu
ed in [34℄. Therefore, several tra
king and 
alorimetryvariables are introdu
ed, whi
h measure the amount of radiated energy. The �rst variable,whi
h measures the amount of bremsstrahlung fbrem, is de�ned as the relative di�eren
eof the ele
tron momentum at the origin pin and the momentum at the tra
ker surfa
e pout:
fbrem =

pin − pout
pin .Furthermore, the total energy of the super
luster ESC should not di�er signi�
antly fromthe inner tra
k momentum, measured as ESC

pin . Also a mat
hing between the super
lusterposition in φ and the re
onstru
ted tra
k is used. The �rst 
ategory represents low-radiative ele
trons, also referred to as �golden ele
trons�. Ele
trons in this 
lass have abremsstrahlung fra
tion below 20% (fbrem < 0.2) and their 
orresponding super
luster is
onstituted by a single seed 
luster. Also the ESC
pin value is greater than 0.9. The nexttwo 
ategories are referred to as big brem and narrow ele
trons. They 
ontain a goodenergy-momentum mat
hing 0.9 < ESC

pin < 1.1, despite a large bremsstrahlung fra
tion of
fbrem > 0.5. The remaining ele
trons are grouped into the �nal 
ategory of showeringele
trons. Ele
trons from this 
lass have the largest fra
tion of bremsstrahlung loss and abad mat
hing between super
luster energy and tra
k momentum.Ele
tron IsolationAs already introdu
ed in the 
ontext of muon re
onstru
tion, lepton isolation is a simpleand powerful tool in order to suppress ba
kground from QCD pro
esses, like the pro-du
tion of prompt ele
trons from leptoni
 de
ays of b and 
 quarks, as well as ele
tronsmisre
onstru
ted from hadroni
 jets. As a �rst presele
tion step, in order to separatereal ele
trons from non-genuine or �fake� ele
trons, also emerging from early photon 
on-versions in the tra
ker material, a simple tra
k-based ele
tron isolation is applied.Requiring only tra
k isolation also avoids 
ompli
ations due to severe bremsstrahlung orphoton 
onversions [22℄. The ele
tron tra
k isolation is de�ned as the sum of transversetra
k momenta ptra
kT in a �xed 
one of ∆R =

√
(∆η)2 + (∆φ)2 < 0.3 in (η − φ) spa
e
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tron 
andidate, ex
luding the ele
tron tra
k itself. The sum is normalisedto the ele
tron momentum: ∑ (
ptra
kT )

/peT.In the event sele
tion, presented in se
tion 6, the ele
tron isolation is de�ned analogouslyto the muon isolation de�ned above as a relative 
ombined isolation separately forthe barrel and end
ap regions, taking also into a

ount the relative 
alorimeter isolation.For the re
onstru
tion of ele
trons, also a requirement on the impa
t parameter withrespe
t to the beam spot is applied. In the following, tra
k-based ele
tron isolation is
omplemented by ele
tron identi�
ation requirements.Ele
tron Identi�
ationThe ele
tron identi�
ation makes use of the full set of separating variables. It is expe
ted,that the performan
e of ele
tron identi�
ation, in terms of e�
ien
y and purity, dependson the presele
tion, su
h as 
lassi�
ation and isolation. As a �rst sele
tion step, ele
tronsare separated into di�erent 
lasses, based on an energy-momentum mat
hing between there
onstru
ted ele
tron tra
k and the 
orresponding super
luster. Also a loose tra
k isola-tion of ∑
ptra
kT /peT < 0.5 with 
one size R = 0.35 is applied, whi
h signi�
antly redu
esthe ba
kground from QCD fake ele
trons, as des
ribed in [34℄. In the following, furtherele
tron quality variables are introdu
ed, in order to re
onstru
t ele
tron 
andidateswith optimal purity:A geometri
al mat
hing between the extrapolation of the tra
k position at the primaryvertex to the ECAL ηextrap.in and φextrap.in to the energy-weighted position of the super
luster

ηSC and φSC is performed, as des
ribed in [34℄. The resulting identi�
ation variables,labelled as ∆ηin and ∆φin, are de�ned as:
|∆ηin| = |ηSC − ηextrap.in | ,

|∆φin| = |φSC − φextrap.in | .Ele
trons are expe
ted to have no signi�
ant energy deposited in the HCAL, thereforean upper limit on the fra
tion of energy in the HCAL tower just behind the seed
luster is required. The 
orresponding variable is the ratio H/E, whi
h is expe
ted to be
H/E < 0.2 for well identi�ed ele
tron 
andidates. In order to further dis
riminate thejet ba
kground, ele
tron shower shape variables are used. For ea
h super
luster with agiven seed 
luster s and 
rystals i, the shape variables σηη and σφφ are de�ned as [34℄:

σηη =
∑
rystals i

(ηi − ηs)
2Ei ·

1

Es
,

σφφ =
∑
rystals i

(φi − φs)
2Ei ·

1

Es
.Due to e�e
ts from bremsstrahlung, parti
ularly the φ proje
tion appears distorted.Therefore, only the shape variable σηη is used for the ele
tron sele
tion in the analy-sis, des
ribed in 
hapter 6. All relevant ele
tron identi�
ation variables are shown fordi�erent ele
tron 
lasses in �gures 5.8 (a) - (d).
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(a) (b)

(
) (d)Figure 5.8: Ele
tron identi�
ation variables: As a �rst sele
tion step, ele
trons areseparated into di�erent 
lasses, labelled as golden and showering, based on an energy-momentum mat
hing between the re
onstru
ted ele
tron tra
k to the 
orresponding su-per
luster. Ele
trons are expe
ted to have no signi�
ant energy deposited in the HCAL,therefore an upper limit on the fra
tion of energy in the HCAL tower just behind the seed
luster is required. The 
orresponding variable is the ratio H/E, shown in (a). In orderto further dis
riminate the jet ba
kground, ele
tron shower shape variables are used. Asan example σηη, is shown in (b). A geometri
al mat
hing between the extrapolation ofthe tra
k position at the primary vertex to the ECAL to the energy-weighted position ofthe super
luster is performed. The resulting identi�
ation variables, labelled as ∆ηin and
∆φin, are shown in (
) and (d) [34℄.
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tron Sele
tionSeveral ele
tron identi�
ation (ID) and re
onstru
tion requirements have been dis
ussedabove. In order to sele
t well identi�ed ele
trons, a robust, 
ut-based ele
tron sele
tionis used. The sele
tion 
riteria are optimised with respe
t to the sele
tion e�
ien
y ofW± → e±νe against QCD events as des
ribed in an analysis from the ele
troweak workinggroup [35℄. A detailed des
ription of the ele
tron ID requirements is given in se
tion 6.4.The appli
ation of a simple 
ut-based ele
tron ID results in an overall e�
ien
y for fakeele
trons from QCD ba
kground at the permill level, while obtaining an identi�
atione�
ien
y for ele
trons with momentum 5 < pT < 50 GeV/
 of about 90%, as des
ribedin [34℄.5.2.3 Jet Re
onstru
tionAt a hadron 
ollider experiment su
h as CMS, every re
orded event 
ontains a huge num-ber of re
onstru
ted 
harged-parti
le tra
ks and energy deposits in the 
alorimetry. Any
oloured quark or gluon produ
ed in a proton-proton 
ollision hadronises into 
olourlessmesons or baryons, dete
ted as a jet in the CMS experiment. In order to re
onstru
tthe kinemati
s of a tt̄ quark pair event, it is important to understand the jet 
ompositionin su
h events. A key problem is the 
orre
t asso
iation of a quark or gluon produ
edin a hard s
attering pro
ess with a jet, measured in the dete
tor. Therefore, in CMS,three di�erent approa
hes for the re
onstru
tion of jets are used: 
alorimeter (
alo) jetre
onstru
tion using only information from the 
alorimeters, Jet-Plus-Tra
k (JPT) re-
onstru
tion, whi
h uses 
alorimeter jets and 
ombines them with the information ofasso
iated tra
ks from the inner tra
king system, and the Parti
le-Flow (PF) re
onstru
-tion, whi
h in
ludes information from all subdete
tors to subsequently re
onstru
t ea
hindividual parti
le in the event. For the analysis presented in this thesis, Parti
le-Flowre
onstru
ted jets are used. The PF algorithm is explained in further detail in se
tion5.2.6.Jet Energy ResolutionThe jet energy resolution of the HCAL has been studied using simulated QCD dijet eventsby 
omparing the re
onstru
ted jet transverse energy Ere
oT to the generated transverseenergy EMCT . The result is shown in �gure 5.9. The jet transverse energy resolution showssimilar performan
e in all di�erent dete
tor 
omponents, the barrel, the end
aps and inthe forward dire
tion. The distribution of the resolution σ (
Ere
oT
EMCT )

/〈Ere
oT
EMCT 〉 is parametrisedwith the following fun
tional form:

σ
(

Ere
oT
EMCT )

〈Ere
oT
EMCT 〉

=
A

EMCT +
B√
EMCT + C ,where the term A a

ounts for energy �u
tuation, su
h as ele
troni
 noise or underlyingevent energy, B is the sto
hasti
 response of the measurement and C represents non-linearities in the dete
tor response.
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Figure 5.9: The jet energy resolution of the HCAL has been studied using simulated QCDdijet events by 
omparing the re
onstru
ted jet transverse energy Ere
oT to the generatedtransverse energy EMCT [22℄.Tower de�nitionA 
alorimeter jet is de�ned by an a

umulation of energy deposited by hadrons in the
alorimeters (HCAL and ECAL). The readout 
ells in the HCAL are arranged in towersin (η − φ) spa
e in the dire
tion towards the intera
tion point, as des
ribed in [22℄. A
alorimeter tower 
ombines the information from the ECAL and HCAL by adding thesignals from the mu
h �ner binned ECAL into one 
orresponding bin in the HCAL.Therefore, the size of a HCAL 
ell determines the size of a 
alorimeter tower, where oneHCAL 
ell 
orresponds to an 5× 5 array of ECAL 
ells. Jet 
lustering algorithms, whi
hare des
ribed in the following subse
tion, use 
alorimeter towers as input. The totalenergy of a tower is given by the sum of all 
orresponding readout 
ells above a 
ertainthreshold, in order to suppress dete
tor noise. A tower is further treated as a masslessparti
le, with the energy given by the tower energy and the dire
tion de�ned by the 
entreof the tower and the nominal intera
tion point.Jet AlgorithmsIn CMS, three di�erent jet re
onstru
tion methods are used, whi
h are distinguished bythe set of subdete
tors, whi
h are used for jet �nding. Jet 
lustering or 
one algorithmsare used as input to all jet re
onstru
tion methods. Di�erent jet algorithms usually resultin a di�erent number of jets in the event after full re
onstru
tion. Cone algorithms areusually simpler and faster and therefore used in software-based triggering systems for jetre
onstru
tion, while 
lustering algorithms are mostly used for o�ine analysis. Cone jetalgorithms group input obje
ts together intermediately and the �nal jet quantities are
al
ulated on
e at the end of the jet �nding pro
edure. On the other hand, 
lusteringalgorithms merge input obje
ts into possible �nal jets in ea
h iteration step and thequantities of a potential jet have to be 
al
ulated during the 
lustering.



5.2. OBJECT RECONSTRUCTION 55Clustering Algorithms There are three 
lustering algorithms available at CMS for jetre
onstru
tion, as des
ribed in [36℄: the kT -algorithm, the Cambridge/Aa
hen algorithmand the Anti-kT -algorithm. Ea
h of the 
lustering algorithms 
ombines the input fourve
tors of two parti
les, i and j, pair-wise a

ording to the distan
e of the two parti
les
dij and their individual distan
e to the beam diB:

dij = min
(
(kT)2p

i , (kT)2p
j

) ∆2
ij

D2
,

diB = (kT)2p
i ,where ∆ is de�ned as ∆2

ij = (yi − yj)
2 + (φi + φj)

2 and (kT)i, yi and φi are the parti
lestransverse momentum, rapidity and azimuthal angle. For all input parti
les the smallestdistan
e among dij and diB is determined. If dij is minimal, the two parti
les i and j arere
ombined, adding their four momenta. If diB is minimal, parti
le i is removed from thelist of parti
les and 
alled a jet. After ea
h step, all distan
es are re
al
ulated and thepro
edure is repeated until no parti
les are left [36℄.All three algorithms are infrared- and 
ollinear-safe, su
h that no soft emission or
ollinear splitting 
hanges the result of the 
lustering. This is an important feature ofjet algorithms for the interpretation of the relation between partons and jets in termsof theoreti
al modelling of experimental data. The parameter p distinguishes the threealgorithms: (p = 1) 
orresponds to the kT -algorithm, while (p = 0) 
orresponds toCambridge/Aa
hen and (p = -1) to the Anti-kT -algorithm.Cone Algorithms Two 
one algorithms are provided by the CMS group [36℄: the It-erative Cone and the Seedless Infrared-Safe (SIS) Cone algorithm. In the Iterative Conealgorithm, the most energeti
 parti
le is used as a seed and all parti
les within a �xed
one of radius R are 
lustered into a jet 
andidate. The sum of all 
lustered parti
lesgives rise to a new jet axis, whi
h has to be 
ompatible within pre
ision with the seedaxis. If the two axes agree, the jet 
andidate is 
alled a jet and the jet 
onstituents areremoved from the list of input obje
t. The pro
edure is repeated with the remaining, mostenergeti
 parti
le as the next seed. If the two axes do not agree, the pro
edure is repeatedwith the 
lustered jet 
andidate as a new seed, until a stable 
one is found. Like mostof the 
ommonly used 
one-type algorithms, the Iterative Cone algorithm is simple andfast to pro
ess, but it is not found to be infrared- or 
ollinear-safe. Therefore, a seedlessinfrared-safe (SIS) 
one algorithm is proposed, whi
h introdu
es a non-iterative approa
h.Two 
hara
teristi
 distan
e parameters were introdu
ed for 
one-type and 
lusteringalgorithms: the jet size parameter R and the res
aling parameter D for sequential 
lus-tering. Within the CMS framework, several values for these distan
e parameters areavailable: R = 0.5 for Iterative Cone and R = 0.5, 0.7 for SIS Cone and D = 0.4, 0.6for the kT -algorithms. The Anti-kT algorithm, whi
h uses the inverse square of theparti
les four momenta as a distan
e s
ale, is expe
ted to have similar performan
e asthe Iterative Cone algorithm, while also being infrared- and 
ollinear-safe. Therefore,this algorithm is preferred and is used together with the Parti
le-Flow jet re
onstru
tionalgorithm for the analysis.
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alorimeter jet re
onstru
tion ex
lusively uses 
alorimeter towers as input. As de-s
ribed above, a single 
alorimeter tower 
onsists of one HCAL 
ell and an 5 × 5 arrayof ECAL 
ells. Beyond the 
overage of the ECAL, a 
alorimeter tower 
onsists of oneHCAL 
ell [36℄. Several subdete
tor spe
i�
 energy thresholds are de�ned in order to re-je
t ele
troni
 noise. Any tower, whi
h passes the minimal ET -requirements is 
onsideredas input to one of the jet �nding algorithms (
lustering or 
one-type), des
ribed above.Jet-Plus-Tra
k JetsIn the Jet-Plus-Tra
k (JPT) algorithm, jets are �rst re
onstru
ted as 
alorimeter jets witha �xed-
one (Iterative Cone) jet �nding algorithm. In order to 
orre
t for the resolutionand the pT -response of 
alorimeter jets, information from the inner tra
king system isused. First, 
harged-parti
le tra
ks are asso
iated to the re
onstru
ted 
alorimeter jets,based on the (η− φ) distan
e between the jet axis and the tra
k dire
tion at the primaryvertex. If the proje
tion of the tra
k onto the surfa
e of the 
alorimeter points into the
one of the jet, the tra
k is 
lassi�ed as in-
one tra
k. If the the tra
k is bent out of thejet 
one by the magneti
 �eld, the tra
k is 
lassi�ed as out-
one tra
k [36℄. The tra
kmomenta of both, in-
one and out-
one tra
ks, are added to the energy of the 
alorimeterjet, while the expe
ted energy deposit of the in-
one tra
ks is furthermore subtra
ked.The resulting energy of the JPT jet is greater than or equals the initial 
alorimeter jetenergy, 
orre
ted by the 
harged-parti
le tra
k momenta, whi
h presumably are bend outof the �xed jet 
one and therefore 
an only be used with the Iterative Cone algorithm.Parti
le-Flow JetsThe Parti
le-Flow (PF) jet re
onstru
tion algorithm is 
urrently the only method, whi
hmakes use of all subdete
tor systems of the CMS experiment. The aim of the algorithm isto 
orre
tly identify ea
h obje
t in the event on the parti
le level. As already introdu
ed(see �gure 5.2), by 
ombining subsequently all subdete
tor information, �ve 
ategories ofparti
les are distinguished, based on their di�erent dete
tor response:Firstly, muons are identi�ed, due to their unique signature in the muon system, despitepun
h-through e�e
ts of hadrons, whi
h give rise to misidenti�ed muon 
andidates. There
onstru
tion of muons 
ombines information from all CMS subdete
tors (inner tra
k-ing system, 
alorimetry and muon system). Se
ondly, ele
trons and 
harged hadrons arere
onstru
ted, using information from the inner tra
king system and the full 
alorime-try (ECAL and HCAL). Finally, photons and neutral hadrons are re
onstru
ted, usingeither the ECAL or (in 
ase of neutral hadrons) the HCAL alone. The re
onstru
tion ofindividual parti
les by the PF algorithm is des
ribed in further detail in se
tion 5.2.6.Jet Energy Corre
tionsIn order to 
orre
t re
onstru
ted jets for their mismeasured energies, three di�erent 
or-re
tions are applied su

essively to ea
h jet. In CMS, a fa
torised approa
h is used, whi
h
orre
ts jets to the parton-level (MC) information: �rst, energy 
ontributions due to ele
-troni
 noise and pileup are subtra
ted (o�set 
orre
tion). Se
ondly, a relative 
orre
tion



