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Abstrat

The normalised di�erential ross setions for the prodution of top-quark pairs are measured

using proton-proton ollisions at entre-of-mass energy
√
s = 8TeV. Events are delivered at

the Large Hadron Collider and reorded with the Compat Muon Solenoid experiment in 2012,

orresponding to a total integrated luminosity of L = 19.7 fb−1. The analysis is performed in

the dilepton (e+e−, e±µ∓ and µ+µ−) top-quark pair (tt̄) deay hannels. Events are seleted

based on topologial requirements of the �nal state partiles and a kinemati reonstrution is

performed to determine the individual top-quark 4-momenta. The di�erential ross setions

are measured as a funtion of kinemati variables of the top quark, the tt̄ system and their

deay produts (leptons, lepton pairs, b-jets and b-jet pairs). The reonstruted distributions

are orreted for detetor e�ets by use of a regularised unfolding tehnique. The results

are normalised to the total prodution ross setion measured in the same kinemati range.

Therefore, systemati unertainties orrelated among the bins anel and a typial preision

of 3�5% is ahieved. The results are ompared to Standard Model (SM) preditions from

various Monte Carlo event generators and several QCD perturbation theory alulations up

to approximate next-to-next-to-leading order auray. In general, the results agree with the

SM expetations and the ahieved preision is able to disriminate between ertain theory

models.

Zusammenfassung

Normierte di�erentielle Wirkungsquershnitte von Top-Quark-Paarproduktion werden in Pro-

ton-Proton-Kollisionen des Large Hadron Colliders aus dem Jahre 2012 bei einer Shwer-

punktsenergie von
√
s = 8TeV gemessen, welhe mit dem CMS-Experiment aufgezeihnet

wurden und einer Gesamtluminosität von L = 19.7 fb−1 entsprehen. Analysiert werden die

di-leptonishen (e+e−, e±µ∓ und µ+µ−) Zerfallskanäle des Top-Quark-Paares (tt̄), basierend

auf einer der Topologie des Endzustandes entsprehenden Ereignisselektion, unter Verwen-

dung einer kinematishen Rekonstruktion der beiden Top-Quark-Vierervektoren. Die Mes-

sungen erfolgen als Funktion kinematisher Observablen des Top-Quarks, des tt̄-Systems und

der Zerfallsprodukte (Leptonen, Lepton-Paare, b-Jets und b-Jet-Paare). Die Verteilungen der

gemessenen Gröÿen werden bezüglih Detektore�ekten mit Hilfe einer regularisierten Entfal-

tungsmethode korrigiert. Durh Normierung der Resultate auf den totalen Produktionswir-

kungsquershnitt � gemessen im selben kinematishen Bereih � kürzen sih zwishen Einzel-

intervallen korrelierte Unsiherheiten, wodurh eine typishe Unsiherheit von 3�5% erreiht

wird. Die Resultate werden mit Vorhersagen des Standardmodells (SM) diverser Monte-Carlo-

Simulationen, und perturbativen QCD-Rehnungen in approximierter dritter Ordnung vergli-

hen. Im Allgemeinen stimmen die Ergebnisse mit den SM-Erwartungen überein, ferner er-

mögliht die erreihte Präzision die Untersheidung zwishen vershiedenen Theoriemodellen.
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Chapter 1

Introdution

The Standard Model (SM) of partile physis is one of the most suessful theories ever

developed. It has undergone and survived a vast set of experimental tests for almost 50 years.

The latest great aomplishment of the SM was the disovery of a boson ompatible with the

properties of the Higgs boson at the Large Hadron Collider (LHC) in 2012 [1,2℄. Nevertheless,

there are experimental observations with no explanation within the SM suh as dark matter,

dark energy and matter-antimatter imbalane. Due to the enormous ollision energy and high

ollision rate delivered by the LHC ollider, the experiments loated at it an now test and

evaluate physis proesses and parameters of the SM with unpreedented preision and energy

and searh for signals of physis beyond the SM (BSM).

A prominent onstituent of the SM is the top quark, the heaviest fundamental partile

ever measured. The high value of the top-quark mass and its loseness to the eletroweak sale

makes the top-quark analysis sensitive to possible new physis e�ets. Similarly, results of

top-quark analyses, suh as di�erential and inlusive ross setions, an be used to onstrain

theory parameters, e.g.: the parton density funtions [3℄, the strong oupling onstant [4℄, et.

The top-quark physis programme has been a very ative and produtive researh �eld sine

it was disovered in 1995 [5,6℄. In the year 2012 the LHC produed approximately �ve million

top-quark pairs (tt̄), making possible a detailed study of the top quark and its properties,

on�rming the validity of the perturbative QCD setor of the SM and setting more stringent

limits to the presene of BSM physis proesses [7℄.

In this analysis the normalised di�erential ross setion for the prodution of tt̄-pairs in

proton-proton (pp) ollisions at a entre-of-mass energy of
√
s = 8TeV is measured. The

ollision events were delivered by the LHC aelerator during the year 2012 and olleted

by the Compat Muon Solenoid (CMS) experiment orresponding to approximately 20 fb−1

of total integrated data luminosity. The analysis is performed in the dileptoni tt̄ deay

hannel haraterised by the presene of two high-pT oppositely-harged leptons, two b-quarks

and two neutrinos whih esape diret detetion. The olleted dataset is �ltered with the

appliation of several kinemati requirements based on the tt̄ dilepton event topologies suh

that a large signal-to-bakground fration of events is seleted. The individual top-quark

4-momentum omponents are derived from a kinemati reonstrution algorithm applied to

the remaining events after imposing the omplete event seletion riteria. Di�erential ross

setion distributions are measured as a funtion of 19 kinemati variables of the top quark,

top-quark pair and tt̄ deay produts and are presented in two alternative phase spaes de�ned

by the detetor aeptane. The results are ompared to the preditions obtained from event

simulation tools and higher-order theory alulations, wherever available.

This thesis is organised as follows: A brief introdution on the theory framework of the

1



1. INTRODUCTION

SM of partile physis, the properties of the top quark and the relevane of the top quark in

the SM and theories beyond are outlined in Chapter 2.

Chapter 3 is devoted to the desription of the experimental apparatus: the LHC ollider

and the CMS experiment. The erti�ation proess of the quality of the olleted data used

in physis analysis is also introdued in this hapter.

A omplete pp ollision annot be analytially desribed by the urrent theories, and thus

event simulations based on theory modelling assumptions are used to provide a representation

of the pp ollision. Event simulations, introdued in Chapter 4, are important analysis tools

whih are also used to estimate the analysis e�ieny and to alibrate the detetor response

to the di�erent partiles produed in the events under investigation.

Details of event reonstrution and seletion inluding the top-quark momentum reon-

strution algorithm are desribed in Chapter 5.