5.2. OBJECT RECONSTRUCTION 57is applied, to 
orre
t for non-uniformities in the jet response in η, 
ompared to the averageresponse in the barrel 
alorimeters. Finally, the energy of re
onstru
ted jets is 
orre
tedto the simulated response of asso
iated generated jets, referred to as absolute 
orre
tion.5.2.4 B Jet Identi�
ationThe identi�
ation of jets 
ontaining de
ay produ
ts of b hadrons, referred to as b tagging,is an important aspe
t of the full event re
onstru
tion pro
edure, in order to separate thesejets from jets asso
iated with gluons or light quarks [37℄. Therefore, di�erent algorithmshave been developed, using information from the inner tra
king system due to the longlifetime of the b hadron, as well as the presen
e of non-isolated leptons, stemming fromthe semileptoni
 de
ay of b hadrons. In the following, two algorithms are 
onsidered, bothexploiting the relatively long lifetime of the b hadron, due to its weak de
ay, whi
h areusing the tra
k impa
t parameter and re
onstru
ted se
ondary verti
es as inputfor the 
onstru
tion of a dis
riminating variable, referred to as b tagging �dis
riminator �.This numeri
al output is required to be above a 
ertain threshold, 
alled operating point,in order that a jet is 
onsidered as b jet.Tra
k Counting AlgorithmThe tra
k 
ounting (TC) algorithm is an approa
h to b jet identi�
ation, whi
h uses ane�e
tive single-tra
k observable: the distan
e between the tra
k and the asso
iated vertexat the point of 
losest approa
h, 
alled the impa
t parameter (IP), as des
ribed in [37℄.The variable, whi
h is used as the dis
riminator for the TC algorithm, is the signi�
an
eof the impa
t parameter IP
σIP , where σIP is the un
ertainty of the IP. The tra
ks 
ontainedin a jet are ordered in de
reasing signi�
an
e. If a jet 
ontains at least N tra
ks with asigni�
an
e of the impa
t parameter above the dis
riminator value S, the jet is identi�edas a b jet by the TC algorithm. Hen
e, the dis
riminator variable 
orresponds to thesigni�
an
e of the IP of the N th tra
k asso
iated to the jet. A

ording to N = 2 and

N = 3, two variants of the TC algorithm are distinguished, referred to as tra
k 
ountinghigh e�
ien
y (TCHE) and tra
k 
ounting high purity (TCHP).Simple Se
ondary Vertex AlgorithmIn the 
ase of the simple se
ondary vertex (SSV) algorithm a dire
t sear
h for a se
ondaryvertex from the de
ay of the b hadron is performed. For a given set of tra
ks, the samere
onstru
tion pro
edure as for primary vertex re
onstru
tion is used. If at least 65%of all tra
ks are shared with the primary vertex, the vertex is removed from the list of
andidates [37℄. The most important variables used for the vertex re
onstru
tion are thetra
k multipli
ity and the three-dimensional �ight distan
e. The �ight distan
e isused as the dis
riminator for the SSV b tagging algorithm, whereas a minimal number ofat least two tra
ks asso
iated to the re
onstru
ted se
ondary vertex is required. Similarto the TC algorithm, a number of tra
ks N ≥ 2 
orresponds to the SSV high e�
ien
y(SSVHE) version of the tagging algorithm. Also a version with N ≥ 3 is available, whi
his referred to as the SSV high purity (SSVHP) algorithm.
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Figure 5.10: A

eptan
e of light jets (mistag rate) versus b-tagging e�
ien
y [37℄.The performan
e of the algorithms des
ribed above is 
hara
terised by the sele
tion e�-
ien
y of real b jets (b tagging e�
ien
y) and the a

eptan
e of light-�avour jets, 
alledthe mistag rate, whi
h measures the purity of the sele
ted b jet sample. In �gure 5.10, themistag rate is shown versus the b tagging e�
ien
y. For ea
h of the algorithms, distin
toperating point are de�ned, whi
h 
orrespond to a spe
i�
 value of the dis
riminatingvariable. These operating points are labelled � loose�, �medium� and �tight�. Based on anestimation from simulated data samples, the operating points 
orrespond to an a

eptan
eof light-�avour partons of 10%, 1% and 0.1% respe
tively, given in [37℄.5.2.5 Missing Transverse EnergyThe primary goal of the event re
onstru
tion is to obtain a 
omplete pi
ture of the eventand the kinemati
s, in
luding neutrinos or other weakly-intera
ting stable parti
les, whi
hgive rise to apparent missing energy in the event [22℄. It is impossible to dete
t parti
lesprodu
ed in the longitudinal dire
tion of the beam pipe, hen
e the balan
e of energydeposits proje
ted into the transverse plane to the beam dire
tion (spanned by −→
i and−→

j ) is measured with good a

ura
y. The missing transverse energy ve
tor −→EmissT ismeasured as the sum of the proje
tion of all individual 
alorimeter towers i, as des
ribedin [22℄: with Emissx =
∑towers i

(Ei sin(θi) cos(φi))and Emissy =
∑towers i

(Ei sin(θi) sin(φi))

=⇒ −→EmissT = Emissx · −→i + Emissy · −→j (5.2)
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onstru
ted muons 
ontribute to the 
al
ulation of EmissT by taking into a

ounttheir re
onstru
ted tra
k pT instead of the expe
ted 
alorimeter deposit. It is expe
ted,that the resolution of the missing energy depends on the overall a
tivity in the 
alorimetry,measured by the s
alar sum of transverse energy in all 
alorimeter 
ells (
∑
ET) [22℄. Theresolution is found to follow the form σ (ΣET) = C ·

√
ΣET, where C is a 
onstant, whi
hdepends on the jet resolution, shown above. Figure 5.11 shows the resolution σ (ΣET) asa fun
tion of the total sum of all 
alibrated energy deposits, found by the Parti
le-Flowalgorithm, whi
h is des
ribed in the next se
tion.

Figure 5.11: Missing transverse energy resolution σ (ΣET) as a fun
tion of the total sumof all 
alibrated energy deposits, found by the Parti
le-Flow algorithm [38℄.5.2.6 Parti
le-Flow Re
onstru
tionThe Parti
le-Flow (PF) algorithm attempts to identify and re
onstru
t ea
h individualparti
le in the event, utilising information from all CMS subdete
tors. Figure 5.2 gives anoverview of the di�erent 
ontributions of ea
h subsystem to the event re
onstru
tion pro-
edure, whi
h has been des
ribed above. One important aspe
t of the PF re
onstru
tionalgorithm is to provide a better performan
e of re
onstru
ted jets and missing trans-verse energy, 
ontaining an improved resolution and an intrinsi
 
alibration. A 
ompletedes
ription of the PF algorithm is given in [39℄.The PF algorithm starts with an improved re
onstru
tion of 
harged-parti
le tra
ks (iter-ative tra
king) and 
alorimeter 
lusters (topologi
al 
lustering), as well as the re
onstru
-tion of muon tra
ks. These obje
ts are 
alled the �fundamental elements�, whi
h serve asinput to the PF re
onstru
tion algorithm. Before the PF algorithm is applied, the fun-damental elements (tra
ks & 
lusters) are linked to ea
h other, in order to form �blo
ks�,whi
h 
onstitute an early stage of re
onstru
ted parti
les. Spe
ial emphasis is put on theidenti�
ation of 
harged and neutral hadrons, as well as photons. The standard obje
t
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onstru
tion algorithms only utilise information from the 
alorimetry, whereas the PFre
onstru
tion algorithm in
orporates the superior momentum and dire
tion measurementof the inner tra
king system. Therefore, an improved performan
e of the separation andidenti�
ation of re
onstru
ted jets and photons is expe
ted. As an example, a typi
al jetenergy fra
tion of 65% is 
arried by 
harged parti
les, 25% by photons and 10% by neu-tral hadrons, as des
ribed in [39℄. Finally, the amount of missing transverse energy inthe event is 
al
ulated from the modulus of the ve
torial sum of the transverse momentaof all re
onstru
ted parti
les, whi
h is also expe
ted to have an improved performan
e
ompared to MET solely re
onstru
ted from the 
alorimetry, as des
ribed above.Fundamental ElementsAs a �rst approa
h to the 
omplete re
onstru
tion of all individual parti
les in the event,fundamental elements are build, whi
h 
omprise 
harged-parti
le tra
ks, 
alorimeter 
lus-ters and tra
ks in the muon system. These obje
ts are used as input to the link algorithm,whi
h is des
ribed later. Two improved methods for the re
onstru
tion of tra
ks and 
lus-ters are des
ribed in the following.Iterative Tra
king The momentum of 
harged hadrons and the dire
tion of 
hargedparti
les at the vertex is measured to mu
h higher a

ura
y in the sili
on tra
ker, 
om-pared to the 
alorimeters over a large range of energies. In order to optimise the re
on-stru
tion e�
ien
y of 
harged-parti
le tra
ks, while simultaneously minimising therate of misidenti�ed 
harged tra
ks (fake rate), an iterative tra
k re
onstru
tion pro
e-dure is applied, in order to build the tra
k input 
olle
tion to the PF re
onstru
tionalgorithm. First, the tra
k �nding pro
edure is seeded with relatively tight re
onstru
-tion 
riteria, whi
h minimises the fake rate, while obtaining a moderate e�
ien
y for realtra
ks. As a next step, all unambiguous hits found in the previous iteration are removedfrom the list of hits and the tra
k �nding pro
edure is 
ontinued with looser tra
k seeding
riteria. This leads to an in
rease of the tra
king e�
ien
y, while the previous removal ofhits keeps the fake rate small, due to the redu
ed 
ombinatori
s.Topologi
al Clustering The re
onstru
tion of 
alorimeter 
lusters is of spe
ial inter-est, in order to measure the energy and dire
tion of all neutral parti
les, su
h as photonsand neutral hadrons. The main task of the improved 
lustering algorithm is to separateneutral parti
les from 
harged hadrons, as well as the re
onstru
tion of ele
trons. As a�rst step, the 
lustering pro
edure is seeded by �nding a lo
al maximum in the 
alorimeter
ells. In the following, the topologi
al 
lustering algorithm adds 
ells with at least one sidein 
ommon with a 
ell in the 
luster and with an energy above a given threshold to thePF 
luster. The advantage of the topologi
al 
lustering algorithm is, that the energy ofea
h 
alorimeter 
ell is shared among all PF 
lusters a

ording to the 
ell-
luster distan
e,whi
h provides an iterative determination of 
luster energies and positions.Link AlgorithmOne given parti
le gives rise to the 
onstru
tion of several PF elements, as des
ribedabove. Before the fundamental elements are handed over to the 
ore of the PF algorithm,
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onstru
tion algorithm, they are linked to ea
h other, in order to form blo
ks.In the following, these blo
ks are the input to the re
onstru
tion and identi�
ation algo-rithm. First, 
harged-parti
le tra
ks are linked to 
alorimeter 
lusters, by extrapolatingtra
ks from the inner tra
king system into the 
alorimeter, similar to the ele
tron re-
onstru
tion algorithm, des
ribed above. As a next step, in order to 
olle
t 
alorimeter
lusters 
aused by the radiation of bremsstrahlung photons, tangents to the tra
k atthe interse
tion point of ea
h layer of the sili
on tra
ker are extrapolated into the ECAL.If the extrapolated tangent tra
k position is within the boundaries of a 
luster, the 
lusteris linked to the tra
k. This is also part of the tra
k-to-
luster linking pro
edure. Similarly,also links are established between two 
alorimeter 
lusters from the ECAL and HCAL orpreshower, if the position of a 
luster lies within the envelope of a less granular 
alorimeter
ell. Finally, 
harged-parti
le tra
ks are linked to muon tra
ks, in order to 
reate globalmuon 
andidates.Parti
le-Flow Re
onstru
tion and Identi�
ationThe quintessential part of the Parti
le-Flow algorithm is the re
onstru
tion and identi�-
ation algorithm, whi
h uses the fundamental parti
les as input, as des
ribed above. There
onstru
tion sequen
e starts with the 
onstru
tion of PF muons from ea
h global muon
andidate and the muon tra
k is removed from the blo
k. As a next step, ea
h su

essfullyidenti�ed ele
tron 
reates a PF ele
tron and the 
orresponding tra
k and ECAL 
lusterare removed from the blo
k. In the following, a tightening of the tra
k quality 
riteriais applied to the list of input tra
ks, as well as a 
alibration of the 
alorimeter 
lusterenergies [39℄. The remaining elements give rise to 
harged and neutral hadrons, as well asphotons. Ea
h remaining 
harged tra
k in the blo
k gives rise to a PF 
harged hadron.Finally, if the 
alibrated energy of a remaining PF 
luster is signi�
antly larger than any
harged-parti
le momentum, a PF photon or a PF neutral hadron is 
reated.
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Chapter 6Event Sele
tionThe event signature of a dileptoni
ally de
aying tt̄ quark pair 
onsists of two isolated,oppositely-
harged leptons with high transverse momentum, two high-energeti
 b jetsand large missing transverse energy ��ET , due to the neutrinos from the W boson de
ays.In this analysis, only dilepton events with at least one muon and one ele
tron are sele
ted.The event sele
tion is applied in several steps, starting with the sele
tion of events with atleast one muon with pT > 20 GeV/
, whi
h has been re
onstru
ted by both the global andtra
ker muon algorithms (step0 ). The next sele
tion step requires one well identi�ed andisolated muon, whi
h mainly suppresses ba
kground from QCD multijet events (step1 ).As a next sele
tion step, one identi�ed and isolated ele
tron is required, whi
h has togive rise to one muon-ele
tron pair with unlike 
harge (step2 ). Finally, at least two jetswith high transverse momentum are required (step4 ). For the muon-ele
tron 
hannel, nomissing transverse energy is required on top of the dilepton and jet sele
tion. In additionto the dilepton-plus-jets sele
tion, at least one jet is required, whi
h is identi�ed as bjet by a b-tagging algorithm, in order to study the e�
ien
y of the b jet identi�
ationalgorithm. The same sele
tion is applied to data and simulated samples and 
orrespondsto the referen
e sele
tion des
ribed in the �Pass6 � top-dilepton referen
e analysis, asdes
ribed in [40℄. The number of observed events in the data is 
ompared to the expe
tednumber of events from simulation after the following, sequential sele
tion steps:1. One high-pTmuon (step0): at least one muon is re
onstru
ted as global andtra
ker muon with pT > 20 GeV/
2. One isolated muon (step1): at least one muon is passing the full muon sele
tionrequirements (trigger, kinemati
, identi�
ation and isolation requirements)3. Two isolated leptons (step2): one pair of an identi�ed and isolated, oppositely-
harged muon and ele
tron with an invariant dilepton mass greater than 12 GeV/
2,referred to as full µ±e∓ sele
tion4. Two jets (step4): full µ±e∓ sele
tion with at least two additional AK5 PF jetsful�lling all jet requirements, referred to as dilepton-plus-jets sele
tion5. One b-tag: dilepton-plus-jets sele
tion with at least one additional b-tagged jet(TCHE loose working point) 63



64 CHAPTER 6. EVENT SELECTION6.1 Data SamplesCollision dataThe analysis is performed on the full data set of proton-proton 
ollisions, re
orded in2010. In order to sele
t dileptoni
ally de
aying signal events, data samples re
orded witha single-muon or single-ele
tron trigger are used. The 
ollision data sets used in thisanalysis are listed in table 6.1. These samples are repro
essed with CMS software versionCMSSW_3_8_6. The list of 
erti�ed, good runs given in [41℄ is used. The sele
ted runs,whi
h are used as input to the event sele
tion, 
orrespond to an integrated luminosity of35.9 pb−1 with a relative un
ertainty of 3.6%.Sample Run range/Mu/Run2010A-Nov4ReRe
o_v1/AOD 135 821 - 144 114/EG/Run2010A-Nov4ReRe
o_v1/AOD 135 821 - 144 114/Mu/Run2010B-Nov4ReRe
o_v1/AOD 146 240 - 149 711/Ele
tron/Run2010B-Nov4ReRe
o_v1/AOD 146 240 - 149 711Table 6.1: Collision data samples sele
ted by single-muon or single-ele
tron triggers ofthe 2010 data taking period, whi
h are used in the analysis.Simulated dataThe simulated data samples used in this analysis 
orrespond to the Fall10 produ
tionseries of Monte Carlo samples [42℄, as des
ribed in the Pass6 referen
e analysis of thetop-dilepton working group [40℄. The sele
ted samples 
omprise the in
lusive tt̄ quarkpair produ
tion, as well as all relevant ba
kground pro
esses. The ba
kground pro
essesused in this analysis are:
• Drell-Yan Z0/γ⋆ pro
esses (DY)
• Asso
iated W boson and single-top quark produ
tion (tW)
• W boson produ
tion plus additional jets (W+Jets)
• Diboson produ
tion WW, WZ and ZZ (VV)
• QCD multijet events (QCD)The in
lusive tt̄ quark pair sample is split on generator level into the muon-ele
tron signal
hannel, in
luding leptoni
 tau de
ays (ττ , τe & τµ), and all other tt̄ quark pair de
ays,whi
h are 
onsidered to be ba
kground pro
esses to the signal sele
tion. For the simulationof the QCD ba
kground, a muon-enri
hed data sample with a muon transverse momentumof greater than 15 GeV/
 is used. The in
lusive tt̄ quark pair, the single-top quark tWand the DY ba
kground samples are generated withMadGraph [30℄ and interfa
ed withPythia [6℄ for hadronisation and parton fragmentation. For low dilepton invariant masses(generated Z0/γ⋆ mass smaller than 50 GeV/
2), additional DY samples generated withPythia are used. The diboson and QCD samples are also produ
ed with Pythia. Theprodu
tion 
ross se
tions used for the generated samples are given at [40℄, based on [43℄and [18℄. A summary of all simulated data samples is given in table 6.2:
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ess Sample σ [pb℄In
lusive tt̄ TTJets_TuneD6T_7TeV-madgraph-tauola 157.5single-top tW TToBLNu_TuneZ2_tW-
hannel_7TeV-madgraph 10.6Diboson WW WWTo2L2Nu_TuneZ2_7TeV-pythia6 4.5Diboson WZ WZTo3LNu_TuneZ2_7TeV-pythia6 0.6Diboson ZZ ZZtoAnything_TuneZ2_7TeV-pythia6-tauola 7.4W+Jets (W→ eν) WToENu_TuneZ2_7TeV-pythia6 10 438W+Jets (W→ µν) WToMuNu_TuneZ2_7TeV-pythia6 10 438W+Jets (W→ τν) WToTauNu_TuneZ2_7TeV-pythia6-tauola 10 438QCD (µ enri
hed) QCD_Pt-20_MuEnri
hedPt-15_TuneZ2_7TeV-pythia6 84 67910 GeV/
2 < MZ0/γ⋆ < 20 GeV/
2Z0/γ⋆ → e+e− DYToEE_M-10To20_TuneZ2_7TeV-pythia6 3 457Z0/γ⋆ → µ+µ− DYToMuMu_M-10To20_TuneZ2_7TeV-pythia6 3 457Z0/γ⋆ → τ+τ− DYToTauTau_M-10To20_TuneZ2_7TeV-pythia6-tauola 3 45720 GeV/
2 < MZ0/γ⋆ < 50 GeV/
2Z0/γ⋆ → e+e− DYToEE_M-20_TuneZ2_7TeV-pythia6 1 666Z0/γ⋆ → µ+µ− DYToMuMu_M-20_TuneZ2_7TeV-pythia6 1 666Z0/γ⋆ → τ+τ− DYToTauTau_M-20_TuneZ2_7TeV-pythia6-tauola 1 66650 GeV/
2 < MZ0/γ⋆Z0/γ⋆ → e+e− , µ+µ− DYJetsToLL_TuneZ2_M-50_7TeV-madgraph-tauola 3 048Z0/γ⋆ → τ+τ− DYJetsToLL_TuneD6T_M-50_7TeV-madgraph-tauola 3 048Table 6.2: Summary of simulated data samples and 
orresponding 
ross se
tions used inthis analysis.The MC samples are simulated with di�erent �tunes�, whi
h have di�erent amounts ofinitial and �nal state radiation, in order to des
ribe 
orre
tly the parti
le multipli
itiesin proton-proton intera
tions. Some samples are simulated using the D6T tune, be
ausethe 
orresponding Z2 tune samples are a�e
ted by a problem: a large fra
tion of tauswere de
ayed by GEANT, whi
h makes it impossible to �nd their de
ay produ
ts ongenerator level. To 
ompare simulated events to events from 
ollision data, the simulateddata samples are normalised to the integrated luminosity of 35.9 pb−1. The 
onditions for
alibration and alignment of the dete
tor de�ned for early running are taken into a