In Chapter 6 the di�erential ross setion is de�ned. The unfolding tehnique used to

orret the bin-to-bin migrations aused by the detetor is desribed in the same hapter. The

total tt̄ prodution ross setion is measured and used as onsisteny hek of the analysis

methodology with dediated experimental measurements and with the most preise theory

preditions.

A preision measurement an only be obtained with a detailed study of the systemati

unertainties of the analysis. Additional details are provided in Chapter 7.

In Chapter 8 the normalised tt̄ di�erential ross setion results are derived, separately for

kinemati distributions of the top quarks and the top-quark pairs and the top-quark deay

produts, namely leptons, b-jets, lepton pairs and b-jet pairs.

2



Chapter 2

Theory

The evolution and development of any �eld of siene is an interplay of the theoretial hy-

potheses and experimental observations and measurements. Preise experimental results are

used to improve the onepts desribed by the theory. And vie versa, the proposed theory

models an only be validated or refuted thanks to new and better experimental measurements.

The urrent understanding of the high-energy and partile physis is based on the so-alled

Standard Model (SM) of partile physis whih omprises the desription of the partiles and

their interations.

In this Chapter a brief desription of the SM theory is given followed by an overview of

the top quark and its properties. A more extensive disussion an be found for example in [8℄.

2.1 Standard Model of Partile Physis

The SM of partile physis is a theory whih desribes the urrent understanding of the

partiles and their interations as a result of the evolution of several onepts and experiments

started in the early 20th entury. It is based on a relativisti quantum �eld theory and gauge

symmetry onservation desribed by the Ward�Takahashi identity [9, 10℄. The interations

at on half-integer spin fundamental partiles (fermions) exhanging integer-spin mediators

(bosons). Four fores or interations are known in nature: the eletromagneti, the weak, the

strong interation and the gravitational fore. The former three are aounted for in the SM

framework, while the latter annot be desribed by the SM sine it is not a omplete quantum

�eld theory.

Fermions

The SM ontains 12 partiles with spin 1/2, thus fermions, with masses1 in the range of few

MeV to hundreds of GeV organised in two main ategories depending on the type of interation

they undergo. The fermions an be organised in three families whih share ommon properties.

Eah partile has an antipartile2 with the same mass and quantum properties, and opposite

eletri harge.

A diagram with a summary of the properties and lassi�ation of the fermions is shown

in Figure 2.1. The gauge bosons and their properties, disussed in the following setion, are

1In this analysis �natural units� are used ~ = c = 1. Transverse momenta, masses and energies are expressed
in units of eletron-volts ( eV): MeV, GeV, et.

2In the following, unless stated otherwise, partile and antipartile terms are used indi�erently. Thus
�fermion� will refer to the fermion and antifermion, �top quark� will indiate the top quark and antiquark, et.

3



2. THEORY

also presented for ompleteness.

Figure 2.1: List of fundamental fermions and gauge boson mediators of the eletroweak and

strong interations. The eletroweak symmetry breaking boson is also indiated. The name,

spin, mass and eletri- and olour-harge are indiated for eah of the partiles. Figure

(modi�ed) taken from [11℄.

Interations

The eletromagneti interation between partiles with non-zero eletri harge is desribed

by the quantum eletro-dynamis (QED) theory. The QED presents a U(1) group symme-

try properties with the eletrially-neutral photon, γ, as the gauge mediator. The oupling

onstant assoiated to the eletromagneti interation is de�ned as

αEM ≃ e2

4π
≪ 1, at low energies. (2.1)

The QED oupling remains small, αEM ≪ 1, up to high energies and therefore the QED

theory an be perturbatively expanded in series of powers of αEM.

The weak interation is desribed by a SU(2) symmetry group. The uni�ation of the

eletromagneti and weak interation implies the presene of a neutral and two harged fore

mediators, the Z0 and the W± bosons3, respetively. The W boson presents a non-zero eletri

harge and thus it ouples at the same interation vertex to a lepton and the orresponding

neutrino or to a quark-antiquark pair. The oupling ours within same family fermions in

the ase of the leptons while quarks from di�erent generations an be oupled to the W boson.

This e�et is known as �avour mixing and is desribed by the Cabibbo�Kobayashi�Maskawa

3In the following and wherever is possible the harge supersript is omitted.

4



2.1. STANDARD MODEL OF PARTICLE PHYSICS

(CKM) matrix elements VCKM [12℄, see Equation 2.2.

VCKM =





Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 =





0.974 0.225 0.004
0.225 0.973 0.041
0.009 0.041 0.999



 (2.2)

The strong interations are desribed by the Quantum Chromodynamis (QCD) theory

based on a SU(3) symmetry group. It presents three olour harge eigenstates, namely red,

green and blue. The mediator of the QCD is the gluon, a olour-singlet state, whih and thus

interats with other gluons or with the oloured quarks. The QCD-oupling parameter, αs,

is known to run, i.e. its value varies with the momentum transfer Q2 of the interation (see

Figure 2.2). The running of the strong oupling presents two important onsequenes: the

asymptoti freedom at short distanes and the olour on�nement at large distanes. At high

energies the strong oupling is small and therefore the quarks behave as free partiles. The

olour on�nement instead ours at small energies where αs ≃ 1. This auses the formation

of olourless bound states of quarks, alled hadrons. The lak of experimental evidene of

olour singlet partiles provides a on�rmation of the validity of the QCD model.
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Figure 2.2: Distribution of the values of the strong oupling αs determined in proesses

involving di�erent momentum transfer sales µr measured in di�erent experiments [13℄. The

bottom panel shows the same distribution normalised to the αs value evaluated at the Z-boson

mass sale αs(µr = mZ).

Eletroweak Symmetry Breaking

The simplest group notation of the SM is SU(3) × SU(2) × U(1) whih predits massless

fermion and bosons. This onsequene is in ontradition to the experimental results where
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2. THEORY

the W- and Z-boson masses are experimentally measured with very high preision [12℄:

m(W ) = 80.385± 0.015GeV

m(Z) = 91.1876± 0.0021GeV (2.3)

The presene of massive partiles is introdued in the SM formalism by the Higgs formal-

ism. It adds an additional salar doublet �eld and the orresponding potential to the SM. The

gauge invariane requirement produes a set of mathematially equivalent minimum vauum

eigenstates of the potential. The symmetry is spontaneously broken and predits a vauum

expetation value to v = 246GeV. The physial manifestation of the spontaneous symmetry

breaking model is the Higgs boson [14℄. Experimentally, a partile resonane with spin-parity

and deay branhing frations properties ompatible with a Higgs boson was measured by the

CMS and ATLAS Collaborations with a mass mH ≃ 125GeV [1,2℄.

The W and Z bosons gain mass by a gauge interation with the Higgs �eld and the SM

fermions through Yukawa interations with a oupling onstant Yf .

mf =
Yf · v√

2
(2.4)

2.2 Top Quark Physis

The hadron ollision event, suh as the prodution of a tt̄ pair in a ollider suh as the LHC

an be desribed by fatorising the global event in sub-proesses ourring at di�erent energy

sales separated by the fatorisation sale µF .

σ(pp → tt̄) =
∑

i,j

∫

xi

∫

xj

dxidxjfp|i(µr, xi)fp|j(µr, xj)σ̂ij→tt̄(µr, µF ). (2.5)

The large distane on�nement of oloured partiles into hadrons is modelled by the

parton density funtion (PDF) fp|i(µr, xi) whih indiates the probability density to �nd a

parton i inside the hadron p with a ertain longitudinal hadron momentum fration xi at
a renormalisation sale µr. The PDFs are universal distributions for a ertain hadron type.

They are obtained from �ts to experimental results at a given energy sale whih depends

on the proess. They an be derived at a di�erent energy sale using the DGLAP evolution

equations [15�17℄. An example of the proton PDF obtained by the CTEQ ollaboration is

shown in Figure 2.3a for a µr = 85GeV sale. Top quark analyses an be used to onstrain

the PDF and to redue the PDF unertainties. As an example, Figure 2.3b shows the gluon

PDF unertainty obtained by the HERAFitter ollaboration [18℄ using three di�erent sets

of experimental data [3℄, inluding top-quark measurements.

The partoni ross setion is represented by σ̂ij→tt̄(µr, µF ) and indiates the atual in-

teration between fundamental partons and presents a dependeny on the fatorisation and

renormalisation sales µF and µr, respetively. Sattering proesses between partons our at

energy sales where the oupling onstant is small α ≪ 1 and thus a perturbative expansion

of σ̂ij→tt̄ in powers of α an be alulated.

Prodution

The top quark, as a oloured partile, an be produed via the strong interation in pairs (tt̄

prodution) or via the eletro-weak interation individually (single-top prodution).

6



2.2. TOP QUARK PHYSICS
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Figure 2.3: (a): Result of the CT10 [19℄ PDF model of the proton as a funtion of the parton

momentum fration x at 85GeV probe sale. (b): Unertainties of the gluon PDF at a sale

Q2 = 100GeV2 as a funtion of the parton momentum fration x as obtained in [3℄ using

inlusive DIS measurements (light shaded band), DIS and W lepton harge asymmetry data

(hathed band), and DIS, W lepton harge asymmetry and the tt̄ measurements (dark shaded

band).

Top-quark-pairs are dominantly produed in gluon-gluon fusion (gg → tt̄) or quark-

antiquark annihilation (qq̄ → tt̄) events at tree level in perturbation theory, as an be seen

in Figure 2.4. The prodution via quark-gluon sattering proesses (qg/q̄g → tt̄) only appear

in next-to-leading (NLO) terms in the QCD perturbative expansion. The total tt̄ prodution

(a) (b) ()

Figure 2.4: Feynman diagrams for tt̄ prodution at leading-order in QCD perturbative ex-

pansion: gluon-gluon fusion (a, b) and quark-antiquark annihilation ().

ross setion in pp ollisions at
√
s = 8TeV has been alulated at next-to-next-to-leading

order (NNLO) auray [20℄: σtt̄(NNLO) = 245.8+8.8
−10.6 pb, for a top quark mass of 173.3GeV.

However, di�erential prodution ross setions are so far only alulated up to approximate

NNLO auray level by resumming the soft-gluon emission near the partoni prodution

threshold [3, 21℄.

In addition to the prodution of top-quark pairs via the strong interation, single-top

quarks an be produed via weak interations. Three prodution hannels an be distinguished

at LO the t- and s-hannels mediated by a virtual W boson and the assoiated prodution of

a top quark and a W boson (tW hannel). The Figure 2.5 shows the LO single-top prodution

diagrams. The single-top prodution ross setions are alulated up to approximate NNLO
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(a) (b) ()

(d) (e)

Figure 2.5: Leading-order single-top eletroweak prodution diagrams: s-hannel (a), t-
hannel (b and ), and tW -assoiated prodution in (d and e).

auray [21℄. The results for the LHC
√
s = 8TeV ollision energy are shown in Table 2.1.

The dominant prodution mehanism is the t-hannel followed by the prodution in assoiation

with a W boson. The s-hannel prodution at the LHC is suppressed due to low quark and

antiquark frations in the proton.

Channel Cross Setion [ pb ℄

t-hannel 87.2+3.4
−2.4

s-hannel 5.55± 0.22

tW -hannel 22.2± 1.5

Table 2.1: Eletroweak single-top prodution ross setion expetations in pp ollisions at√
s = 8TeV [21℄. Results are provided separately for the t- and s-hannel and tW -assoiated

prodution. The unertainties aount for renormalisation and fatorisation sales and the

PDF unertainties on the alulation.

Deay

The top quark is the heaviest fundamental partile ever disovered with a mass of mt =
173.21 ± 0.51 ± 0.71GeV [12℄. The large mass orresponds to a short lifetime, τt ∝ m3

t ≃
0.5 × 10−24 s whih is approximately an order of magnitude smaller than the QCD sale,

ΛQCD ≃ 3 × 10−24 s. Therefore the top quark deays before the strong fore an at on it.

Top quark properties are transferred to its deay produts whih are not a�eted by the olour

on�nement e�ets. Suh properties are for example the tt̄ spin orrelations. Di�erent angular

distributions of the lepton-pairs are expeted depending on the orrelation level between the

top quark and antiquark (see Figure 2.6).

The top quark deays almost exlusively via the eletroweak interation into a W-boson

and a b-quark as the CKM matrix element is expeted to be |Vtb| = 0.999, as shown in

8



2.2. TOP QUARK PHYSICS

Figure 2.6: Normalised di�erential ross setion distribution as a funtion of the azimuthal

angle di�erene between the leptons produed from tt̄ deays. Di�erent results arise depending

on the orrelation level between the top quark and antiquark [22℄. The results are shown for

the partiular on�guration of pp ollisions at
√
s = 14TeV with mtt̄ ≤ 400GeV.

BR [%℄
W+ Deay

ud̄, cs̄ e+νe µ+νµ τ+ντ

W− Deay

ūd, c̄s 45.7 7.3 7.3 7.3

e−ν̄e 7.3 1.2 1.2 1.2

µ−ν̄µ 7.3 1.2 1.2 1.2

τ−ν̄τ 7.3 1.2 1.2 1.2

Table 2.2: Branhing ratios (BR), in %, of all possible tt̄ deay hannels.

Equation (2.2). The W-boson an further deay into a quark-antiquark pair or into a lepton-

neutrino pair. The tt̄ deay hannel is de�ned by the deay of the W-bosons, see Table 2.2.