ount.This analysis is performed with CMSSW_3_8_6 and the list of tags is given in [40℄, usingthe Physi
s Analysis Toolkit (PAT ) layers 0 and 1 as the initial step [44℄.6.2 Event Cleaning and Trigger Sele
tionData events are required to ful�l a good run sele
tion, mentioned in the previous se
tion6.1. Events originating from proton-proton 
ollisions are sele
ted. As a �rst step, theevents are required to have a signi�
ant fra
tion of high-purity tra
ks (> 25%) withrespe
t to the total number of tra
ks in events with at least 10 tra
ks. Also events withsigni�
ant noise in the hadroni
 
alorimeters are removed. In addition, the presen
e of a



66 CHAPTER 6. EVENT SELECTIONwell identi�ed primary vertex with ndof > 4, |ρ| < 2 
m and |z| < 24 
m is required.Due to the in
rease of the instantaneous luminosity over several orders of magnitude inthe 2010 running period, the trigger 
on�guration 
hanged during the data taking period.As a result, a run-dependent trigger sele
tion with in
reasing pT -thresholds is appliedto the 
ollision data samples. In this analysis, events sele
ted by a single-muon orsingle-ele
tron trigger are 
onsidered. The list of used triggers, together with the runranges and 
orresponding integrated luminosities is shown in tables 6.3 and 6.4. Dileptonevents in the muon-ele
tron �nal state are required to be sele
ted either by a muon oran ele
tron trigger. In order to avoid multiple event sele
tion, events from the ele
trondata sample are not sele
ted, if the event has also been triggered by the muon triggerof the 
orresponding data period. Simulated events are sele
ted using the HLT_Mu9 orHLT_Ele10_SW_L1R trigger. A 
orre
tion is applied to the trigger e�
ien
ies, in orderto a

ount for the di�eren
e between the triggers used in the data samples and in thesimulated samples. Further details are given in se
tion 7.1.Run range Trigger path Lint [pb−1 ℄136 035 - 144 999 HLT_Mu9 3.2145 000 - 147 119 HLT_Mu11 5.0147 120 - 149 294 HLT_Mu15_v1 27.7Table 6.3: Single-muon triggers used in the analysis.Run range Trigger path
< 138 000 HLT_Ele10_LW_L1R138 000 - 141 899 HLT_Ele15_LW_L1R141 900 - 143 999 HLT_Ele15_SW_L1R144 000 - 144 114 HLT_Ele15_SW_CaloEleId_L1R ORHLT_Ele20_SW_L1R ORHLT_DoubleEle10_SW_L1R145 000 - 147 119 HLT_DoubleEle10_SW_L1R ORHLT_Ele17_SW_CaloEleId_L1R147 120 - 148 100 HLT_DoubleEle15_SW_L1R_v1 ORHLT_Ele17_SW_TightCaloId_SC8HE_L1R_v1 ORHLT_Ele17_SW_TightEleId_L1R
> 148 100 HLT_DoubleEle17_SW_L1R_v1 ORHLT_Ele17_SW_TightCaloEleId_Ele8HE_L1R_v1 ORHLT_Ele17_SW_TightCaloEleId_Ele8HE_L1R_v2 ORHLT_Ele22_SW_TighterEleId_L1R_v2 ORHLT_Ele22_SW_TighterEleId_L1R_v3 ORHLT_Ele17_SW_TighterEleIdIsol_L1R_v2 ORHLT_Ele17_SW_TighterEleIdIsol_L1R_v3Table 6.4: Single-ele
tron triggers used in the analysis.



6.3. MUON SELECTION 676.3 Muon Sele
tionMuon 
andidates sele
ted for this analysis are required to have pT > 20 GeV/
 and tobe within the pseudorapidity region |η| < 2.4. Several muon identi�
ation requirementsare applied to the 
andidates. The muons have to be re
onstru
ted by both muonre
onstru
tion algorithms, the tra
ker muon and global muon algorithm. In order toremove misidenti�ed muons or muons from de
ay-in-�ight pro
esses, a minimal number ofhits in the sili
on tra
ker asso
iated to the muon 
andidate of at least 11 hits in the sili
ontra
ker (N trkhits > 10) is required, as well as a transverse impa
t parameter of the muontra
k relative to the beam spot of less than 200 µm (|dBS0 | < 0.02 
m). The 
ombinationof sili
on tra
k hits and hits in the muon 
hambers (global tra
k �t) is required to havea good quality of χ2/ndof < 10 and at least one hit in the muon dete
tors. The muonisolation is de�ned as the 
ombined relative isolation, given in equation 6.1:
Irel
omb =

IECAL + IHCAL + ITrk
pT(µ)

(6.1)The values for 
alorimeter isolation IECAL and IHCAL are de�ned as the amount of trans-verse energy deposits inside a 
one in (η − φ) spa
e of ∆R =
√

(∆η)2 + (∆φ)2 < 0.3around the muon 
andidate. Similarly, the value for the tra
ker isolation ITrk is de�ned asthe sum of transverse momentum of the tra
ks in a 
one of ∆R < 0.3 around the muon.The tra
k and energy deposits asso
iated with the muon 
andidate are ex
luded. Isolatedmuons are required to have I
omb < 0.15.
 = 7 TeVs at -1CMS Data: 36 pb

µ e → tSignal t 

Diboson VV

Single-Top tW

tOther t 
-τ +τ →* γZ/

- e+ , e-µ +µ →* γZ/

ν ± l→ ±W

-enriched)µQCD (

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

)  [GeV]µ (TTransverse momentum P
0 20 40 60 80 100 120 140 160 180 200

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

(a)

 = 7 TeVs at -1CMS Data: 36 pb

µ e → tSignal t 
Diboson VV
Single-Top tW

tOther t 
-τ +τ →* γZ/

- e+ , e-µ +µ →* γZ/
ν ± l→ ±W
-enriched)µQCD (

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

ηMuon pseudorapidity 
-3 -2 -1 0 1 2 3

N
um

be
r 

of
 m

uo
ns

1

10

210

310

410

510

610

710

(b)Figure 6.1: (a) Muon transverse momentum pT and (b) pseudorapidity η after applyingthe kinemati
 requirements pT > 20 GeV/
 and |η| < 2.4 for re
onstru
ted tra
ker andglobal muons (step0). Simulated samples are normalised to an integrated luminosity of35.9 pb−1.
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(d)Figure 6.2: (a) Muon relative 
ombined isolation Irel
omb for re
onstru
ted global and tra
kermuons, whi
h pass the kinemati
 requirements pT > 20 GeV/
 and |η| < 2.4 (step0). (b)Multipli
ity of muons. (
) Transverse impa
t parameter of the muon tra
k relative to thebeam spot. (d) Number of muon tra
k hits in the sili
on tra
ker. Simulated samples arenormalised to an integrated luminosity of 35.9 pb−1.



6.4. ELECTRON SELECTION 69In �gure 6.1, the transverse momentum of the muon and its pseudorapidity are 
omparedto the simulation after applying the kinemati
 requirements, as well as the sele
tion oftra
ker and global muons (step0 ), be
ause the QCD sample is already enri
hed withone muon of pT > 15 GeV/
. At this �rst stage of event sele
tion, QCD events arethe dominant sour
e of non-isolated, high-pT muons. The distributions for the relative
ombined isolation, as well as the multipli
ity of muons, the number of tra
ker hits andthe muon impa
t parameter dBS0 before the identi�
ation and isolation requirements areshown in �gure 6.2. All muon properties are 
ompared after applying the kinemati
requirements before the sele
tion of isolated muons.6.4 Ele
tron Sele
tionEle
tron 
andidates sele
ted for this analysis are required to have pT > 20 GeV/
 andto be within the pseudorapidity region |η| < 2.5. The distribution of ele
tron 
andidatekinemati
s before applying any identi�
ation or isolation requirement is shown in �gure6.3, where the presen
e of at least one well identi�ed and isolated muon is required (step1 ),in order to reje
t non-genuine ele
trons from QCD ba
kground events. The main sour
e ofevents with isolated muons are W+Jets events, in whi
h the W bosons de
ays leptoni
ally.
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(b)Figure 6.3: (a) Ele
tron transverse momentum pT and (b) pseudorapidity η before ap-plying any identi�
ation 
riteria after the full muon identi�
ation and isolation sele
tion(step1). Simulated samples are normalised to an integrated luminosity of 35.9 pb−1.Similar to the muon sele
tion, ele
tron identi�
ation and isolation requirements are ap-plied. Additionally, a 
onversion veto requirement is applied to the ele
tron 
andi-dates, whi
h is des
ribed later in this se
tion. In order to reje
t mismeasured ele
trons,the ET of the 
alorimeter 
luster has to be greater than 15 GeV. In order to ex
lude muons,whi
h are misre
onstru
ted as ele
trons, ele
tron 
andidates are reje
ted, if a tra
ker or



70 CHAPTER 6. EVENT SELECTIONglobal muon 
andidate is found within a 
one of ∆R(e, µ) < 0.1 around the ele
tron 
an-didate. The impa
t parameter of the GSF tra
k asso
iated to the ele
tron relative to thebeam spot is required to be less than 400 µm (|dBS0 | < 0.04 
m). Some of the ele
tronquality requirements are de�ned separately for the ECAL barrel and end
ap. The barreland end
ap regions are de�ned based on the super
luster pseudorapidity ηSC asso
iated tothe ele
tron 
andidate: the region of |ηSC| < 1.479 
orresponds to the ECAL barrel, while
|ηSC| > 1.479 de�nes the ECAL end
ap regions. The ele
tron identi�
ation is basedon a set of simple 
uts applied to the shower shape (σηη) and tra
k-to-
luster mat
hingvariables (∆ηin, ∆φin). In table 6.5, the di�erent requirements on the ele
tron identi�
a-tion variables are summarised. They are optimised in order to maximally separate signalevents from W de
ays and QCD ba
kground events. The de�nition of several operatingpoints, using simulated W → e νe and QCD events, is given in [35℄. The working point,whi
h is 
hosen for this analysis, 
orresponds to an e�
ien
y of 90% on the simulatedsample, referred to as �WP90 �. Neither the isolation sele
tion nor the 
onversion reje
-tion of WP90 are applied. The distributions of the ele
tron identi�
ation variables beforeapplying the sele
tion requirements are shown in �gure 6.4.Ele
tron ID ECAL barrel ECAL end
apvariable (WP90 ) (|ηSC| < 1.479) (|ηSC| > 1.479)

σηη < 0.01 0.03
∆ηin < 0.007 -
∆φin < 0.8 0.7
H/E < 0.12 0.05Table 6.5: Ele
tron identi�
ation variables. The requirements on shower shape (σηη)and tra
k-to-
luster mat
hing variables (∆ηin, ∆φin), well as the ratio of hadroni
 energydeposit H behind the seed 
luster E, are de�ned separately for ECAL barrel (|ηSC| <

1.479) and end
ap (|ηSC| > 1.479). Due to a re
ommendation of the ele
troweak workinggroup, the requirement on the ∆ηin variable in the end
aps is omitted in the softwareversion, whi
h is used for the re
onstru
tion of the ele
tron 
andidates (CMSSW_3_8_6),as des
ribed in [35℄.The 
onversion reje
tion is based on a 
ombination of information from �nding a
onversion partner tra
k and from a requirement on the ele
tron tra
k hit pattern [45℄.An ele
tron 
andidate is reje
ted, if a partner tra
k with opposite 
harge to the ele
tronis found within |∆ cot(θ)| < 0.02, where ∆ cot(θ) is de�ned as:
∆ cot(θ) ≡ 1

tan(θtrk) − 1

tan(θele
trk )
. (6.2)The ele
tron 
andidate is also reje
ted, if the distan
e of 
losest approa
h d
onv of twotra
ks in the plane transverse to the beam is less than 200 µm (|d
onv| < 0.02 
m). The
orresponding distributions of ∆ cot(θ) and d
onv are shown in �gures 6.5 (a) and (b).Ele
tron 
andidates from 
onversions o

urring beyond the �rst few layers of the pixeltra
ker are expe
ted to have more than one missing hit on the inwards propagated tra
ktraje
tory and are reje
ted.
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(d)Figure 6.4: A simple and robust 
ut-based ele
tron identi�
ation is applied on re
on-stru
ted ele
tron 
andidates. A set of sele
tion 
riteria based on shower shape (σηη) andtra
k-to-
luster mat
hing variables (∆ηin, ∆φin) is 
hosen based on the optimal sele
tione�
ien
y of W± → e±νe events against QCD ba
kground events. The sele
ted eventshave to pass the full muon sele
tion requirements (step1). (a) Ratio of hadroni
 energydeposit H over the 
orresponding ECAL seed 
luster energy E. (b) Shower shape variable
σηη, de�ned in se
tion 5.2.2. (
) and (d) Tra
k-to-
luster mat
hing variables. Simulatedsamples are normalised to an integrated luminosity of 35.9 pb−1.
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(d)Figure 6.5: Ele
tron 
onversion reje
tion is based on a veto requirement against 
onversionpartner tra
ks and missing hits in the ele
tron tra
k hit pattern. All distributions are
ompared to simulation after the sele
tion of at least one isolated, high-pT muon (step1).(a) Distan
e of 
losest approa
h of two tra
ks in the plane transverse to the beam d
onvand (b) ∆ cot(θ) de�ned in equation 6.2. (
) Ele
tron relative 
ombined isolation, whi
h isde�ned separately for ECAL barrel and end
ap regions. (d) Multipli
ity of re
onstru
tedele
tron 
andidates before applying identi�
ation or isolation requirements. Simulatedsamples are normalised to an integrated luminosity of 35.9 pb−1.