The fully-hadroni deay hannel is haraterised by the deay of both W-bosons into

quark-antiquark pairs. This hannel presents the largest tt̄ deay branhing ratio (BR), 45.7%,

but su�ers from a very high ontamination of bakground events e.g. multijet prodution.

The semi-leptoni deay hannel ours when a W-boson deays into a lepton-neutrino

pair and the remaining W-boson into a qq̄ pair. This hannel presents a 43.8% BR. The

presene of a lepton, whih usually has a high momentum, is used to disriminate tt̄ events

from bakground proesses.

The dilepton hannel aounts for approximately 10.8% of the tt̄ deays and only for 4.8%

when the tt̄ deays via τ -leptons are exluded. Despite having the lowest BR of all tt̄ hannels,

the presene of two high-energeti opposite-harged leptons is used to separate tt̄ events from

bakground proesses.

The analysis presented in this thesis fouses in the dilepton tt̄ deay hannel where the

W-bosons deay into eletrons or muons, and the orresponding neutrinos.

pp → tt̄ → l̄ νl b l ν̄l b̄, where l = e, µ. (2.6)

9
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The dilepton hannel events with τ -leptons, whih may deay further into eletron or muon

and the orresponding neutrinos, are onsidered bakground proess. This hoie is motivated

by the presene of additional neutrinos from the τ deay whih ompliates the detetion and

reonstrution of the τ -kinematis.

Impliations of the Top Quark in the Standard Model and Beyond

Top-quark prodution and deay involve the strong and eletroweak interations. A top-quark

physis analysis provides an important test of various aspets of SM preditions.

Higher-order e�ets in perturbative QCD an be tested by measuring the tt̄ harge asym-

metry, whih only appears from the interferene between the LO amplitudes of qq̄-annihilation

proess and the one-loop orretions (NLO auray terms) in perturbative series [23℄.

The spin orrelation between the top quark and antiquark an be studied in the distribu-

tion of the di�erene in azimuthal angles, ∆φ, between the lepton and antilepton produed

in a tt̄ dileptoni deay.

The preise measurement of the tt̄ prodution ross setion, both inlusive and di�erential,

an be used to improve the auray of the QCD parameters suh as αs [4℄ and the PDF [3,18℄.

The unitarity of the CKM matrix an be tested measuring, or setting limits to, the Vtd,

Vts and Vtb CKM matrix elements. These measurements require preise results of the top-

quark-deay ratio [24℄ and single-top prodution ross setions [25℄.

The Higgs mehanism provides an explanation to the presene of massive gauge mediator

bosons and fermions as explained in Setion 2.1. Sine sales of the top-quark mass and of

the eletroweak symmetry breaking are similar, the Yukawa oupling of the Higgs boson and

top quark is dominant and lose to unity (Yt ≃ 1), see Equation (2.4). The main Higgs

prodution mehanism at the LHC ollision energy is the gluon-fusion proess via a fermion

loop. The loop involves predominantly top quarks due to the large Yukawa oupling (see

Figure 2.7a). The Higgs boson an also be produed in assoiation with a tt̄ pair, denoted

as tt̄H-prodution, as represented in Figure 2.7b. A possible method to validate the Higgs

mehanism is to measure the Yukawa oupling using the tt̄H prodution ross setion and

omparing the results to the theoretial preditions.

(a) (b)

Figure 2.7: Feynman diagrams showing the gluon fusion prodution of a Higgs boson through

a top-quark loop (a) and the prodution of a Higgs boson in assoiation with a top-quark

pair (b). These diagrams are representative of SM proesses with sensitivity to the oupling

between the top quark and the Higgs boson.

An aurate modelling of the SM tt̄ prodution is required by Higgs-boson analyses aiming

10



2.2. TOP QUARK PHYSICS

to measure the Yukawa oupling via the tt̄H prodution ross setion analyses. For a measured

Higgs mass value of approximately 125GeV the main deay hannel is H → bb̄ (see Figure 2.8).

Therefore tt̄H and the prodution of tt̄-pairs aompanied by a pair of b-quarks will present

idential �nal state topologies.
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Figure 2.8: Standard Model Higgs-boson deay branhing ratio as a funtion of the Higgs-

boson mass [26℄. The hathed area orresponds to the total unertainty on the alulation.

Despite its big preditive suess, the SM ontains several limitations suh as the hier-

arhy problem or the existene of dark matter. Di�erent BSM models propose solutions to

these limitations by introduing new partiles, suh as heavy boson resonanes [27℄, or new

symmetries as a onsequene new partiles, suh as SUSY models [28℄. Many of these SM

extensions predit the deay of the new partiles into a top quark or top-quark pairs. BSM

searhes rely on an exellent SM desription of the tt̄ prodution as signatures of the new

proesses might appear as exesses or deviations from the SM preditions.
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Chapter 3

Experimental Setup

3.1 Large Hadron Collider

The Large Hadron Collider (LHC) [29�31℄ is a superonduting aelerator omplex operated

by the European Organization for Nulear Researh (CERN) loated in the viinity of Geneva

(Switzerland). The LHC oupies the 26.7 km long tunnel onstruted and used for the former

Large Eletron-Positron (LEP) ollider. The LHC an aelerate beams of protons or lead

ions in two opposite diretions. Superonduting dipole and quadrupole magnets are used

to guide and fous the beams and radio-frequeny avities are used to aelerate the partile

bunhes. This thesis is based on pp ollision data and in the following only this operation

mode is disussed.

Protons are aelerated in the CERN aelerator omplex prior to injetion in the LHC

ring. A sheme of the loation of the di�erent aelerators and experiments in the CERN

omplex is shown in Figure 3.1. The pre-aeleration hain starts by reating the protons from

hydrogen atoms and boosting them up to 50MeV energy in the linear aelerator (LINAC2).

The protons are then transferred via the BOOSTER into the PS (proton-synhrotron) where

they ahieve an energy of 25GeV. From the PS, protons are sent to the Super Proton Syn-

hrotron (SPS) from whih they are injeted in the LHC at an energy of 450GeV, before being

aelerated within the LHC to the desired ollision energy. During the year 2012 a 4TeV [33℄

per proton-beam operation mode was used.

Four interation points exist along the LHC ring where the partiles are brought to ol-

lision. In these points, four high-energy physis (HEP) experiments are loated: A Large

Ion Collider Experiment (ALICE) [34℄, A Toroidal LHC Apparatus (ATLAS) [35℄, the Com-

pat Muon Solenoid (CMS) [36℄ and the Large Hadron Collider beauty (LHCb) [37℄. The

ALICE detetor is designed to study heavy-ion ollisions and LHCb is mainly devoted to

study B physis. The ATLAS and CMS experiments are multi-purpose high-luminosity ex-

periments with a broad HEP researh programme: detailed study of the SM in a new energy

regime, preision measurement of top-quark properties, Higgs-boson searhes and property

measurements, searh for new physis beyond the SM. The Total Elasti and Di�rative

Cross-Setion Measurement (TOTEM) [38℄ and Large Hadron Collider forward (LHCf) [39℄

experiments share the interation points with the CMS and ATLAS experiments. Their main

fous is the measurement of the total inelasti pp ross setion, forward physis analyses and

the measurement of the proton size. This thesis is arried out in the ontext of the CMS

experiment. In Setion 3.2 further details are given.

The most relevant parameters of a ollider dediated to partile physis experiments are

the entre-of-mass energy
√
s and the instantaneous luminosity L sine both are related to

13



3. EXPERIMENTAL SETUP

Figure 3.1: The CERN aelerator omplex. Figure (modi�ed) taken from [32℄.

the rate of events dN/dt produed for a partiular proess.

dN

dt
= L · σ (3.1)

where σ denotes the prodution ross setion for a given proess and depends on the ollision

entre-of-mass energy
√
s.

The instantaneous luminosity an be obtained from the running onditions of the ael-

erator by measuring the number of bunhes in eah beam, Nb, the number of protons in the

bunh, Np, the revolution frequeny of the bunhes, f , and the geometrial form of the beam

in the interation point, A:

L =
Nb ·Np · f

A
(3.2)

The LHC design parameters are 1034 m−2s−1 instantaneous luminosity, 1.15 · 1011 protons

per bunh and 25 ns bunh-spaing. During the year 2012, in the pp ollision mode the

running onditions evolved up to maximum values of L = 7.67 · 10−33 m−2s−1 and 1380

bunhes ontaining 1.6 · 1011 protons eah separated by 50 ns [40℄. Figure 3.2 shows the

evolution of the peak instantaneous luminosity per day reorded by the CMS experiment and

the umulative total integrated luminosity delivered by the LHC and reorded by the CMS

Collaboration during the year 2012.
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(a) (b)

Figure 3.2: Peak instantaneous luminosity (a) reorded by the CMS experiment and umu-

lative integrated luminosity (b) delivered by the LHC (in blue) and reorded by the CMS

experiment (in blue) as a funtion of days. The results orrespond to pp ollisions during

the year 2012. Constant luminosity periods orrespond to periods of no data taking. Figures

taken from [41℄.

3.2 The Compat Muon Solenoid Experiment

This analysis is based on pp ollision data olleted by the Compat Muon Solenoid (CMS)

detetor installed at the LHC interation point 5 (Point 5), near the village of Cessy (Frane).

The CMS detetor is a multi-purpose experiment with the usual onion-like design of ollider-

based partile-physis experiments. It is ylindrially symmetri around the beam axis and

symmetri in both diretions from the nominal interation point around the axis de�ned by

the beam line. The detetor is 28.7m long and 15.0m wide with an approximate 14000 tonnes

weight1.

The main feature of the CMS detetor is the very strong and homogeneous magneti �eld

of 3.8T produed by a 12.5m long and approximately 6m wide superonduting solenoid oil

made of NbTi. The silion traker and both eletromagneti and hadroni alorimeters are

situated inside the solenoid in inreasing radial distane from the axis de�ned by the LHC

beam. The magneti �ux is returned through the iron yoke in whih the muon spetrometer

hambers are embedded. The high magneti �eld bends the trajetories of harged partiles

produed in a transverse diretion with respet to the beam axis making possible a preise

momentummeasurement from the urvature radius. A sketh of the CMS detetor is presented

in Figure 3.3. In the following the inner traker, the eletromagneti alorimeter, the hadroni

alorimeter and the muon system of the CMS experiment are desribed.

1The CMS ollaboration adopted a right-handed referene system with the origin in the nominal interation
point, the x-axis pointed towards the entre of the LHC ring, the y-axis pointing vertially upward and the
z-axis along the beam diretion. The azimuthal angle φ is measured from the x-axis in the xy-plane, and the
polar angle θ is de�ned from the z-axis. The pseudorapidity η de�ned as η = − ln(tan(θ/2)) is preferred sine
it presents Lorentz invariane properties while the polar angle does not. Similarly the transverse momentum,
pT, of a partile is de�ned in plane transverse to the beam-axis: pT = |~p| · cos θ. The angular separation is
de�ned in terms of the ∆R =

√

∆η2 +∆φ2 variable.
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Figure 3.3: The CMS detetor.

Inner Traking Detetor

The inner traking system [42℄, also referred to as traker, is the CMS subdetetor loated

losest to the LHC beam axis and to the pp interation point. It is designed to measure the

trajetories of harged partiles with high auray and to reonstrut the position of the

ollision and the deay verties preisely. The inner traking system is omposed of a pixel

detetor and a strip traker made of semiondutor silion overing a total length of 5.8m

and 2.5m in diameter. A shemati display of the position of the traker subsystems is shown

in Figure 3.4.

The pixel detetor onsists of three o-axial barrels loated at distanes between 4.4 m

and 10.2 m in the entral detetor region and two forward diss at ±34.5 m and ±46.5 m
in eah z diretion overing a pseudorapidity range −2.5 < η < 2.5. It ontains 66 million

pixels eah 100× 150µm2 in size and it overs a total area of about 1m2.

The strip detetor oupies the radial region between 20 m and 116 m with 15148

modules ontaining a total of 9.3 million silion strips. It is organised in four subsystems: the

traker inner barrel (TIB), the outer barrel (TOB), the inner disks (TID) and the endaps

(TEC). The modules in the TIB and TOB over the entral pseudorapidity region of the

traker with their strips parallel to the beam axis. While the orientation of the strips in the

TID and TEC is perpendiular to the beam. The average strip pith ranges between 80µm
and 500µm.

The traker ahieves a reonstrution e�ieny between 85% in high η regions inreasing

up to essentially 100% in the barrel. The resolution of the transverse momentum is mea-
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Figure 3.4: Shemati ross setion through the CMS traker in the r − z plane.

sured [43℄ to be 1.8% for low momentum (1 < pT < 10GeV) harged partiles and inreases

up to 2.8% for muons with pT = 100GeV.

Eletromagneti Calorimeter

The eletromagneti alorimeter (ECAL) [44℄ is an hermeti and homogeneous detetor om-

posed of approximately 67000 lead tungstate (PbWO4) rystals. Sintillation and short

radiation-length properties of the lead tungstate are exploited to detet and measure the

energy and position of eletrons and photons by absorbing the full eletromagneti shower

energy in the ECAL detetor. The ECAL is divided into the barrel (EB) and the two endaps

(EE) overing the pseudorapidity regions |η| ≤ 1.479 and 1.479 ≤ |η| ≤ 3.0, respetively. Ad-
ditionally a preshower detetor is plaed in front of the EE to identify neutral pions deaying

into photon pairs. The layout of the ECAL is shown in Figure 3.5.