6.5. DILEPTON SELECTION 73The ele
tron isolation is de�ned as the 
ombined relative isolation given in equations6.3 and 6.4, whi
h is de�ned separately for barrel and end
ap ele
trons:
Irel,barrel
omb =

ITrk +max(0, IECAL − 1) + IHCAL
pT(e) , (6.3)

Irel,end
ap
omb =
ITrk + IECAL + IHCAL

pT(e) . (6.4)The isolation is de�ned similarly as for muons: the values for the 
alorimeter isolation
IECAL and IHCAL are de�ned as the amount of transverse energy deposits inside a 
one
∆R < 0.3 around the ele
tron 
andidate. The tra
ker isolation value ITrk is de�ned asthe sum of transverse momentum of the tra
ks in a 
one of ∆R < 0.3 around the ele
-tron. The tra
k and energy deposits asso
iated with the ele
tron 
andidate are ex
luded.Isolated ele
trons are required to have I
omb < 0.15 both for the barrel and end
ap re-gion. The distribution of the relative 
ombined isolation is shown in �gure 6.5, as well asthe multipli
ity of re
onstru
ted ele
tron 
andidates before applying any identi�
ation orisolation requirements.6.5 Dilepton Sele
tionSignal events are required to have at least one isolated, oppositely-
harged muon-ele
tronpair. A lepton pair is assigned to a parti
ular de
ay 
hannel using the two highest-
pT leptons in the event, whi
h are ful�lling the isolation and identi�
ation 
riteria. Thesignature of signal events 
ontains a lepton pair of unlike lepton �avour, therefore no eventswith invariant dilepton masses near the Z0 boson mass have to be ex
luded. Events witha dilepton mass below 12 GeV/
2 are ex
luded to reje
t Z0/γ⋆ events with low masses,whi
h were not simulated, as well as de
ay produ
ts from low-mass resonan
es.In order to assure, that both leptons originate from the same, good primary vertex, alepton-vertex mat
hing is performed. Well identi�ed primary verti
es are sele
ted a

ord-ing to the event sele
tion des
ribed above. The relative di�eren
e of the z-position of anysele
ted, isolated lepton to the good primary vertex has to be below 1 
m (|zℓ − zvtx| < 1
m). Furthermore, all re
onstru
ted leptons have to be mat
hed to the same primaryvertex. Otherwise, the event is reje
ted. The sele
tion of events with at least one wellidenti�ed and isolated muon and ele
tron of opposite 
harge, whi
h originate from a 
om-mon, well identi�ed vertex, is referred to as full µ±e∓ sele
tion or step2. The distributionsof the invariant muon-ele
tron mass for oppositely- and like-
harged lepton pairs is shownin �gure 6.6. A

ording to the simulation, the dominating remaining ba
kground 
on-tribution stems from Z0/γ⋆ → τ+τ− events. The 
ontribution from tt̄ quark pair signalevents is already 
learly visible and yields an equal number of events, as for the leadingba
kground 
ontribution. A detailed dis
ussion of the event yields after full µ±e∓ sele
tionis given below.
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(b)Figure 6.6: (a) Invariant mass for oppositely-
harged events passing the full µ±e∓sele
tion (step2). (b) Invariant mass for equally-
harged µ±e± events passing the fullmuon and ele
tron identi�
ation and isolation sele
tion. Simulated samples are normalisedto an integrated luminosity of 35.9 pb−1.6.6 Jet Sele
tionSignal events are 
hara
terised by the presen
e of high-energeti
, hadroni
 jets 
orrespond-ing to b jets, and softer jets from initial and �nal state radiation. Most of the ba
kgroundevents are not expe
ted to have as mu
h hadroni
 a
tivity, therefore the requirement ofat least two high-pT jets in the event sele
tion suppresses the remaining ba
kground 
on-tributions signi�
antly. Jets 
an be used using three di�erent re
onstru
tion methods, asdes
ribed in se
tion 5.2.3. All jets are re
onstru
ted using the Anti-kT 
luster algorithmwith a 
lustering parameter equal to 0.5 (AK5 jets). All jet algorithms were shown togive the same performan
e in terms of expe
ted signal and ba
kground yields [46℄. Theexpe
ted jet energy s
ale (JES) un
ertainty, whi
h is one of the largest systemati
 un
er-tainties to the 
ross se
tion measurement, is found to be 5% for JPT and PF jets and10% for 
alo jets [47℄. Hen
e, Parti
le-Flow jets are used in this analysis.The momentum of the jets is 
orre
ted using a relative and an absolute s
ale 
orre
tion(L2 and L3 
orre
tions) both in data and simulation. Jets in 
ollision data are further
orre
ted by the residual 
orre
tion (Spring10DataV2), derived on older simulation sam-ples and on early 
ollision data [47℄. The event sele
tion requires at least two PF jetswith 
orre
ted pT greater than 30 GeV/
, within the pseudorapidity region of |η| < 2.5.Jet 
andidates are removed from the jet 
olle
tion, if they are overlapping with one ofthe sele
ted leptons within a 
one ∆R(jet, µ/e) < 0.4 around the jet. In order to sup-press dete
tor noise, a simple 
ut-based jet identi�
ation sele
tion is applied, whi
h isreferred to as � loose ID�, as des
ribed in [48℄. In table 6.6, all requirements on the PF jetidenti�
ation variables are summarised.
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(d)Figure 6.7: Distributions of re
onstru
ted Parti
le-Flow jets for events passing the full
µ±e∓ sele
tion (step2). (a) Transverse momentum pT of PF jets and (b) pseudorapidity
η. PF jet identi�
ation variables: (
) Number of PF jet 
onstituents and (d) multipli
ityof 
harged parti
les inside the jet. Simulated samples are normalised to an integratedluminosity of 35.9 pb−1.



76 CHAPTER 6. EVENT SELECTIONPF jet ID variable (loose ID)Neutral hadroni
 fra
tion < 0.99Neutral e.m. fra
tion < 0.99Number of PF jet 
onstituents > 1if (|η| < 2.4)Charged hadroni
 fra
tion > 0Number of 
harged parti
les > 0Charged e.m. fra
tion < 0.99Table 6.6: Cut-based PF jet identi�
ation [48℄.The distribution of PF jets re
onstru
ted by the Anti-kT algorithm with 
lustering param-eter equal to 0.5 are 
ompared to simulation after the full µ±e∓ sele
tion, shown in �gure6.7. Figure 6.7 (a) shows the transverse momentum of PF jets, whi
h shows a deviationbetween data and simulation of approximately 25%, whi
h originates ex
lusively fromlow-pT jets with pT < 20 GeV/
, and therefore may originate from pileup events, whi
hare not modelled in the simulation. Despite this deviation, the shape of the η-distribution,shown in (b) is des
ribed reasonably by the simulation. In �gures (
) and (d), two jet IDvariables are shown. Both, the number of PF jet 
onstituents, as well as the multipli
ityof 
harged parti
les inside a jet are lower in simulation 
ompared to data, due to notproperly simulated pileup events.For the measurement of the top quark pair produ
tion 
ross se
tion, events with at leasttwo well identi�ed, high-pT jets are sele
ted. In order to 
on�rm the top quark-like topol-ogy of the sele
ted events, the multipli
ity of b-tagged jets is shown in �gures 6.8 (
),(d) and 6.10 (
), (d). Two b-tag algorithm are used: the simple se
ondary vertex high-e�
ien
y (SSVHE) tagger with a dis
riminator value greater than 1.74 (medium workingpoint) and the tra
k-
ounting high e�
ien
y (TCHE) tagger with a dis
riminator valuegreater than 1.7 (loose working point) [37℄. The 
orresponding e�
ien
ies of the di�erentworking points are des
ribed in se
tion 5.2.4.6.7 Missing Transverse Energy Sele
tionMissing transverse energy (MET) ��ET is a 
hara
teristi
 feature of top quark pair de
ays.It is natural in signal events, due to the presen
e of two neutrinos from the leptoni-
ally de
aying W bosons. Requiring a signi�
ant amount of re
onstru
ted MET in theevent allows for the suppression of the remaining like-�avour Drell-Yan and QCD ba
k-ground events after the full µ±e∓ sele
tion, whi
h do not 
ontain a natural sour
e ofMET. Similar to the di�erent jet re
onstru
tion algorithms, there are three types of re-
onstru
ted MET available in CMS [38℄: 
alorimeter-based ��ET 
orre
ted for jet and muonresponse (
alo MET), 
alorimeter-based ��ET 
orre
ted using tra
ker response (t
MET )and ��ET re
onstru
ted from Parti
le-Flow obje
ts (PF MET ).After requiring at least two high-pT PF jets in the event, the 
ontributions from QCDand like-�avour DY ba
kground events is found to be negligible. Therefore, no further



6.8. EVENT YIELDS 77requirement on missing transverse energy is applied in the e±µ∓ �nal state. Nevertheless,the PF MET distributions for 
ollision data and simulated events are 
ompared afterseveral sele
tion steps in the following se
tion, be
ause it is a 
hara
teristi
 feature ofsele
ted signal events.6.8 Event YieldsThe numbers of sele
ted events after ea
h sele
tion step are summarised in table 6.7.Sin
e the QCD sample is already presele
ted on generator level for at least one muonwith pT greater than 15 GeV/
, the 
omparison between events from 
ollision data andsimulated events starts after applying the full muon identi�
ation and isolation require-ments (step1 ). There is good agreement between sele
ted events in data and the sum ofsimulated events after requiring one isolated muon within 1.1%. The distributions of themain dis
riminating variables are 
ompared for events passing the dilepton sele
tion afterapplying the lepton isolation and identi�
ation requirements (step2 ). Furthermore, themultipli
ity of b-tagged jets is shown for two di�erent b tagging algorithms.Sample 1 iso. muon 2 iso. leptons ≥ 2 jets ≥ 1 b-tagtt̄ signal (µe) 127 78.0 58.0 53.6tt̄ other 771 1.3 1.0 0.9single-top tW 62 5.7 1.9 1.6Diboson VV 91 19.2 0.8 0.2Z0/γ⋆ → τ+τ− 1 739 78.2 2.5 0.7Z0/γ⋆ → e+e− , µ+µ− 28 952 5.5 0.5 0.1W+Jets 196 227 16.6 0.5 0.1QCD 51 468 5.2 0.4 0.2Total sim. ba
kgr. 279 310 131.7 7.6 3.8Total simulated 279 437 209.7 65.6 57.4Data 282 603 181 59 51Table 6.7: Number of expe
ted signal and ba
kground events, 
ompared to the eventyields in 35.9 pb−1 of data 
olle
ted by the CMS experiment at √s = 7 TeV after di�erentsele
tion steps. Ba
kground estimates are taken from simulation only here.
Full µ±e∓ Sele
tionAfter sele
ting events requiring an oppositely-
harged, well identi�ed and isolated muon-ele
tron pair, the top dilepton signal is already visible. A

ording to the simulation,events from Z0/γ⋆ → τ+τ− pro
esses are the dominating ba
kground 
ontribution at thissele
tion step, whi
h is shown in the jet multipli
ity and ��ET distributions in �gures 6.8(a) and (b). A deviation between events in data and simulation is also observed in eventswith three jets, dominated by tt̄ quark pair events. It should be noted, that a deviationbetween the number of events in data and simulated is observed, where the dominating
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(d)Figure 6.8: (a) Jet multipli
ity for parti
le-�ow jets with pT > 30 GeV/
 and (b) miss-ing transverse energy ��ET for events passing the full µ±e∓ sele
tion (step2). (
) Numberof b-tagged jets for events passing the full µ±e∓ sele
tion, tagged by the SSVHE algo-rithm medium working point and (d) tagged by the TCHE algorithm loose working point.Simulated samples are normalised to an integrated luminosity of 35.9 pb−1.
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ontribution of simulated events stems from samples, whi
h are generated with the D6Ttune. There is good agreement between data events and simulated events in the invariantdilepton mass distributions within un
ertainties, shown in �gures 6.6 (a) and (b), bothfor same-sign and opposite-sign muon-ele
tron pairs. Figures 6.8 (
) and (d) show goodagreement between two-tag and one-tag events in the µ±e∓ �nal state, whi
h shows, thatthe performan
e of the b-tagging algorithms is modeled well.
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(b)Figure 6.9: (a) Jet multipli
ity for Parti
le-Flow jets passing the dilepton-plus-jets sele
-tion (step4). (b) Distribution of missing transverse energy for events at the same stageof the event sele
tion. Simulated samples are normalised to an integrated luminosity of35.9 pb−1.Dilepton-Plus-Jets Sele
tionIn addition to the full µ±e∓ sele
tion, the presen
e of two high-energeti
, well identi�edPF jets is required. The same distributions as shown for the full µ±e∓ sele
tion are
ompared for events in data and simulation with at least two PF jets with pT > 30GeV/
, |η| < 2.5 and a loose PF jet identi�
ation requirement, whi
h are shown in �gures6.9 and 6.10. A

ording to the simulation, the tt̄ quark pair signal is already dominatingthe 
omposition of the sele
ted events. After the sele
tion of events with two high-pT PFjets, without an additional requirement of missing transverse energy, a signi�
an
e of thetop signal of S/√S +B = 6.7 is obtained, whi
h 
orresponds to a signal over ba
kgroundratio of S/B = 6.8. The presen
e of an ex
ess over the ba
kground expe
tations is 
learlyvisible from the µ±e∓ de
ay 
hannel alone. Figure 6.9 (a) shows, that almost all remainingba
kground events are 
ontained in the 2-jet bin of the jet multipli
ity distribution. Ade�
it of sele
ted events in the data relative to simulation with exa
tly three jets isobsevered, as shown in �gure 6.9 (a), and needs to be investigated in more detail, if itpersists in a larger data sample. Figure 6.9 (b) shows a reasonable agreement between



80 CHAPTER 6. EVENT SELECTIONdata and simulation within statisti
al un
ertainties in the full range of missing transverseenergy. Figures 6.10 (a) and (b) show good agreement for the distributions of the SSVHEand the TCHE b-tagging dis
riminator. In �gures 6.10 (
) and (d) the 
orrespondingb-tagged jet multipli
ities are 
ompared for SSVHE medium and TCHE loose workingpoints. An overall good agreement is shown for the TCHE algorithm, while the e�
ien
yfor the SSVHE algorithm is expe
ted to be lower in data than in simulation. The TCHEand SSVHE b-tagging algorithms are studied in more detail in se
tion 7.4.6.9 Sele
ted Equally-Charged Lepton PairsIt is studied, if the 
ontribution of ba
kground events in the �nal state with misidenti-�ed, non-genuine leptons 
an be estimated by a data-driven method. Those pro
esses,whi
h do not 
ontain two real leptons of unlike lepton �avour, are QCD multijet events,produ
tion of W bosons with additional jets and Z0/γ⋆ → e+e− , µ+µ− events. The re-maining ba
kground 
ontributions, whi
h are 
onsidered as irredu
ible ba
kground events,are estimated from simulated events, su
h as Z0/γ⋆ → τ+τ− events, single-top quark tWprodu
tion, other tt̄ quark pair de
ays and diboson events (WW, WZ and ZZ).In order to estimate the 
ontribution from events with at least one misidenti�ed lepton,the number of events in the �nal state with equally-
harged muon-ele
tron pairs ismeasured in the data. Equally-
harged lepton pairs are referred to as �wrong-
harge�(WC) events NBKGWC , in 
ontrast to oppositely-
harged lepton pairs from signal eventsand irredu
ible ba
kground events, whi
h are referred to as �right-
harge� (RC) events.The 
ontribution of ba
kground events with right-
harge lepton pairs NBKGRC is estimatedby multiplying the number of wrong-
harge events by the ratio of RC over WC events
RSimRC/WC, whi
h is derived from simulation, given in equation 6.5:

NBKGRC = NBKGWC × RSimRC/WC . (6.5)After applying the requirement of two isolated leptons, we obtain an almost singal-freeba
kground sample for equally-
harged muon-ele
tron pairs, shown in �gure 6.6 (b). Weobtain a ratio of RC over WC events for events with an isolated muon-ele
tron pairof RSimRC/WC ≈ 1.7. After applying the dilepton-plus-jets sele
tion requirements, 6 WCevents are observed in data. The expe
ted number of remaining WC events from otherba
kground pro
esses, not estimated by the RC/WC -method, su
h as diboson or Z0/γ⋆ →
τ+τ− events, is derived from simulation to be 1.0 events and is subtra
ted. The obtainednumber of WC ba
kground events isNBKGWC = 6−1.0 = 5.0. The number of RC ba
kgroundevents is 
al
ulated as NBKGRC = 5.0×1.7 ≈ 8.5. This value is 
ompared to the number of
NSimRC = 1.5 events, whi
h are expe
ted from simulation and is translated into a 
orre
tionfa
tor CBKGRC to the expe
ted number of ba
kground events from misidenti�ed leptons:

CBKGRC =
NBKGRC
NSimRC ≈ 5.7 . (6.6)Until this dis
repan
y is studied in further detail, the RC/WC -method is not 
onsideredas an estimation for the ba
kground 
ontribution in the muon-ele
tron �nal state. Thenumber of ba
kground events obtained from simulated events is 
ompared to anotherdata-driven method, des
ribed in se
tion 7.1.
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(d)Figure 6.10: (a) Distribution of the simple se
ondary vertex high e�
ien
y (SSVHE)b-tagging algorithm for the medium working point and (b) of the tra
k 
ounting highe�
ien
y (TCHE) b-tagging algorithm for the loose working point after dilepton-plus-jetssele
tion (step4). (
) Number of b-tagged jets for events passing the dilepton-plus-jetssele
tion, tagged by the SSVHE algorithm medium working point and (d) tagged by theTCHE algorithm loose working point. Simulated samples are normalised to an integratedluminosity of 35.9 pb−1.
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Chapter 7Cross Se
tion Measurements
7.1 Systemati
 Un
ertainties7.1.1 Experimental Un
ertaintiesTag&Probe MethodThe general idea of the tag&probe method is the determination of a 
ertain event property(e.g. single-muon trigger e�
ien
y) and its absolute performan
e in data. Therefore, a
lean physi
s event signature (e.g. Z0 → µ+µ− ) is 
hosen, on whi
h the propertyis tested, without using this property in the event sele
tion (tag events). The eventproperty is tested on the sele
ted event sample (probe events) and the 
orrespondinge�
ien
y is determined by 
al
ulating the ratio of events, whi
h ful�l both the tag andprobe requirements N tag&probe over the total number of tagged events N tag. In general,the probed event property (single-muon trigger e�
ien
y) is not ne
essarily identi
al withthe tag requirement (two re
onstru
ted, oppositely-
harged, high-pT muons). In order toensure, that the sele
ted events are re
orded, the tagged events are also required to have�red the same single muon trigger as the probed events, whi
h is not a ne
essary 
onditionfor the tag&probe method.Muon Trigger E�
ien
y from Z0 → µ+µ− EventsThe single-muon trigger e�
ien
y is measured in dimuon events with an invariant massnear the Z0 mass peak, also passing the muon identi�
ation and isolation requirements.The sele
ted, re
onstru
ted muons are mat
hed to muon 
andidates from the triggerobje
t 
olle
tion. The sele
ted events are required to have at least one pair of oppositely-
harged, isolated and identi�ed muons, whi
h ful�l the same obje
t sele
tion 
riteria asdes
ribed above. The sele
ted muons are required to have the same kinemati
 propertiesas muons in the top dilepton sele
tion. Additionally, an invariant mass of the muonpair between 76 and 106 GeV/
2 (MZ0± 15 GeV/
2), referred to as the Z0 window, isrequired. The re
onstru
ted muons are mat
hed to muon 
andidates from the high-leveltrigger (HLT) obje
t 
olle
tion within a mat
hing radius of ∆R(µRECO, µHLT) < 0.1 in
(η − φ) spa
e. Events are reje
ted, if the distan
e between the two trigger obje
ts orre
onstru
ted muons is less than twi
e the mat
hing radius or both muon 
andidates are83
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hed to the same trigger obje
t. At least one su

essful mat
h between a triggeredand a re
onstru
ted muon is required. The number of events with at least one positivemat
h is referred to as the number of tag events T. Events with two mat
hes are referredto as the number of tag&probe events T+P, in whi
h both muons are entered. The triggere�
ien
y ε is 
al
ulated from the number of muons, in whi
h exa
tly two muon 
andidatesare su

essfully mat
hed to HLT muons (T+P events), divided by the number of muons,in whi
h at least one muon 
andidate is mat
hed to an HLT muon 
andidate (T and T+Pevents). The trigger e�
ien
y is de�ned as:
ε =