The ECAL barrel is omposed of 61200 rystals organised in submodules with 5 rystal

pairs eah. Eah rystal is 230mm long and is onstruted in a tapered shape starting

with 22 × 22mm2 ross setion in the front area, losest to the beam axis, inreasing up

to 26 × 26mm2 in the outermost rear area. The length of the rystals orresponds to 25.8

eletromagneti radiation lengths (X0). The submodules are arranged in a quasi-projetive

geometry with a small tilt of their axis with respet to the diretion to the nominal interation

point suh that the number of partile trajetories going along raks between the rystals is

minimised.

Eah ECAL endap ontains 156 groups of rystals arranged in units of 5 × 5 rystals.

Individual rystals are 220mm long with an ross setion inreasing from approximately

28× 28mm2 to 30× 30mm2. The spatial dimensions of the EE orrespond to 24.7X0.

The preshower is omposed of two layers of lead eah followed by a silion strip detetor

loated in front of the EE. The preshower improves the position determination of eletrons

and photons and enhanes the identi�ation of neutral pion deays.

Prior to the installation into the CMS detetor, the energy resolution of the ECAL was

studied using eletrons with energies in the 20GeV to 250GeV range in a test beam [45℄.

The ECAL energy resolution, σ(E), is parametrised as a funtion of a stohasti term (S), a
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Figure 3.5: Layout of the CMS eletromagneti alorimeter. Figure (modi�ed) taken from [36℄.

detetor noise fator (N) and a term to aount for interalibration and energy leakage e�ets

(I):

(
σ(E)

E

)2

=

(
S√
E

)2

+

(
N

E

)2

+ I2 (3.3)

=

(
2.8%√

E

)2

+

(
12%

E

)2

+ (0.3%)2

where the energy E is measured in GeV.

After the start of the LHC, the energy resolution of the ECAL was determined using

pp ollisions from LHC operation in the years 2010 and 2011 at a entre-of-mass energy of√
s = 7TeV [46℄. The eletron energy resolution was found to be better than 2% in the

barrel region (|η| ≤ 0.8) and between 2% and 5% elsewhere for eletrons with transverse

energies of approximately 45GeV. The energy resolution of photons with transverse energies

of approximately 60GeV varied between 1.1% and 2.6% in the EB and from 2.2% to 5% in

the EE.

Hadroni Calorimeter

The alorimetri system of the CMS detetor is ompleted with a hadroni sampling alorime-

ter (HCAL) [36, 47℄. The HCAL design is mainly driven by the deision to plae it within

the solenoid, and aims to preisely measure the energy and diretion of hadron showers. High

hermetiity is required to the HCAL in order to be sensitive to the detetion of missing trans-

verse energy due to weakly interating partiles suh as neutrinos or exoti partiles. The

HCAL is omposed of four subdetetors: the barrel HCAL (HB), the HCAL endaps (HE),

the outer barrel HCAL (HO) and the forward alorimeter (HF). An shemati view of the

HCAL and its subomponents is shown in Figure 3.6.

The HB is a sampling alorimeter onstruted out of �at brass absorber plates aligned

parallel to the beam axis interleaved with sintillation plastis. The thikness of the HB
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Figure 3.6: Longitudinal view of the CMS detetor showing the loations of the hadron

alorimeters subsystems: barrel (HB), endap (HE), outer (HO) and forward (HF) hadroni

alorimeters.

orresponds to a nulear interation length (λI) varying from 5.8 to approximately 10 when

moving from |η| = 0 to 1.3 in pseudorapidity.

The HO ensures the full detetion of the hadroni shower energies in the entral detetor

regions, where the material budget is low. A pair of sintillator layers in between the solenoid

and the muon detetor inreases the �thikness� of the entral HCAL detetor to more than

10λI .

The HE omplements the hermeti overage of the HB up to |η| < 3.0. The granularity of

the HE varies from (∆η,∆φ) = (0.087, 0.087) in the geometrial region |η| < 1.6 inreasing

to (∆η,∆φ) = (0.17, 0.17) in the remaining 1.6 < |η| < 3.0 regions. The material budget of

the HE reahes a similar interation length as the ombination of the HB and HO.

The forward subsystem omplements the hadron-shower detetion in the 3 < |η| < 5.2
region. Iron and quartz �bres are used as ative materials whih resist the unpreedented

partile �uxes expeted at suh high-pseudorapidity regions.

The energy resolution, σ, of the HCAL was measured using test beam data obtaining a

result of

( σ

E

)2
=

(
1152

E

)

+ 5.52 (3.4)

for energies E measured in GeV [48℄. This result is onsistent with the HCAL design values.

Muon Detetor

Muon detetion is a powerful tool for the reognition of signatures of interesting physis

proesses amongst the very high bakground rate expeted at the LHC, e.g. new physis or

BSM proesses. The large amount of material between the interation point and the muon
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hambers absorbs pratially all other partiles. Thus, only muons and neutrinos an reah

the muon stations whih are the outermost group of subdetetors of the CMS experiment.

The CMS muon system [36,49℄ has three funtions: muon identi�ation, muon momentum

reonstrution and triggering. The CMS experiment uses three types of muon subsystems (see

Figure 3.7): drift tubes (DT) in the |η| < 1.2 barrel region, athode strip hambers (CSC) in

the endaps 0.9 < |η| < 2.4 and resistive plate hambers (RPC).

Figure 3.7: Longitudinal layout of one quadrant of the CMS detetor. The four DT stations

in the barrel (green), the four CSC stations in the endap (blue), and the RPC stations (red)

are shown.

The drift tubes are organised in a four stations interspersed among the layers of the �ux

return plates and provide a omplete (r, φ, z) hit position. A spatial resolution of 100µm in

the r − φ plane and 150µm in the r − θ plane is ahieved in eah DT station.

A total of 468 athode strip hamber modules are installed in the CMS endap region.

This subsystem ahieves a spatial resolution of the muon trak position of ∼ 5mm in the

radial diretion and better than 150µm longitudinal diretion.

Due to the very fast response and exellent time resolution the resistive plate hambers

are generally used for triggering. The barrel RPCs are loated in the inner fae of the DTs with

two additional layers in the bak fae of the two innermost DT hambers and four additional

RPC layers omplete the overage in the endap region.

Proton-proton ollision events at
√
s = 7TeV were used to measure the average muon pT

resolution [50℄. The transverse momentum resolution of muons with pT < 200GeV is below

9%, while at high momenta up to 1TeV the pT resolution of muons is 15�40% depending on

the pseudorapidity region.

Trigger System

The 2012 LHC running onditions used proton bunhes separated by 50 ns produing of the

order of 3 ·108 ollisions per seond. Tehnial limitations allow a maximum data storage at a
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rate of a few hundred rossings per seond, therefore a drasti redution of the rate is needed.

This task is performed by the CMS trigger system in a two-step proess.