T+PT + T+P =
N tag&probe
N tag . (7.1)In �gures 7.1 (a) and (b) the transverse momentum pT and the invariant mass Mµµ ofthe re
onstru
ted muon pair are shown. The three di�erent 
olours represent di�erenttriggers, whi
h have been used for data taking, listed in table 6.3. Simulated events aresele
ted using only the HLT_Mu9 trigger [40℄. Both �gures show good agreement betweensele
ted events in data and simulation. Figures 7.1 (
) and (d) show the distributionsof the measured single-muon trigger e�
ien
ies as fun
tions of the transverse momentum

pT of the muon and its pseudorapidity η for simulated and data events, triggered by theindividual trigger paths. The trigger e�
ien
ies obtained from simulation are higher thanthose obtained from data. For the 
omparison of the trigger e�
ien
ies in data withsimulation, only the HLT_Mu9 trigger is shown here, be
ause it is the only muon triggerpath, whi
h is used for the events sele
tion on simulated data. The trigger e�
ien
ies areapproximately 
onstant fun
tions of the muon pT , with slightly higher values for highermuon momenta. For the HLT_Mu15_v1 and HLT_Mu11 triggers, also a nearly 
onstantresponse as a fun
tion of the muon pseudorapidity η is observed, while the e�
ien
y forthe HLT_Mu9 triggered data sample is de
reased signi�
antly in the 
entral region. This
orresponds to the smallest amount of re
orded luminosity (3.2 pb−1) and therefore 
anbe treated as negligible.Muon Trigger E�
ien
y Corre
tionThe total single-muon trigger e�
ien
y for muons with pT > 20 GeV/
 and |η| < 2.4is measured as:
εDatatrig (µ) = 87.76 ± 0.38% . (7.2)The total trigger e�
ien
y is obtained from the weighted sum of the three single-triggere�
ien
ies, whi
h are weighted by the fra
tion of the integrated luminosity of the 
or-responding run period. Please note, that for the measurement of the trigger e�
ien
iesin data, disjoint run periods have been used, as des
ribed in table 6.3. Therefore, it
an be explained, that the lowest threshold trigger HLT_Mu9 is found to have the loweste�
ien
y, whereas a higher e�
ien
y is expe
ted on the full 2010 data sample. Fromsimulated events, the trigger e�
ien
y yields:
εSimtrig (µ) = 90.71 ± 0.04% . (7.3)
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(d)Figure 7.1: Muon trigger e�
ien
ies measured with Z0 → µ+µ− events in data and simu-lation. An invariant mass between 76 and 106 GeV/
2 around the Z0 mass peak is sele
tedfor the muon e�
ien
y measurement based on the tag&probe method. (a) Muon trans-verse momentum pT for sele
ted muons, whi
h pass all muon quality requirements. (b)Dimuon invariant mass spe
trum for muon 
andidates with pT > 20 GeV/
 and |η| < 2.4.Events from data are sele
ted by di�erent muon trigger paths, shown in table 6.3 and 
om-pared to simulated Z0 → µ+µ− events, sele
ted by the same muon triggers. (
) E�
ien
yas a fun
tion of the transverse momentum pT and (d) as a fun
tion of the pseudorapidity
η of the muons with pT > 20 GeV/
 and |η| < 2.4. Simulated events are sele
ted usingonly the HLT_Mu9 trigger [40℄.
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ien
ies are summarised and 
ompared to simulation.The total sele
tion e�
ien
y εtot used for the 
ross se
tion 
al
ulation in the following
hapter, whi
h is obtained from simulation, is 
orre
ted for the deviation between e�-
ien
y in data and simulation by applying a 
orre
tion fa
tor. The 
orre
tion fa
tor
Ctrig for single-muon triggered events is de�ned as the ratio of the trigger e�
ien
y mea-sured in data over the e�
ien
y obtained from simulation, resulting in a 
orre
tion fa
torof (1 - 3.25%), whi
h is given in equation 7.4:

Cµtrig =
1 − (1 − εDatatrig (µ))

1 − (1 − εSimtrig (µ))
=

εDatatrig (µ)

εSimtrig (µ)
= 0.9675 . (7.4)Sample Trigger E�
ien
y [%℄ Lint [pb−1 ℄Simulation HLT_Mu9 90.71 ± 0.04Data HLT_Mu9 84.64 ± 0.81 3.2Data HLT_Mu11 86.82 ± 0.58 5.0Data HLT_Mu15_v1 88.29 ± 0.23 27.7Data 
ombined 87.76 ± 0.38 35.9Table 7.1: Single-muon trigger e�
ien
ies in data and simulation obtained from dimuonevents with an invariant mass 
lose to the Z0 mass peak (tag&probe method).Lepton Sele
tion E�
ien
y Corre
tionsFirst, the total sele
tion e�
ien
y of the event sele
tion is estimated using simulatedevents. Then, several 
orre
tion fa
tors C are applied to the total e�
ien
y, in orderto a

ount for di�eren
es between events in data and simulated events. As a �rst ap-proximation, the total sele
tion e�
ien
y is assumed to be a produ
t of the individualsele
tion steps, relative to the previous sele
tion steps, su
h as trigger sele
tion and leptonsele
tions:

ǫtot = ǫtrig × ǫre
o × ǫid × ǫiso . (7.5)Lepton e�
ien
ies are measured using the tag&probe method on the Z-mass window, asdes
ribed above. The single-muon trigger e�
ien
y was measured in data events tobe on average 87.76 ± 0.38%. The 
orresponding 
orre
tion fa
tor on the single-muontrigger e�
ien
y was 
al
ulated to be Cµtrig = 0.9675. The single-ele
tron triggere�
ien
y is also measured using the tag&probe method. The resulting value is measuredto be 96.0%, taken from [49℄. The 
orresponding e�
ien
y based on simulated events is97.0%. The resulting s
ale fa
tor on the single-ele
tron trigger e�
ien
y is 
al
ulated tobe Cetrig = 0.990.Top quark pair events de
aying into a muon-ele
tron pair are sele
ted by requiring eithera single-muon or single-ele
tron trigger, as des
ribed in se
tion 6.2. The 
ombined triggere�
ien
y of two un
orrelated single-obje
t triggers, is given by the e�
ien
y of one trigger,adding the produ
t of its ine�
ien
y times the e�
ien
y of the other trigger. Therefore,
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ombined muon-ele
tron trigger e�
ien
y is determined, using the followingequation:
ǫeµtrig ≡ ǫetrig + (1 − ǫetrig) ǫµtrig = ǫµtrig + (1 − ǫµtrig) ǫetrig . (7.6)Corresponding to equation 7.6, the muon-ele
tron trigger e�
ien
y, based on single-leptone�
ien
ies measured in data, is found to be 99.6 ± 0.1%, 
ompared to an e�
ien
y of99.7% derived from simulated events [49℄. The total 
ombined trigger e�
ien
y s
alefa
tor, whi
h also a

ounts for the e�e
t of pre-�ring, is Cµetrig = 0.994, as given in [49℄.In the following, a summary on lepton re
onstru
tion, identi�
ation and isolation e�
ien
y
orre
tion fa
tors is given. The values are taken from [49℄. The e�
ien
ies are determinedby using the tag&probe method on the Z-mass window, as des
ribed above. In order toa

ount for the possible di�eren
es in the e�
ien
ies derived from Z and tt̄ events, Z eventsare sele
ted with an additional requirement of at least two additional jets. The di�eren
es,
ompared to the standard Z sele
tion, give a measure for the systemati
 un
ertainty ofthe lepton identi�
ation an isolation sele
tions. The total di�eren
e is quoted to be within4%, whi
h leads to the assignment of a systemati
 error of 2% per lepton, given in [49℄.The 
orre
tion fa
tors Cµre
o/id/iso and Cere
o/id/iso for ea
h lepton are given �rst, before theyare 
ombined with the 
ombined trigger e�
ien
y Cµetrig, whi
h is given above. A summaryof all lepton e�
ien
y 
orre
tion fa
tors is given in table 7.2.The 
ombination of the single-ele
tron e�
ien
y 
orre
tion fa
tors, a

ounting forre
onstru
tion, identi�
ation, isolation and ele
tron energy s
ale, yields Cere
o/id/iso =0.961. The 
orresponding 
ombined single-muon e�
ien
y 
orre
tion fa
tor is statedas Cµre
o/id/iso = 0.992. This gives a 
orre
tion fa
tor, a

ounting for re
onstru
tion, iden-ti�
ation and isolation, for ea
h muon-ele
tron event of Cµere
o/id/iso = 0.953. The overall
orre
tion fa
tor Cµetot, in
luding the trigger e�
ien
y 
orre
tions, whi
h is applied to ea
hdilepton event, is given in the following equation:

Cµetot = Cµetrig × Cµere
o/id/iso = 0.947 . (7.7)Lepton e�
ien
y ǫ Corre
tion fa
tor C
ǫµetrig Cµetrig = 0.994

ǫere
o / ǫeid / ǫeiso Cere
o/id/iso = 0.961
ǫµre
o / ǫµid / ǫµiso Cµre
o/id/iso = 0.992

⇒ Cµere
o/id/iso = 0.953
ǫµetot Cµetot = 0.947Table 7.2: Summary of all lepton sele
tion e�
ien
y 
orre
tion fa
tors. The various e�-
ien
ies ǫ are measured in data events using the tag&probe method on the Z-mass window.The value of the e�
ien
y obtained from data is 
ompared to the e�
ien
y 
al
ulatedfrom simulated events. Several 
orre
tion fa
tors C are applied to the e�
ien
ies, whi
hare assumed to fa
torise, a

ording to equation 7.6, in order to a

ount for di�eren
es be-tween events in data and simulated events. Ex
ept for the single-muon trigger e�
ien
y,determined in this analysis, all values are taken from [49℄.



88 CHAPTER 7. CROSS SECTION MEASUREMENTSJet Energy S
ale Un
ertaintiesThe un
ertainties arising from the energy s
ale of jets and missing energy (JES), aswell as energy resolution e�e
ts, are reported in [49℄. To estimate the systemati
 e�e
t ofthe JES, jets and the hadroni
 part of MET are varied up and down simultaneously by 5%.The rate of tt̄ quark pair events with at least two jets is 
ompared, using two Powhegsamples, one showered with Pythia and the other with Herwig, as des
ribed in [49℄.The resulting variation of sele
ted signal events is found to be approximately ±3.0%. Thepresen
e of pileup events in proton-proton 
ollisions mainly e�e
ts the missing transverseenergy sele
tion. The systemati
 e�e
t on the event sele
tion, due to pileup is not takeninto 
onsideration, be
ause no ��ET sele
tion is applied in the muon-ele
tron 
hannel.B-Tagging E�
ien
yThe un
ertainty on the sele
tion of events, whi
h 
ontain at least one jet identi�ed as bjet, is also reported in [49℄. The systemati
 un
ertainty on the sele
tion of b-taggedjets is found to be 5.0%, based on the relative variation of the number of b-tagged events,due to a variation of the b-tagging e�
ien
y of 10%.Ba
kground EstimationIn order to 
al
ulate the tt̄ quark pair produ
tion 
ross se
tion, the number of observedevents after full event sele
tion has to be 
orre
ted by the number of expe
ted ba
kgroundevents in the �nal state. The number of ba
kground events is obtained from simulatedsamples. A

ording to the simulation, the remaining ba
kground events are mainly 
om-posed of asso
iated single-top quark and W boson (tW) produ
tion, diboson produ
tion,as well as Z0/γ⋆ → τ+τ− events. All of these ba
kground pro
esses are 
onsidered as irre-du
ible ba
kground pro
esses 
ontaining a real µe pair and therefore, an estimation of thenumber of ba
kground events in the �nal state is obtained from simulation. The amountof ba
kground events stemming from other de
ay modes of tt̄ quark pairs, Z0/γ⋆ → e+e− ,
µ+µ− , QCD or W boson events, whi
h 
ontain at least one or more misidenti�ed lepton
andidates (�fake� leptons) is also obtained from simulation, be
ause the total amountof ba
kground is expe
ted to be small, 
ompared to the number of signal events: thesignal-over-ba
kground ratio is almost seven (S/B = 6.8), after the full event sele
tion,without any requirement of MET or b-tagged jets. For ea
h of the irredu
ible ba
kground
ontributions, an un
ertainty of 30% is assigned to the total number of expe
ted eventsin the �nal state, as proposed in [49℄.The number of ba
kground events 
ontaining at least one or more misidenti�ed leptonsis 
ompared to the result of a data-driven ba
kground estimation, des
ribed in [49℄. Thenumber of ba
kground events estimated from simulation yields 2.4 events, 
ompared to(
1.5+1.6

−1.5

) events estimated from data. In order to a

ount for the larger un
ertainty ofthe modelling of misidenti�ed leptons in the simulated samples, an in
reased systemati
error of 50% is assigned to the total number of expe
ted fake lepton events in the �nalstate. In table 7.3, all ba
kground 
ontributions after full event sele
tion are summarised.The statisti
al error on the ba
kground expe
tation is 
onsidered to be negligible, thesystemati
 error on the sum of all ba
kground 
ontributions is 
al
ulated by varying theamount of expe
ted ba
kground events in the �nal state by 30% or 50%, whi
h is found to
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ross se
tion of +5.4/-5.3%, whi
h is the biggest 
ontributionto the total systemati
 un
ertainty.Ba
kground pro
ess Simulation Un
ertaintyReal µe pair ± 30%Single-top tW 1.87 ± 0.56Diboson VV 0.81 ± 0.24Z0/γ⋆ → τ+τ− 2.48 ± 0.74Fake leptons ± 50%tt̄ other 1.04 ± 0.52Z0/γ⋆ → e+e− , µ+µ− 0.46 ± 0.23W+Jets 0.50 ± 0.25QCD 0.41 ± 0.21Total ba
kground 7.57 ± 2.75Table 7.3: The number of expe
ted ba
kground events from simulation after dilepton-plus-jets sele
tion and its asso
iated systemati
 un
ertainties. The 
ontributions of di�erentba
kground pro
esses are ex
lusively obtained from simulation. An un
ertainty of 30%is assigned to the total number of expe
ted events with a real µe pair in the �nal state[49℄. An in
reased un
ertainty of 50% is assigned to the total number of expe
ted eventssteming from events 
ontaining at least one misidenti�ed muon or ele
tron, 
alled fakelepton events.
7.1.2 Theoreti
al Un
ertaintiesDe
ay Bran
hing RatioFor the 
al
ulation of the bran
hing ratio of tt̄ quark pairs de
aying into a muon-ele
tronpair, given in 
hapter 3, the leading order value of the bran
hing fra
tion of a W boson intoa lepton-neutrino pair (W → ℓν) of 1/9 has been used. A

ording to [3℄, the 
urrent worldaverage value for BR(W → ℓν) is (10.80 ± 0.09)%. Thus, a s
aling fa
tor of (9 × 0.108)2is applied to the total bran
hing ratio of 3.41%, whi
h results into a 
orre
ted value of3.22%, used for the determination of the in
lusive tt̄ quark pair produ
tion 
ross se
tion.The relative un
ertainty on the 
ross se
tion measurement is 1.7%.Signal Un
ertaintiesThe total sele
tion e�
ien
y is estimated using a simulated tt̄ quark pair signal sampleand is further 
orre
ted by applying several s
ale fa
tors, whi
h are derived from eventsin data, as des
ribed above. In the following, di�erent systemati
 un
ertainties of theparameters, whi
h have been used for the generation of the tt̄ quark pair signal sample,su
h as the mass of the top quark or the energy s
ale of the hard s
attering pro
ess(Q2 s
ale), are dis
ussed.



90 CHAPTER 7. CROSS SECTION MEASUREMENTSFor the generation of the signal sample, a 
entral value of the top quark mass of 172.5GeV/
2 is used. In order to study the in�uen
e of the top quark mass parameter on theevent sele
tion e�
ien
y, the top quark mass is varied up and down by 6 GeV/
2. Theresult is found to be an in
rease of the a

eptan
e as a fun
tion of mass of 0.8% perGeV/
2, as des
ribed in [17℄. The un
ertainty of the top quark mass is stated to be 2GeV/
2 [3℄. Hen
e, a systemati
 un
ertainty of 1.6% is assigned, due to the un
ertainty ofthe top quark mass. In order to study the in�uen
e of the Q2 s
ale parameter, the valueof the energy s
ale has been in
reased and de
reased by a fa
tor of two. The result of thevariation of the Q2 s
ale has been found to be signi�
ant and a systemati
 error of 2% isassigned, as proposed in [49℄. A systemati
 un
ertainty of 2% is in
luded, as proposed in[49℄, due to the un
ertainty of the de
ay model. Other systemati
 e�e
ts have also beenstudied, su
h as the in�uen
e of the shower model (ISR/FSR), the jet-parton mat
hing,whi
h is relevant for the use of the samples generated with MadGraph, as well as thein�uen
e of di�erent PDF s. The resulting systemati
 e�e
t of this sour
es is found to bebelow 1% and is 
onsidered to be negligible.7.1.3 Luminosity Un
ertaintyThe measurement of the luminosity has been des
ribed in se
tion 4.2.7. The absoluteluminosity is determined from the beam size, measured by Van Der Meer s
ans, and thebeam 
urrent. The dominant 
ontribution to the systemati
 un
ertainty of 2.5% arisesfrom �ll variations. The total systemati
 error of the luminosity measurement is 3.6%,given in [28℄. Sour
e Un
ertainty [%℄Lepton Sele
tion ±4.0Jet energy s
ale ±3.0Ba
kground +5.4/-5.3Bran
hing ratio ±1.7Top quark mass ±1.6
Q2 s
ale ±2.0De
ay model ±2.0Total (w/o lumi.) ±8.2Luminosity ±3.6Total (w/o b-tag) ±9.0B-tagging ±5.0Total (in
l. b-tag) ±10.3Table 7.4: Summary of all sour
es of systemati
 un
ertainties.