The hardware-based Level-1 trigger (L1T) [51℄ system uses only alorimeter and muon

system signals to produe a global trigger deision based on information related to pT and η
variables of the partile-andidate or partile-identi�ation riteria.

Based on the L1T deision, a software-based high-level trigger (HLT) [52℄ produes the

�nal rate of events whih are stored for physis analysis. The HLT algorithm uses a partial

event reonstrution approah suh that only those partile andidates and/or regions of the

detetor that are atually needed for reonstrution are evaluated.

This analysis uses dilepton based HLT paths [53℄ whih requires the presene of pairs of

eletrons, pairs of muons or an eletron and a muon with pT above a given threshold.

• Double Muon HLT: requires two muons with at least 17 and 8GeV transverse momentum

reonstruted using ombined information from the traker and muon detetor systems.

A seond HLT path requires the seond muon to be reonstruted in the inner traker

only.

• Double Eletron HLT: the presene of two eletrons with at least 17 and 8GeV transverse

momentum is demanded using a trak from the inner detetor mathed to a energy

luster from the alorimeter. Additionally minimal identi�ation and isolation riteria

are required to the triggering eletrons.

• Eletron-Muon HLT: events ontaining eletron-muon pairs with pT > 17GeV and

8GeV are kept for further proessing. The muon is reonstruted as a ombination of

inner detetor and muon system traks, while the eletron makes use of the traker and

the alorimeter information.

The spei� HLT paths used in this analysis are listed in Setion A.2.

3.3 Data Quality Monitoring

The high quality of the data used in physis analyses is guaranteed by the Data Quality

Monitoring (DQM) proess [36,54℄ whih evaluates the detetor onditions during the ollision

data taking, the software used for reonstruting and proessing the reorded ollisions [55℄,

the generation of simulation samples, et.

The CMS experiment has set up a two-step proess with the apability of monitoring

the status of the detetor subsystems in real-time, online DQM, and the erti�ation of the

reonstrution and alibration of the reorded data, o�ine DQM. The DQM appliations

produe automatially ontrol distributions in histogram format whih are then olleted and

stored for inspetion in a web-based graphial user interfae (GUI) [56℄. The DQM GUI is

the entral tool used for data erti�ation sine it omprises in a ompat format the status

histograms of all subdetetors and physis objets. A representative example is shown in

Figure 3.8. The ollision data o�ine DQM proess (in the following generially referred to as

DQM) is brie�y desribed in the following.

The DQM �les are produed in parallel to the reonstrution of the data used for analysis.

A harvesting proess ollets, merges and stores the results into the o�ine DQM GUI. The

DQM �le harvesting is a semi-automated proess running periodially every 12 hours and

requires human intervention only in ase of a request with non-standard harvesting onditions.

The atual erti�ation ours in shift operation with a 24-hour daily overage shared be-

tween CERN (Switzerland), DESY (Germany) and the Fermilab National Laboratory (USA)
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Figure 3.8: O�ine DQM GUI example showing di�erent histograms representing the status

of a seletion of CMS subdetetors.

researh entres. The ontinuous monitoring allows a fast and early detetion of inidenes

in the data taking or in the reonstrution proess. The di�erent subdetetor and physis

objet experts de�ne evaluation proedures and referene distributions based on seleted data

ollisions. The o�ine DQM validation is done by a visual omparison of the olleted dis-

tributions and the referene distribution. A goodness status �ag is assigned to eah system

under evaluation following expert instrutions. A summary of eah erti�ed data olletion

period is stored in a entral database for a later on�rmation and sign-o� by the detetor and

physis objet groups, and a �nal verdit is delivered to the experiment as a ommon list of

runs and luminosity setions2 of good data-taking time-period for all CMS subdetetor and

physis objets.

The CMS experiment olleted approximately L = 21.8 fb−1 of pp ollisions during the

2012 LHC operation time, but only about 90% of this dataset was erti�ed as valid for physis

analysis. The remaining 10% orresponds to pp ollision events olleted and reorded during

unstable LHC beam onditions, detetor or subdetetor malfuntioning periods.

Data Quality Monitoring for Top Quark Physis

The large amount of olleted events allowed for the monitoring of top-quark-like events, top

DQM. During the 2012 data taking period, the top DQM tools and proedures were updated

and used to monitor variables sensitive to tt̄ events and periodi reports were provided to

2A luminosity setion is de�ned as the time period orresponding to 218 LHC orbits of data taking, equiv-
alently t = 23.31 seonds [57℄. An uninterrupted set of luminosity setions with approximately onstant
detetor onditions is de�ned as run.
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the TOP Physis Analysis Group [58℄. The top DQM proedure kept trak of the evolution

of the LHC running onditions by omparing pp ollision events olleted in two onseutive

weeks. Top-quark-pair-like event signatures were monitored based on the standard ℓ + jets

and dilepton tt̄ deay hannel seletion: ollision events were �ltered with onstraints in the

number of leptons and jets and in the pT and η of the partiles. In addition to �standard�

distributions suh as lepton pT or jet multipliity, more omplex variables sensitive to the top

quark properties were implemented, e.g. the trijet invariant mass (M3) variable whih repre-

sents a rough mass value of the hadronially deaying top-quark. A representative example

is shown in Figure 3.9, where the distributions of the number of primary verties and the

transverse momentum of the leading jet are shown for events seleted with a topology of the

e+ jets deay hannel ontaining at least a high-pT eletron and at least four hard jets.

No unexpeted observations were made and any di�erenes in the monitored distributions

were understood to be produed due to the varying LHC running onditions.

(a)

(b)

Figure 3.9: Distributions of the number of primary verties Npvs (a) and leading jet trans-

verse momentum, in GeV, ptL2L3(jet1) (b) observed in the top DQM proess. The results,

normalised to unit area, are obtained in events with at least one eletron with pT > 20GeV

and |η| < 2.4, and four jets with pT > 25GeV and |η| < 2.5 in pp ollisions olleted in the

onseutive 2014/5/4-13 (blue) and 2014/5/14-19 (red) week-periods. The di�erenes in the

distributions are aused by the inreasing instantaneous luminosity by a fator ∼ 2 with the

evolution of the data taking.
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Chapter 4

Simulation of Events

The understanding of a pp ollision requires ompliated theoretial alulations often analyt-

ially unresolvable. Additionally, the analyses require a detailed understanding of the omplex

detetor and its interations with the partiles produed in the ollisions. This limitations

are usually solved using Monte Carlo (MC) simulation programs whih produe expetation

yields and kinemati distributions whih are then ompared to the experimental results. These

programs are also used to alibrate the detetor, to estimate experimental e�ienies and or-

retions, to quantify the fration of bakground events, et. Furthermore, event simulation

tools play an important role in the viability studies and design of future experiments.