7.2. INCLUSIVE CROSS SECTION 917.2 In
lusive Cross Se
tionThe in
lusive 
ross se
tion for top quark pair produ
tion is measured in a simple 
ountingexperiment. The number of 59 sele
ted signal eventsNSig is used for the 
al
ulation of the
ross se
tion. A robust, 
ut-based event sele
tion is applied both to data and simulatedevents. The number of tt̄ quark pair 
andidate events is derived from the number ofsele
ted (observed) events NObs, by subtra
ting the expe
ted number of ba
kgroundevents NBKG after the 
omplete event sele
tion:
NSig = NObs − NBKG .The 
ontributions from ba
kground events have been dis
ussed above. The number ofmuon-ele
tron signal 
andidate events is obtained from both a muon-triggered and anele
tron-triggered data sample, as des
ribed in se
tion 6.1. In order to avoid multiple
ounting of sele
ted events, events sele
ted by one trigger are vetoed in the other datasample. By requiring either the single-muon or single-ele
tron trigger �rst, the identi
alnumber of 59 
andidate events is observed. The number of events, observed after fullevent sele
tion, by using only the muon-triggered or ele
tron-triggered data sample isgiven in table 7.5. The single-muon and single-ele
tron trigger e�
ien
ies have beenmeasured in data to be ǫµtrig = 0.88 and ǫetrig = 0.96, as shown in the previous se
tion. Thenumber of observed events is 52 events from the only muon-triggered data sample and 58events from the only ele
tron-triggered data sample, whi
h is in good agreement for anexpe
ted 
ombined trigger e�
ien
y of approximately 100%. In the following, only thetotal number of 59 observed signal 
andidate events is used.Data sample Observed events NObs Total sele
tion e�
ien
y ǫtot [%℄

µ-only triggered 52 28.2 ± 0.4e-only triggered 58 29.3 ± 0.4
µe-triggered 59 30.0 ± 0.4Table 7.5: The number of observed signal 
andidate events after the dilepton-plus-jetssele
tion requirements, using three di�erent trigger requirements.After requiring one oppositely-
harged, isolated muon-ele
tron pair and two additionalhigh-pT Parti
le-Flow jets, 59 tt̄ 
andidate events are observed. The total sum of expe
tedba
kground events from simulation is 7.6 events. The expe
ted 
ontributions of signal andba
kground pro
esses after several sequential sele
tion steps have been summarised intable 6.7. The number of remaining ba
kground events is remarkably small, whereas themuon-ele
tron de
ay 
hannel yields a bran
hing ratio, whi
h is twi
e as large 
ompared tothe dimuon or diele
tron de
ay 
hannel. Figures 6.9 (a) and (b) show the jet multipli
ityfor PF jets and the distribution of missing transverse energy after the dilepton-plus-jetssele
tion. The tt̄ 
ross se
tion is 
al
ulated using equation 7.8:

σtt̄ =
NSig

A · ǫsel · BR · L =
NObs −NBKG
C · ǫtot · BR · L , (7.8)where ǫtot = A × ǫsel is the total sele
tion e�
ien
y for signal events, whi
h is derivedfrom simulation, BR is the bran
hing ratio of tt̄ into a muon-ele
tron pair and L is the



92 CHAPTER 7. CROSS SECTION MEASUREMENTStotal integrated luminosity. Several 
orre
tion (s
aling) fa
tors C are applied to the totalsele
tion e�
ien
y ǫtot of the muon, ele
tron and jet sele
tion, whi
h is estimated fromsimulated tt̄ events to be 30.0%. A 
ombined s
ale fa
tor without trigger 
orre
tion permuon-ele
tron event of Cµere
o/id/iso = 0.953 is taken from [49℄, whi
h a

ounts for thee�
ien
ies for lepton re
onstru
tion, identi�
ation, isolation and 
harge-misidenti�
ation,as des
ribed in the previous se
tion. Combining this s
ale fa
tor with the trigger e�
ien
y
orre
tion fa
tor of Cµetrig = 0.994, an 
ombined 
orre
tion fa
tor of Cµetot = 0.947 is appliedto the total sele
tion e�
ien
y.A

ording to the bran
hing ratio of W (→ τ) → (µ, e) taken from the parti
le data group[3℄, the total bran
hing ratio of tt̄ pairs into the muon-ele
tron �nal state, in
luding de
aysvia τ leptons, is 
al
ulated to be BR = 3.22%, as des
ribed in se
tion 7.1. As des
ribedin se
tion 6.1, the total integrated luminosity of the used data sample is 35.9 pb−1, whi
hhas a relative un
ertainty of 4%. Based on 59 observed signal events, using an estiomationof NBKG from simulated events, the 
ross se
tion of top quark pair produ
tion inproton-proton 
ollions at √s = 7 TeV is 
al
ulated as:
σtt̄ = ( 156.2 ± 24.8 (stat.) ± 14.1 (sys.) ) pbThe signal-over-ba
kground ratio is NSig/NBKG = 6.8, whi
h 
orresponds to a signi�-
an
e of the top signal of:

NSig√
NSig +NBKG = 6.7 .7.3 Kinemati
 Event Re
onstru
tionIn order to validate the top-like topology of the sele
ted events, a kinemati
 re
on-stru
tion algorithm is applied to the �nal event sample, both from data and simulation.The method is similar but not identi
al to the MWT method, whi
h is used at the DØexperiment in order to measure the top quark mass in the dilepton �nal state, des
ribedin [50℄ and [51℄, and additionally provides a dis
riminator for the determination of thetop quark mass from dileptoni
ally de
aying top quark pairs. A detailed des
riptionof the kinemati
 event re
onstru
tion is given in [52℄ and [53℄. A brief summary of thekinemati
 re
onstru
tion method is given below.It is studied, if this method 
an be used in order to further reje
t ba
kground eventsand improve the signi�
an
e of the signal sample. Sin
e it is expe
ted, that the kinemati
event re
onstru
tion provides a solution for tt̄ signal events with a higher probability, it is
ompared to the results found by the appli
ation of b-tagging to the �nal event sample,des
ribed in se
tion 7.4. The 
ross se
tion is 
al
ulated for the number of events, in whi
ha kinemati
 solution is found and the distribution for the resulting top quark mass isshown in �gure 7.3. The resulting top quark mass may not be used for an independentmeasurement, be
ause the weighting of the event solutions depends on a prede�ned topquark mass, whi
h was used for the generation of a neutrino referen
e spe
trum, shownin �gure 7.2 [53℄.
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 Re
onstru
tionThe dileptoni
 top quark pair de
ay 
omprises two neutrinos, one neutrino νℓ and oneanti-neutrino ν̄ℓ′ , from the leptoni
 de
ays of the W bosons. They 
annot be fully re
on-stru
ted, be
ause they leave the dete
tor without intera
tion. Thus, only the transverseproje
tion of the sum of their momenta is measured as ��ET . The missing transverseenergy is measured in x- and y-
omponents, given in equation 7.9:
��ET =

(
��Ex

��Ey

)
=

(
px(ν) + px(ν̄)
py(ν) + py(ν̄)

)
. (7.9)Furthermore, for massless neutrinos, the energy of the neutrino and anti-neutrinoare related as follows to their momenta:

E2(ν) = p2
x(ν) + p2

y(ν) + p2
z(ν) , (7.10)

E2(ν̄) = p2
x(ν̄) + p2

y(ν̄) + p2
z(ν̄) . (7.11)The masses of the top and anti-top quarks, as well as the twoW bosons, are related tothe energies and momenta of their de
ay produ
ts, as des
ribed in the following equations:

m2(t) = ( E(b) + E(ℓ̄) + E(ν) )2

− ( px(b) + px(ℓ̄) + px(ν) )2

− ( py(b) + py(ℓ̄) + py(ν) )2

− ( pz(b) + pz(ℓ̄) + pz(ν) )2

(7.12)
m2(t̄) = ( E(b̄) + E(ℓ) + E(ν̄) )2

− ( px(b̄) + px(ℓ) + px(ν̄) )2

− ( py(b̄) + py(ℓ) + py(ν̄) )2

− ( pz(b̄) + pz(ℓ) + pz(ν̄) )2

(7.13)
m2(W+) = ( E(ℓ̄) + E(ν) )2

− ( px(ℓ̄) + px(ν) )2

− ( py(ℓ̄) + py(ν) )2

− ( pz(ℓ̄) + pz(ν) )2

(7.14)
m2(W−) = ( E(ℓ) + E(ν̄) )2

− ( px(ℓ) + px(ν̄) )2

− ( py(ℓ) + py(ν̄) )2

− ( pz(ℓ) + pz(ν̄) )2

(7.15)The four-momenta of the two leptons p(ℓ), p(ℓ̄) and the to b jets p(b), p(b̄) are measuredin the experiment. The system of six non-linear equations 7.10 to 7.15 
ontains sixindividual neutrino momenta, whi
h are unknown. Therefore, the system of equations isunder
onstrained and 
annot be solved analyti
ally nor by a kinemati
 �tting pro
edure,as des
ribed in [52℄.By measuring the missing transverse energy ��ET in the event, two 
onstraints on the sys-tem of kinemati
s are given by the x- and y-
omponents of ��ET in equation 7.9: ��Ex and
��Ey. Furthermore, the mass of the W bosons m(W+) and m(W−) has been measured to
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ision and 
an also be used as two additional 
onstraints to equations 7.14and 7.15. Finally, the masses of the top and the anti-top quark are expe
ted to be iden-ti
al. Therefore, a �fth 
onstraint is introdu
ed by equalising equations 7.12 and 7.13:
m(t) = m(t̄). In summary, the presen
e of six unknown neutrino momenta is redu
ed byintrodu
ing �ve boundary 
onditions:

��Ex, ��Ey, m(W+), m(W−) and m(t) = m(t̄) .However, the system of kinemati
 equations still remains under
onstrained. The set ofequations 
an further be transformed into a single equation, whi
h 
orresponds to theroots of a polynomial of fourth order P4(mt, pi
x(ν̄)), with i = 0, 1, 2, 3, 4, in one 
omponentof the neutrino momenta and the mass of the top quark as a free parameter. Withoutloss of generality, the x-
omponent of the anti-neutrino px(ν̄) has been 
hosen [53℄. Theresulting equation P4(mt, pi

x(ν̄)) = 0 is solvable for a �xed top quark mass with afourfold ambiguity. The value of the top quark mass parameter, whi
h is used as inputfor resolving P4 = 0, is varied between 100 and 300 GeV/
2 in 1 GeV/
2 steps. For apolynomial equation of fourth order, up to four solutions may exist for ea
h event. Byvarying the input top quark mass parameter 200 times, maximally 800 solution for thekinemati
s of ea
h tt̄ event 
an be found and therefore, up to 800 re
onstru
ted top quarkmass values for ea
h event. Hen
e, in order to sele
t the most probable value of the topquark mass, a weighting fa
tor is assigned to ea
h kinemati
 event solution and onlythe solution 
orresponding to the highest weight is sele
ted.Up to this point, the method of �nding solutions to the kinemati
 equations, des
ribed inthis analysis, is similar to MWT method, whi
h is des
ribed in [50℄ and [51℄. The maindi�eren
e 
onsists in the weighting of the solutions, whi
h are found by the kinemati
event re
onstru
tion method. As des
ribed above, up to 800 solution for the kinemati
sof the event may exist. In order to determine the most probable solution, a 
omparisonof the re
onstru
ted neutrino energies E(ν) and E(ν̄) to a generated neutrino energyspe
trum is performed. Therefore, 10 000 dileptoni
ally de
aying tt̄ events have beengenerated using Pythia. The two-dimensional distribution of the generated neutrino andanti-neutrino energy is shown in �gure 7.2. The weighting fa
tor is derived by 
omparingthe re
onstru
ted neutrino energies to the generated referen
e spe
trum. Hen
e, the bestagreement to the simulated neutrino energy spe
trum gives the highest weight and the
orresponding solution of the kinemati
 equations is 
hosen.Top Quark Properties and Cross Se
tion MeasurementThe properties of the re
onstru
ted top quark, su
h as the re
onstru
ted top quark massand the transverse momentum of the top quark, and those of the top-antitop quark pair,su
h as the invariant mass of the tt̄ quark pair and the pT of the top-antitop quark pair,are shown in �gure 7.3. Figure 7.3 (a) shows, that the re
onstru
ted top quark mass hasa 
learly visible maximum around the nominal value of the top quark mass, as expe
tedfrom simulation. It should be noted, that events, for whi
h no solution is found by thekinemati
 event re
onstru
tion, are entered in the �rst bin at a negative value of thetop quark mass. Therefore, the �gure 7.3 (a) shows, that the probability for reje
tingba
kground events is not signi�
antly higher than for signal events. Nevertheless, an
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Figure 7.2: Two-dimensional distribution of the generated neutrino and anti-neutrinoenergy, used for the kinemati
 event re
onstru
tion [53℄.ex
ellent agreement between the re
onstru
ted events in data and those obtained fromsimulation is found in the distributions for (a) the single-top quark and (
) the invarianttt̄ quark pair masses. There is also good agreement between the data and simulated eventsfor the distributions of (b) the transverse momentum of the single-top quark and (d) the
pT of the tt̄ quark pair system, whi
h are 
ompatible within the statisti
al un
ertainties.Based on 59 tt̄ quark pair 
andidate events observed in data, a solution for the kinemati
event re
onstru
tion is found for 51 of them. The number of ba
kground events, whi
h isobtained from simulation, for whi
h no solution is found, is 1.6 events. The signi�
an
e ofthe signal de
reases from 6.7 to 6.3. The total sele
tion e�
ien
y on simulated tt̄ signalevents, in
luding the kinemati
 event re
onstru
tion, is obtained from simulation to be25.9%. Based on 51 events in data and 5.9 remaining, simulated ba
kground events, thett̄ 
ross se
tion, using only events, whi
h are su

essfully re
onstru
ted, is 
al
ulated tobe:

σkintt̄ = ( 158.6 ± 26.6(stat.) ± 14.3(sys.) ) pb
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(d)Figure 7.3: Properties of the re
onstru
ted top quark and top-antitop quark pair, foundby the kinemati
 event re
onstru
tion method applied to data and simulated events afterdilepton-plus-jets sele
tion. It should be noted, that events, for whi
h no solution isfound by the kinemati
 event re
onstru
tion, are entered in the �rst bin at a negativevalue of the top quark mass. (a) Distribution of the single-top quark mass and (b)the transverse momentum pT of the single-top quark. (
) Top-antitop quark invariantmass distribution and (d) transverse momentum of the tt̄ system. Simulated samples arenormalised to an integrated luminosity of 35.9 pb−1. Events, for whi
h no kinemati
 eventre
onstru
tion is found, are entered with a negative value.



7.4. PERFORMANCE OF B-TAGGING 977.4 Performan
e of B-TaggingThe b-tagging e�
ien
y is determined using the tt̄-enri
hed data sample after requiringat least two high-pT jets. The number of events after dilepton-plus-jets sele
tion, whi
hhas at least one b-tagged jet, is 
ompared to the total number of sele
ted events, usingtwo di�erent b-tagging dis
riminators, provided by the tra
k 
ounting and the simplese
ondary vertex algorithms. The b-tagging e�
ien
y is 
al
ulated using the followingequation:
ǫb-tag =

NSigb-tag
NSig2 jets . (7.16)Tra
k Counting High E�
ien
yThe event yields, for events with at least one TCHE b-tagged jet at the loose workingpoint, are summarised in table 7.6. Based on 51 events with at least one b-tag observedin data and an expe
ted number of 3.7 remaining ba
kground events, the b-tagginge�
ien
y is measured to be:

ǫTCHEb-tag = ( 92.02 ± 3.78 ) % .From simulated signal events, a b-tagging e�
ien
y of ( 92.48± 0.23 ) % is obtained, whi
his in ex
ellent agreement with the value obtained from data events. The tt̄ quark pair 
rossse
tion is re
al
ulated for events with at least one b-tagged jet. The multipli
ity of b jetsfound by the TCHE algorithm at the loose working point is shown in �gure 6.10 (d).Compared to the potential ba
kground reje
tion of the kinemati
 event re
onstru
tion,des
ribed in se
tion 7.3, most of the remaining ba
kground events are reje
ted by requiringone or more TCHE b-tagged jets. The signal signi�
an
e is found to be 6.6, whi
h isslightly lower, than the signi�
an
e obtained after the dilepton-plus-jets sele
tion, whi
h is6.7. Nevertheless, an optimal signal-over-ba
kground ratio ofNSig/NBKG = 12.2 is derived.Based on 51 observed tt̄ quark pair 
andidate events and a total sele
tion e�
ien
y of27.76%, derived from simulation, the measured 
ross se
tion for tt̄ quark pair events withat least one TCHE b-tagged jet is found to be:
σTCHEtt̄ = ( 155.2 ± 24.3 (stat.) ± 16.0 (sys.) ) pbThis value is 
ompatible with the values 
al
ulated after the dilepton-plus-jets sele
tionin se
tion 7.2 and the kinemati
 event re
onstru
tion 7.3.Simple Se
ondary Vertex High E�
ien
yIn table 7.7, the event yields for events with at least one SSVHE b-tagged jet at themedium working point, are summarised. Based on 35 events with at least one b-tagobserved in data and an expe
ted number of 2.6 remaining ba
kground events, the b-tagging e�
ien
y is measured to be:

ǫSSVHEb-tag = ( 63.04 ± 6.73 ) % .



98 CHAPTER 7. CROSS SECTION MEASUREMENTSTCHE loose ≥ 2 jets 0 b-tags ≥ 1 b-tagtt̄ signal (µe) 57.9 4.3 53.6Total ba
kground 7.6 3.9 3.7Total simulation 65.5 8.2 57.3Total events in data 59 8 51Signal events in data 51.4 4.1 47.3Table 7.6: Event yields in data and simulation after dilepton-plus-jets sele
tion and re-quiring at least one TCHE loose b-tagged PF jet.From simulated signal events, a b-tagging e�
ien
y of ( 78.62 ± 0.35 ) % is obtained,whi
h shows a signi�
ant deviation from the e�
ien
y measured from data events. Hen
e,in order to 
orre
t the b-tagging e�
ien
y in a data-driven way, a 
orre
tion fa
tor of
CSSVHE = 0.630

0.786
≈ 0.8 is applied to the total sele
tion e�
ien
y, whi
h is derived fromsimulation.As for the TCHE b-tagging algorithm, the tt̄ quark pair 
ross se
tion is 
al
ulated forevents with at least one b-tagged jet. The multipli
ity of b jets found by the SSVHEalgorithm at medium working point is shown in �gure 6.10 (d), whi
h already showsa signi�
antly lower tagging e�
ien
y in data 
ompared to simulated events. As forthe TCHE algorithm, nearly all of the remaining ba
kground events are reje
ted by therequirement of one or more SSVHE b-tagged jet. The signal signi�
an
e is 5.5, whi
h isalso lower than the signi�
an
e obtained after the dilepton-plus-jets sele
tion, whi
h is 6.7.A very pure signal-over-ba
kground ratio of NSig/NBKG = 12.7 is derived, whi
h is slightlyhigher, than for TCHE tagged events. Based on 35 observed tt̄ quark pair 
andidate eventsand a 
orre
ted total sele
tion e�
ien
y of ( CSSVHE × 23.60% ) = 18.92%, the measured
ross se
tion for tt̄ quark pairevents with at least one SSVHE b-tagged jet is found to be:
σSSVHEtt̄ = ( 156.4 ± 29.5(stat.) ± 16.1(sys.) ) pbwhi
h is also found to be 
ompatible with the values 
al
ulated after the dilepton-plus-jetssele
tion in se
tion 7.2 and the kinemati
 event re
onstru
tion 7.3, as well as the valueobtained from TCHE b-tagged events.SSVHE medium ≥ 2 jets 0 b-tags ≥ 1 b-tagtt̄ signal (µe) 57.9 12.3 45.6Total ba
kground 7.6 5.0 2.6Total simulation 65.5 17.3 48.2Total events in data 59 24 35Signal events in data 51.4 19.0 32.4Table 7.7: Event yields in data and simulation after dilepton-plus-jets sele
tion and re-quiring at least one SSVHE medium b-tagged PF jet.



7.5. COMPARISON TO OTHER RESULTS 997.5 Comparison to other ResultsAs introdu
ed in se
tion 3.2, the measurement of the in
lusive top quark pair 
ross se
tion,has been performed also by the CMS and ATLAS 
ollaborations, based on the data takingperiod in 2010 with an integrated luminosity of about 36 pb−1. The measured valuespresented above are 
ompared to the measurement performed by the top quark workinggroup of the CMS 
ollaboration, whi
h is des
ribed in [19℄. Figure 7.4 shows a summaryof the measurements in all dileptoni
 and semileptoni
 de
ay 
hannels, with and withoutthe use of b-tagging with an integrated luminosity of about 3 and 36 pb−1. The 
ombinedresult, whi
h is obtained in all three dileptoni
 de
ay 
hannels (ee, µe and µµ) withoutthe requirement of a b-tagged jet is σdilep.tt̄ = ( 168 ± 24) pb. This value is 
ompatiblewithin less than one standard deviation with all measurements performed in this thesis inthe muon-ele
tron de
ay 
hannel. The arithmeti
 average of the di�erent top quark pair
ross se
tion values, obtained after the standard dilepton-plus-jets sele
tion, kinemati
event re
onstru
tion, as well as after the requirement of two di�erent b jet identi�
ationalgorithms, is 〈σtt̄〉 = (157 ± 30) pb.

Figure 7.4: The measurement of the in
lusive top quark pair 
ross se
tion, performed bythe CMS and ATLAS 
ollaborations, based on the data taking period in 2010 with anintegrated luminosity of about 3 and 36 pb−1 in all dileptoni
 and semileptoni
 de
ay
hannels [19℄.



100 CHAPTER 7. CROSS SECTION MEASUREMENTS7.6 Di�erential Cross Se
tionsIn this se
tion, the �rst results from the measurement of di�erential 
ross se
tions basedon the data from the 
omplete 2010 data taking periods are presented. For the �rst timein CMS, the 
ross se
tion of the produ
tion of top quark pairs is measured di�erentiallyas a fun
tion of the kinemati
 observables of the �nal state obje
ts, su
h as the transversemomentum pT of the two leptons and the invariant mass of the lepton pair. Based on thesolution of the kinemati
 event re
onstru
tion presented above, the 
ross se
tion is also
al
ulated di�erentially as a fun
tion of the kinemati
 properties of the re
onstru
ted top-antitop quark pair. The di�erential tt̄ quark pair produ
tion 
ross se
tion as a fun
tionof the observable X is 
al
ulated using equation 7.17:
dσtt̄
dX

=
∆NObs − ∆NBKG

∆ǫtot · ∆X · BR · L , (7.17)where ∆ǫtot is the total sele
tion e�
ien
y for signal events, whi
h is derived from sim-ulation, 
al
ulated individually in ea
h bin of the observable X. The number of signalevents is also 
al
ulated for ea
h bin of the observable X, where ∆X is the width of ea
hindividual bin and ∆NObs and ∆NBKG are the number of observed events in the dataand simulated ba
kground events 
ounted in ea
h bin. As already introdu
ed, BR is thebran
hing ratio of a tt̄ quark pair de
aying into a muon-ele
tron pair and L is the totalintegrated luminosity.Migration E�e
ts: Purity and StabilityIn order to measure the tt̄ quark pair 
ross se
tion di�erentially, a binning ∆X is imposedfor ea
h observable X. Therefore, bin-to-bin migration e�e
ts are studied, whi
h are for-mulated in terms of purity and stability in ea
h bin. Purity and stability are (similarlyto the sele
tion e�
ien
y) determined from simulation, by 
omparing the distributions ofgenerator-level obje
ts (generated parti
les) to those of the 
orresponding re
onstru
tedobje
t. Therefore, a geometri
al mat
hing of ∆R < 0.1 in (η − φ) spa
e is performedbetween generated and re
onstru
ted obje
ts. In �gures 7.5 - 7.8 (
), the two-dimensionaldistributions of ea
h kinemati
 variable are shown. Based on the 
orrelation distributions,the purity and stability are 
al
ulated for ea
h bin i, as de�ned in the following equations:Purity(i) =
Number of events generated AND re
onstru
ted in bin iNumber of ALL events re
onstru
ted in bin i , (7.18)Stability(i) =
Number of events generated AND re
onstru
ted in bin iNumber of ALL re
onstru
ted events generated in bin i . (7.19)Hen
e, the purity 
orresponds to the number of events on the diagonal, divided bythe integral of all events in the 
orresponding horizontal bin of re
onstru
ted obje
ts.Similarly, the stability is de�ned as the number of events on the diagonal, divided by theintegral of all events in the 
orresponding verti
al bin of generated obje
ts, whi
h havebeen re
onstru
ted in any bin.



7.6. DIFFERENTIAL CROSS SECTIONS 101Lepton Transverse MomentumIn 
ase of the lepton transverse momenta, the 
orrelation between re
onstru
ted andgenerated leptons is 
learly visible, hen
e, a high purity and stability of greater than 80%is found for most of the bins in muon and ele
tron pT , as it is shown in �gures 7.5 and7.6 (d). Also the sele
tion e�
ien
y shows a 
onstant distribution in all bins ex
ept forthe �rst bin, where a lower value is obtained due to the lepton sele
tion requirementof pT > 20 GeV/
. The purity and stability is 
al
ulated from the 
orrelation betweengenerated (GEN) and re
onstru
ted (RECO) lepton momenta, shown in �gures 7.5 and7.6 (
). The 
orresponding pT -distributions after applying the dilepton-plus-jets sele
tionrequirements are shown in �gures 7.5 and 7.6 (a). A good agreement between eventsfrom data and simulation is obtained over the full range of the lepton momenta. Usingequation 7.17, the 
orresponing di�erential tt̄ quark pair 
ross se
tions as a fun
tionof the lepton transverse momenta dσtt̄
dpT(µ)

and dσtt̄
dpT(e) are shown in �gures 7.5 and 7.6 (b).The distribution 
al
ulated from 2010 data events (dots) is 
ompared to the 
ross se
tionobtained from the simulated signal sample (line), whi
h is normalised to the NLO tt̄ quarkpair 
ross se
tion at √

s = 7 TeV of 157.5 pb. An almost perfe
t agreement is foundbetween the measured 
ross se
tion from data event and simulation in ea
h bin of themuon and ele
tron momenta within the statisti
al un
ertainties. Only the statisti
alun
ertainties are taken into a

ount in �gures 7.5 and 7.6 (b), as well as for all distributionsof the di�erential 
ross se
tion in the following.Dilepton Invariant MassThe di�erential tt̄ quark pair 
ross se
tion as a fun
tion of the dilepton invariant mass dσtt̄
dMµeis shown in �gure 7.7 (b). Also for the dilepton mass, an overall good agreement is foundwithin the statisti
al un
ertainties in ea
h bin. In 
ase of the invariant muon-ele
tronmass, the re
onstru
ted and generated dilepton masses are reasonably 
orrelated, whi
his shown in �gure 7.7 (
). As in the 
ase of the lepton momenta, a purity and stabilityof above 80% is found in most of the bins in Mµe, as it is shown in �gure 7.7 (d). Thesele
tion e�
ien
y in
reases signi�
antly for higher dilepton masses. The 
orrespondingdistribution of the dilepton mass after applying the dilepton-plus-jets sele
tion require-ments is shown in �gure 7.7 (a), whi
h shows a good agreement between events from dataand simulated events.Top Quark PropertiesThe method for the kinemati
 event re
onstru
tion, des
ribed above, whi
h provides asolution for the four-momenta of the top-antitop quark pair, is used to study the kinemati
properties of the single top quark and the top-antitop quark pair. The value of the topquark mass, whi
h is used as input for solving the kinemati
 equations, is varied between100 and 300 GeV/
2 in 1 GeV/
2 steps. In parti
ular, the tt̄ quark pair invariant massdistribution Mtt̄ and the transverse momentum of the re
onstru
ted top quark pT (top)are analysed. First, the distribution of the re
onstru
ted tt̄ quark pair invariant massafter the dilepton-plus-jets sele
tion is shown in �gure 7.8 (a). The 
omparison betweensele
ted events from data and simulated events yields good agreement within the statisti
al



102 CHAPTER 7. CROSS SECTION MEASUREMENTSun
ertainties. The distribution of the 
orrelation between the re
onstru
ted and generatedtt̄ quark pair masses, whi
h are shown in 7.8 (
), show only a low 
orrelation, whi
h resultsinto a relatively low and also varying distribution of the purity and stability in the range of
Mtt̄, whi
h is shown in �gure 7.8 (d). Nevertheless, the total sele
tion e�
ien
y of tt̄ quarkpairs shows a 
onstant behaviour over the full range of re
onstru
ted masses. In orderto improve the purity and stability, a wider binning should be 
hosen. The di�erentialtt̄ quark pair 
ross se
tion as a fun
tion of the re
onstru
ted top-antitop quark invariantmass dσtt̄

dMtt̄ is shown in �gure 7.8 (b). A good agreement is found within the statisti
alun
ertainties in ea
h bin of Mtt̄.Se
ondly, the distribution of the re
onstru
ted single top quark transverse momen-tum is analysed. Figure 7.9 (a) shows the distribution of the re
onstru
ted pT (top),whi
h shows a statisti
al �u
tuation of about 2σ between 100 < pT(top) < 200 GeV/
.Nevertheless, the overall distribution of the re
onstru
ted top quark pT shows reasonableagreement 
ompared to the simulation within the statisti
al un
ertainties. The 
orrela-tion between the generated top quark momentum and the re
onstru
ted pT (top), whi
his shown in �gure 7.9 (
), has to be studied in further detail in order to provide highpurities and stabilities over the full range of pT (top). For low transverse momenta ofthe re
onstru
ted top quark, a purity of about 70% is obtained, whi
h is shown in �gure7.9 (d). The total sele
tion e�
ien
y slighty in
reases towards higher values of pT (top).The di�erential tt̄ quark pair 
ross se
tion as a fun
tion of the re
onstru
ted single topquark transverse momentum dσtt̄
dpT(top)

is shown in �gure 7.8 (b), whi
h shows reasonableagreement between data and simulated events within statisti
al un
ertainties.
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(d)Figure 7.5: (a) Muon transverse momentum pT (µ) after dilepton-plus-jets sele
tion.Simulated samples are normalised to an integrated luminosity of 35.9 pb−1. (b) Di�er-ential tt̄ quark pair 
ross se
tion as a fun
tion of the muon transverse momentum dσtt̄
dpT(µ)

.The distribution 
al
ulated from 2010 data events (dots) is 
ompared to the 
ross se
tionobtained from the simulated signal sample (line), whi
h is normalised to the NLO tt̄ quarkpair 
ross se
tion at √s = 7 TeV of 157.5 pb. (
) Distribution of the 
orrelation betweengenerated muon pT (GEN) and re
onstru
ted pT (RECO) and (d) the 
orresponding puri-ties and stabilities for ea
h individual bin, derived from (
). The total sele
tion e�
ien
y,used for the 
al
ulation of the di�erential 
ross se
tion in ea
h bin of pT (µ), is shown in(d).
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(d)Figure 7.6: (a) Ele
tron transverse momentum pT (e) after dilepton-plus-jets sele
-tion. Simulated samples are normalised to an integrated luminosity of 35.9 pb−1. (b)Di�erential tt̄ quark pair 
ross se
tion as a fun
tion of the ele
tron transverse momentum
dσtt̄

dpT(e) . The distribution 
al
ulated from 2010 data events (dots) is 
ompared to the 
rossse
tion obtained from the simulated signal sample (line), whi
h is normalised to the NLOtt̄ quark pair 
ross se
tion at √
s = 7 TeV of 157.5 pb. (
) Distribution of the 
orre-lation between generated ele
tron pT (GEN) and re
onstru
ted pT (RECO) and (d) the
orresponding purities and stabilities for ea
h individual bin, derived from (
). The totalsele
tion e�
ien
y, used for the 
al
ulation of the di�erential 
ross se
tion in ea
h bin of

pT (e), is shown in (d).
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tron invariant mass Mµe after dilepton-plus-jets sele
tion.Simulated samples are normalised to an integrated luminosity of 35.9 pb−1. (b) Di�er-ential tt̄ quark pair 
ross se
tion as a fun
tion of the dilepton invariant mass dσtt̄
dMµe . Thedistribution 
al
ulated from 2010 data events (dots) is 
ompared to the 
ross se
tion ob-tained from the simulated signal sample (line), whi
h is normalised to the NLO tt̄ quarkpair 
ross se
tion at √s = 7 TeV of 157.5 pb. (
) Distribution of the 
orrelation betweengenerated dilepton mass (GEN) and re
onstru
ted Mµe (RECO) and (d) the 
orrespond-ing purities and stabilities for ea
h individual bin, derived from (
). The total sele
tione�
ien
y, used for the 
al
ulation of the di�erential 
ross se
tion in ea
h bin of Mµe, isshown in (d).
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(d)Figure 7.8: The method for the kinemati
 event re
onstru
tion, is used for the re
on-stru
tion of the invariant mass of the top-antitop quark pair. The value of the top quarkmass, whi
h is used as input for solving the kinemati
 equations, is varied between 100and 300 GeV/
2 in 1 GeV/
2 steps. (a) Re
onstru
ted top-antitop quark pair invari-ant mass Mtt̄ after dilepton-plus-jets sele
tion. Simulated samples are normalised to anintegrated luminosity of 35.9 pb−1. (b) Di�erential tt̄ quark pair 
ross se
tion as a fun
-tion of the tt̄ quark pair invariant mass dσtt̄
dMtt̄ . The distribution 
al
ulated from 2010 dataevents (dots) is 
ompared to the 
ross se
tion obtained from the simulated signal sample(line), whi
h is normalised to the NLO tt̄ quark pair 
ross se
tion at √s = 7 TeV of 157.5pb. (
) Distribution of the 
orrelation between generated tt̄ quark pair mass (GEN) andre
onstru
ted Mtt̄ (RECO) and (d) the 
orresponding purities and stabilities for ea
hindividual bin, derived from (
). The total sele
tion e�
ien
y, used for the 
al
ulation ofthe di�erential 
ross se
tion in ea
h bin of Mtt̄, is shown in (d).
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(d)Figure 7.9: The method for the kinemati
 event re
onstru
tion, is used for the re
on-stru
tion of the transverse momentum of the single top quark. (a) Re
onstru
ted singletop quark transverse momentum pT (top) after dilepton-plus-jets sele
tion. Simu-lated samples are normalised to an integrated luminosity of 35.9 pb−1. (b) Di�erentialtt̄ quark pair 
ross se
tion as a fun
tion of the re
onstru
ted top quark transverse mo-mentum dσtt̄
dpT(top)

. The distribution 
al
ulated from 2010 data events (dots) is 
omparedto the 
ross se
tion obtained from the simulated signal sample (line), whi
h is normalisedto the NLO tt̄ quark pair 
ross se
tion at √s = 7 TeV of 157.5 pb. (
) Distribution of the
orrelation between generated top quark pT (GEN) and re
onstru
ted pT (top) (RECO)and (d) the 
orresponding purities and stabilities for ea
h individual bin, derived from(
). The total sele
tion e�
ien
y, used for the 
al
ulation of the di�erential 
ross se
tionin ea
h bin of pT (top), is shown in (d).
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Chapter 8Outlook I have an appointment with eternity and I don't want to be late.Star Trek VII - Generations2011 Data Taking PeriodAn outlook is given of the results from the analysis of the data re
orded in the �rst partof 2011. Figure 8.1 (b) shows the total integrated luminosity delivered by the LHC inthe �rst part of 2011, rea
hing almost 1 fb−1, whi
h is by a fa
tor of 20 higher thanfor the 
omplete data taking period in 2010, shown for 
omparison in �gure 8.1 (a). Thein
lusive top-antitop quark pair produ
tion 
ross se
tion is measured in the muon-ele
tronde
ay 
hannel using an integrated luminosity of 191 pb−1. Di�erential tt̄ quark pair 
rossse
tions are measured also in the µe �nal state as a fun
tion of the kinemati
 observablesof the �nal state leptons. An almost identi
al event sele
tion as for the analysis of thedata re
orded in 2010 is applied to the 2011 data sample, as well as to the simulatedsamples. The measurement of the top quark pair produ
tion 
ross se
tion using all threedileptoni
 de
ay 
hannels is des
ribed in [54℄.

(a) (b)Figure 8.1: (a) Total integrated luminosity L =
∫
dt L for the 
omplete data takingperiod in in 2010 
ompared to (b) the �rst data taking period in 2011.109



110 CHAPTER 8. OUTLOOKData Samples and Event Sele
tionA 
omprehensive des
ription of the data samples used for the analysis of the data samplesre
orded in 2011 is given in [54℄. The event sele
tion is almost similar to the sele
tion of the2010 data samples, whi
h has been des
ribed in 
hapter 6. In this outlook, only the muon-ele
tron triggered data sample is used. The 
ollision data sets used in this analysis arelisted in table 8.1. These samples are repro
essed with CMS software version CMSSW_4_1_4using a list of 
erti�ed, good runs given in [55℄. The sele
ted runs, whi
h are used as inputto the event sele
tion, 
orrespond to an integrated luminosity of 191 pb−1. The simulateddata samples used in this analysis 
orrespond to the Spring11 produ
tion series of MonteCarlo samples and 
omprise the same set of signal and ba
kground pro
esses as des
ribedin 
hapter 6. Systemati
 un
ertainties are not yet addressed in this analysis of the 2011data sample. Sample Run range/MuEG/Run2011A-PromptRe
o-v1/AOD see [55℄/MuEG/Run2011A-PromptRe
o-v2/AOD see [55℄Table 8.1: Collision data samples sele
ted by muon-ele
tron triggers of the 2011 datataking period, whi
h are used in this analysis. The 
orresponding run ranges are given in[55℄.
Preliminary Cross Se
tion ResultsFirst results from the measurement of di�erential 
ross se
tions based on the data fromthe �rst part of the 2011 data taking periods are presented. The 
orresponding in
lusivett̄ quark pair 
ross se
tion in the muon-ele
tron 
hannel is σµett̄ = ( 161 ± 11(stat.)) pb,as reported in [54℄. As des
ribed in se
tion 7.6, the 
ross se
tion of the produ
tion of topquark pairs is measured di�erentially as a fun
tion of the kinemati
 observables of the �nalstate obje
t, su
h as the transverse momentum pT of the two leptons and the invariantmass of the lepton pair.Dilepton Invariant MassThe di�erential tt̄ quark pair 
ross se
tion as a fun
tion of the dilepton invariant mass
dσtt̄
dMµe is shown in �gure 8.2 (b). The distribution 
al
ulated from the 2011 data events(dots) is 
ompared to the 
ross se
tion obtained from the simulated signal sample (line),whi
h is normalised to the NLO tt̄ quark pair 
ross se
tion at √s = 7 TeV of 157.5 pb.For the 2011 data samples, an ex
ellent agreement is found in ea
h bin of Mµe. There
onstru
ted and generated muon-ele
tron masses are also reasonably 
orrelated, whi
his shown in �gure 8.2 (
). The purity and stability are found to be almost identi
al
ompared to the 2010 data and are above 80% in most of the bins in Mµe, as it is shownin �gure 8.2 (d). The sele
tion e�
ien
y in
reases signi�
antly for higher dilepton masses.The 
orresponding distribution of the dilepton mass after applying the dilepton-plus-jets



111sele
tion requirements is shown in �gure 8.2 (a), whi
h shows a good agreement betweenevents from data and simulated events, as for the 2010 data samples.Lepton Transverse MomentumThe distributions of the lepton momenta after applying the dilepton-plus-jets sele
tionrequirements are shown in �gures 8.3 (a) and (
). A good agreement between eventsfrom data and simulation is obtained over the full range of the lepton momenta. The
orresponding di�erential tt̄ quark pair 
ross se
tions as a fun
tion of the lepton trans-verse momenta dσtt̄
dpT(µ)

and dσtt̄
dpT(e) are shown in �gures 8.3 (b) and (d). An almost perfe
tagreement is found between the measured 
ross se
tion from data event and simulationin ea
h bin of the muon and ele
tron momenta within the statisti
al un
ertainties. Asmentioned above, only the statisti
al un
ertainties are taken into a

ount.
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(d)Figure 8.2: (a) Muon-ele
tron invariant mass Mµe after dilepton-plus-jets sele
tion.Simulated samples are normalised to an integrated luminosity of 191 pb−1. (b) Di�er-ential tt̄ quark pair 
ross se
tion as a fun
tion of the dilepton invariant mass dσtt̄
dMµe . Thedistribution 
al
ulated from 2011 data events (dots) is 
ompared to the 
ross se
tion ob-tained from the simulated signal sample (line), whi
h is normalised to the NLO tt̄ quarkpair 
ross se
tion at √s = 7 TeV of 157.5 pb. (
) Distribution of the 
orrelation betweengenerated dilepton mass (GEN) and re
onstru
ted Mµe (RECO) and (d) the 
orrespond-ing purities and stabilities for ea
h individual bin, derived from (
). The total sele
tione�
ien
y, used for the 
al
ulation of the di�erential 
ross se
tion in ea
h bin of Mµe, isshown in (d).
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(d)Figure 8.3: (a) Muon transverse momentum pT (µ) after dilepton-plus-jets sele
tion.Simulated samples are normalised to an integrated luminosity of 191 pb−1. (b) Di�erentialtt̄ quark pair 
ross se
tion as a fun
tion of the muon transverse momentum dσtt̄
dpT(µ)

. Thedistribution 
al
ulated from 2011 data events (dots) is 
ompared to the 
ross se
tionobtained from the simulated signal sample (line), whi
h is normalised to the NLO tt̄ quarkpair 
ross se
tion at √
s = 7 TeV of 157.5 pb. (
) Ele
tron transverse momentum

pT (e) after dilepton-plus-jets sele
tion. (d) Di�erential tt̄ quark pair 
ross se
tion as afun
tion of the ele
tron transverse momentum dσtt̄
dpT(e) .
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Chapter 9Summary and Con
lusionsThere are more things in heaven and earth, Horatio,Than are dreamt of in your philosophy.Hamlet A
t I, S
ene VThe measurement of the top quark pair produ
tion 
ross se
tion in proton-proton 
ollisionsat √s = 7 TeV has been presented, using the muon-ele
tron de
ay 
hannel. Signal eventsare sele
ted by requiring an oppositely-
harged, well identi�ed and isolated muon-ele
tronpair and two additional high-pT Parti
le-Flow jets, using a data sample, whi
h 
orrespondsto the full data set re
orded in 2010 with an integrated luminosity of 35.9 pb−1. Signalevents are sele
ted using a robust, 
ut-based event sele
tion on an ele
tron- or muon-triggered data sample. After requiring two additional high-pT jets on top of the fulldilepton sele
tion, without any requirement of missing transverse energy or b-tagging, asigni�
an
e of the top quark pair signal of almost 7σ is obtained.Several 
orre
tion fa
tors are applied to the total sele
tion e�
ien
y, whi
h is determinedfrom simulated top quark pair events. The single-muon trigger e�
ien
y is measureddire
tly from the data using the tag&probe method. The remaining e�
ien
ies for leptonidenti�
ation, re
onstru
tion and isolation, as well as the single-ele
tron trigger e�
ien
yare also 
orre
ted for the values, whi
h have been derived from the tag&probe method.An estimation of the remaining ba
kground 
ontributions from pro
esses with two real,unlike-�avoured leptons, su
h as diboson produ
tion or Z0/γ⋆ → τ+τ− events, is obtainedfrom simulation, as well as pro
esses with at least one misidenti�ed muon or ele
tron (fakeleptons).Based on 59 observed tt̄ quark pair 
andidate events, the measured 
ross se
tion after ap-plying the standard dilepton-plus-jets sele
tion is σtt̄ = (156 ± 25(stat.) ± 14(sys.)) pb.In order to validate the top quark-like topology of the sele
ted events, a kinemati
 eventre
onstru
tion is applied to the �nal event sample. The 
ross se
tion is re
al
ulated forthe number of events, in whi
h a kinemati
 solution is found by the event re
onstru
-tion algorithm. Also a distribution for the resulting single top quark mass is obtained.Applying the kinemati
 event re
onstru
tion algorithm to the sele
ted event sample, theresulting 
ross se
tion value is found to be σkintt̄ = (159 ± 27(stat.) ± 14(sys.)) pb.As an alternative, also the requirement of at least one b-tagged jet is investigated on thett̄ -enri
hed signal sample after the dilepton-plus-jets sele
tion. Two di�erent b-taggingdis
riminators are studied, provided by the tra
k 
ounting and the simple se
ondary vertex115



116 CHAPTER 9. SUMMARY AND CONCLUSIONSalgorithms. The b-tagging e�
ien
y obtained from the data is found to be (92.5 ± 3.8)%for the TCHE algorithm at the loose working point and (63.0 ± 6.7)% for the SSVHEalgorithm at the medium working point. Sin
e the expe
ted b-tagging e�
ien
y for theSSVHE algorithm deviates signi�
antly from the value measured in the data, it is 
orre
tedfor the 
al
ulation of the total sele
tion e�
ien
y to the measured value. The 
ross se
tionis 
al
ulated, requiring at least one b-tagged jet for both algorithms to be σTCHEtt̄ =
(155 ± 24(stat.) ± 16(sys.)) pb and σSSVHEtt̄ = (156 ± 30(stat.) ± 16(sys.)) pb.The arithmeti
 average of the di�erent top quark pair 
ross se
tion values, obtained afterthe standard dilepton-plus-jets sele
tion, kinemati
 event re
onstru
tion, as well as afterthe requirement of two di�erent b jet identi�
ation algorithms, is 〈σtt̄〉 = (157 ± 30) pb.All measured 
ross se
tion values are found to be in good agreement with ea
h other andwith the NLO tt̄ quark pair 
ross se
tion at √s = 7 TeV of 157.5 pb. A summary of thedi�erent in
lusive top quark pair produ
tion 
ross se
tions is given in table 9.1.Sele
tion Cross Se
tion [pb℄ Stat. un
er. [pb℄ Sys. un
er. [pb℄

≥ 2 jets 156.2 ± 24.8 ± 14.1Kin. re
o. 158.6 ± 26.6 ± 14.3
≥ 1 TCHEL 155.2 ± 24.3 ± 16.0
≥ 1 SSVHEM 156.4 ± 29.5 ± 16.1Table 9.1: Summary of the di�erent in
lusive top quark pair 
ross se
tion values obtainedafter full dilepton-plus-jets sele
tion (≥ 2 jets). Optionally, a kinemati
 event re
onstru
-tion (Kin. re
o.) and the requirement of at least one TCHE loose (≥ 1 TCHEL) andSSVHE medium (≥ 1 SSVHEM) b-tagged jet is applied.The �rst results from the measurement of di�erential 
ross se
tions based on the datafrom the 
omplete 2010 data taking period have been presented. For the �rst time inCMS, the 
ross se
tion of the produ
tion of top quark pairs is measured di�erentially asa fun
tion of the kinemati
 observables of the �nal state obje
t, su
h as the transversemomentum pT of the muon and the ele
tron, as well as the invariant mass of the leptonpair. Based on the solution of the kinemati
 event re
onstru
tion, the 
ross se
tion is also
al
ulated di�erentially as a fun
tion of the kinemati
 properties of the re
onstru
ted top-antitop quark pair. An ex
ellent agreement is found between the measured 
ross se
tionsfrom data events and simulation in ea
h bin of the lepton momenta, the dilepton mass,as well as for the re
onstru
ted top quark properties, within the statisti
al un
ertainties.Finally, an outlook of the results from the analysis of the data re
orded in the �rst part of2011 has been given. First results from the measurement of di�erential 
ross se
tions werepresented. Also for the data re
orded in 2011, an ex
ellent agreement is found betweenthe measured 
ross se
tions from data events and simulation in ea
h bin of the observablesof the �nal state leptons.



Appendix ASele
ted Candidate Events
A.1 Top Quark Candidate EventsRun Lumi. Event Nleptons = 2 Dilepton mass Njets with Nb-tags ≥ 2(RC µ e) Mµe [GeV/
2℄ (pT > 30 GeV/
)148829 280 273430518 176.97 2148862 51 78710892 50.15 2148029 457 357580841 124.43 2147451 120 139902700 88.97 2148862 154 247353758 124.64 2143657 633 584500498 60.97 2149291 751 759541584 24.57 2149011 596 839574880 Figure A.1 123.87 2148862 417 616863960 49.85 2147926 357 380430462 42.91 2149181 245 68403528 82.09 2148862 357 532196916 98.58 2147114 340 276016381 45.29 2147926 493 531114775 149.28 2149291 89 37887806 62.16 3148864 225 267767817 Figure A.2 217.13 3148864 284 334989072 42.89 3148864 579 654374646 34.88 4147757 240 203029597 189.82 5Table A.1: Sele
ted top quark pair 
andidate events after dilepton-plus-jets sele
tion.Additionally, the sele
ted events are required to have at least two THCE medium b-taggedjets. A

ording to simulation, this 
onstitutes an almost ba
kground-free top quark pairevent sample. Two images 
reated from the event display �reworks are shown in �guresA.1 and A.2 below.
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Figure A.1: Sele
ted top quark pair 
andidate event (Run:149011, Lumi:596,Event:839574880 ) after dilepton-plus-jets sele
tion given in table A.1. The sele
ted eventis required to have at least two TCHE medium tagged jets. The invariant mass of themuon-ele
tron pair is Mµe = 123.87 GeV/
2. Lepton momenta: pT (µ) = 53.1 GeV/
 and
pT (e) = 65.8 GeV/
. ��ET = 36.0 GeV.
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Figure A.2: Sele
ted top quark pair 
andidate event (Run:148864, Lumi:225,Event:267767817 ) after dilepton-plus-jets sele
tion given in table A.1. The sele
ted eventsare required to have at least two TCHE medium tagged jets. . The invariant mass of themuon-ele
tron pair is Mµe = 217.13 GeV/
2. Lepton momenta: pT (µ) = 135.9 GeV/
and pT (e) = 87.7 GeV/
. ��ET = 197.9 GeV. Momentum of leading-pT jet: 252.1 GeV/
.



120 APPENDIX A. SELECTED CANDIDATE EVENTSRun Lumi. Event Nleptons = 2 Dilepton mass Njets(RC µ e) Mµe [GeV/
2℄ (pT > 30 GeV/
)149181 1340 1311956829 105.45 2149063 84 98375451 207.21 2149181 1706 1626022411 58.96 2148829 155 153397876 47.46 2148864 312 366351507 14.43 2146644 1633 1255480064 73.51 2147048 161 134625993 123.92 2147115 2 878744 69.97 2146807 178 183012929 156.10 2146807 398 399257984 97.89 2147454 68 60288052 83.56 2149182 26 21483106 132.86 2149181 754 723595683 106.46 2148864 522 594577419 83.86 2148862 82 131576801 75.40 2149291 613 639394420 181.31 2149291 683 700663787 188.81 2149291 664 683687535 40.73 2147219 102 69124299 127.27 2147929 27 26117530 105.73 2147390 103 91917863 106.80 2148864 375 436534906 77.63 2149291 362 387551026 119.19 2147217 8 5192291 129.76 2147927 4 2196303 75.22 2149003 233 251972444 56.78 2147390 701 564227635 183.28 2149181 1194 1175707454 179.15 2148031 251 213904114 49.80 2147929 445 406944235 66.27 2142971 235 222175234 75.91 2142305 22 15915819 88.33 2143962 227 244363110 133.62 2147216 46 34569448 87.15 3149003 176 170643045 61.40 3148862 287 430865233 79.72 4142038 702 367782938 28.85 4149181 1345 1316743403 76.61 5147926 190 174596074 65.26 5Table A.2: Sele
ted top quark pair 
andidate events ful�lling the dilepton-plus-jetssele
tion.



A.2. DIBOSON WZ CANDIDATE EVENT 121A.2 Diboson WZ Candidate EventRun Lumi. Event Nleptons = 3 Dilepton mass Njets
Mℓ+ℓ− [GeV/
2℄ (pT > 30 GeV/
)147217 75 55188718 RC µ µ 90.66 2147217 75 55188718 RC µ e 52.58 2147217 75 55188718 WC µ e 135.65 2Table A.3: Sele
ted diboson WZ 
andidate event after dilepton-plus-jets sele
tion.The invariant mass of the oppositely-
harged muon pair is Mℓ+ℓ− = 90.66 GeV/
2. Animage 
reated from the event display �reworks is shown in �gure A.3 below.
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Figure A.3: Sele
ted diboson WZ 
andidate event (Run:147217, Lumi:75,Event:55188718 ) after dilepton-plus-jets sele
tion given in table A.3. The invariantmass of the oppositely-
harged muon pair is Mℓ+ℓ− = 90.66 GeV/
2. Lepton momenta:
pT (µ1) = 22.4 GeV/
, pT (µ2) = 46.7 GeV/
 and pT (e) = 47.5 GeV/
. ��ET = 68.4 GeV.
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