Separated phases of the pp ollision our at di�erent energy sales. The QCD fatorisation

theorem [59℄ separates the full event desription into more speialised subproesses. The

olliding proton omponents are desribed by the parton distribution funtions (PDF). The

PDFs are derived from �ts of a variety of experimental measurements (see Setion 2.2). The

hard sattering generators desribe the ollision between the partons produing a desired �nal

state event, e.g. gg → tt̄ → lν̄b l̄νb̄. Details on the hard sattering alulators are given in

Setion 4.1. Many of the generated �nal-state partiles ontain eletri- or olour-harge, thus

they evolve emitting eletromagneti and/or QCD radiation. This simulation step is desribed

by the parton showering tools (Setion 4.2). The radiation proess �nishes with a olour

on�nement and hadron formation proess (Setion 4.3). The possible interation between

proton remnants are desribed by the underlying event models as explained in Setion 4.4.

Figure 4.1 presents a graphial summary of a pp ollision event simulation proess.

In this hapter a brief desription of the individual sub-proesses of the Monte Carlo

simulation hain are disussed. Speial emphasis is given to the tools used in this analysis to

simulate tt̄ events. The omplete list of generated event-samples is presented at the end of

the hapter.

4.1 Hard Sattering

The prodution of tt̄-pairs in a hadron ollider ours via the sattering or annihilation of

gluons or quarks as presented in Setion 2.2. The parton interation ours in an energy

regime where the QCD-oupling onstant is small, αs(Q
2) ≪ 1, and thus the partoni ross

setion σ̂ an be derived from perturbative theory alulations.

The tt̄ prodution model implemented in MadGraph [61℄ alulates the hard sattering

proess at leading-order (LO) QCD auray with up to nine �nal state partiles. In the ase

of dileptoni tt̄ events six partiles arise from the tt̄ deay (two leptons, two neutrinos and two
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4. SIMULATION OF EVENTS

Figure 4.1: Visualisation of a pp ollision indiating the di�erent evolution steps. Figure

(modi�ed) taken from [60℄.

b-quarks) and the remaining three are additional partiles. As disussed in Setion 2.2 the

spin-orrelation e�ets of the tt̄ pair are transferred to its deay produts before being diluted

by the QCD interations. The MadSpin [62℄ software pakage, attahed to the MadGraph

simulation, aounts for suh e�ets in the event simulation proess.

Alternative generator models, suh as Powheg [63℄ or MC�NLO [64℄, simulate the

prodution of tt̄ events at next-to-leading order (NLO) auray, O(α3
s), by inluding virtual

and real-emission orretions to the LO terms of the alulation (see Figure 4.2).

(a) (b)

Figure 4.2: Examples of Feynman diagrams for tt̄ prodution in the dilepton �nal state at

LO (a) and NLO auray (b) inluding the presene of a virtual gluon (in red). Figures

(modi�ed) obtained from [65℄.

Other simulation programs instead inlude a omplete event simulation from the hard

sattering of partons to the �nal hadron formation proess at the expense of lower auray

in the hard sattering model. This is the ase for Pythia [66℄ whih is used to simulate

bakground proesses suh as multijet prodution at LO QCD auray.
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4.2. PARTON SHOWERING

4.2 Parton Showering

The tt̄ initial and �nal states ontain oloured partiles whih an radiate gluons. The gluons

an further split into a quark-antiquark or gluon pair. This proess ontinues iteratively as

long as the system ontains su�ient energy, e.g. the g → bb̄ proess requires a minimum

gluon-energy of 2 ·mb in order to be energetially allowed to our. This radiation emission

proesses is known as parton showering and ours in an energy regime where αs ≪ 1 and

perturbative QCD alulations are still valid.

The parton-shower models iteratively produe parton splittings reduing the energy sale

of the event. The proess starts at the maximum energy sale Q0 determined by the hard

sattering and ontinues until a ut-o�Qmin minimum value is reahed. At theQmin, typially

O(GeV), the emitted partons are not experimentally distinguishable beause they are either

soft (low energeti) or emitted in a ollinear diretion with respet to the parent parton. The

spei� Q0 and Qmin values are user-de�ned parameters in the simulation program whih

regulate the amount of radiation produed by the showering proess.

The evolution variable parametrises the radiation emission proess. Thus, di�erent parametri-

sations of the evolution variable generate di�erent shower shapes.

• The Pythia [66℄ model orders the parton emissions in dereasing momentum by se-

leting a Q2 = p2T dependeny, where pT represents the transverse momentum of the

radiating parton.

• The Herwig [67℄ tool instead implements an angular-ordered shower with a Q2 =
2E2

a(1−cos θ) relation, where Ea is the parent parton energy and θ is the angle between
the parent and the emitted parton.

The �nal state partile showers, desribed above, are also suitable for initial state parton

emission by inverting the logi of the proess. The parton partiipating in the hard sattering

is assumed to be produed with a virtuality Q2 (�xed by the hard sattering) as the endpoint

of a showering proess from partons with lower sales.

The mathing of a hard sattering generator to a parton shower tool an produe a double

ounting e�et sine the �nal state on�guration of a hard parton (p) emitted by the parton

shower in addition to the LO tt̄ hard sattering is the same as the tt̄+1p produed by the hard

sattering. Di�erent tehniques overome this issue with an appropriate sale separation.

TheMC�NLO [64℄ method introdues two parton shower terms whih start the emission

at di�erent sales. One term starts the evolution at energy sales of the event if no additional

parton is generated from the matrix element, while the seond term starts the showering at a

maximum energy of the 1st additional parton produed by the matrix element.

The Powheg [68℄ approah reweights the parton shower model aording to the matrix

element term suh that it ats only on the phase spae on�guration de�ned by the leading

order expansion terms.

The MLM mathing [69℄ uses a veto on events whih ontain emissions from the parton

shower already overed by the matrix element. This strategy is used to remove double-

ounting terms when theMadGraphmatrix element generator is interfaed with the Pythia

parton shower.

4.3 Hadronisation Models

The evolution of the parton showers �nishes at an energy regime of the order of few GeV where

αs ≃ 1 and thus the strong interation beomes indeed strong and fores the formation of

27



4. SIMULATION OF EVENTS

olourless bound states, the hadrons. The proess is modelled by the hadronisation algorithms.

The string or Lund hadronisation model [70℄, used in Pythia [66℄, is based on long-

distane olour-on�nement approah. It assumes a uniform olour potential whih depends

on the spatial separation between a quark-antiquark (qq̄) pair. The qq̄ pair evolves in time

by inreasing their mutual distane and therefore the energy of the olour potential. When

the potential energy is of the order of the hadron masses, it is energetially favourable for the

string to break at some point along its length reating a new quark-antiquark pair, q′q̄′. The

new antiquark is reated at the end of the string segment onneted to the original quark q

and the new quark to the original antiquark q̄. The string evolution stops when the string

potential energy annot produe more hadrons, i.e. when the separation between the quark

and antiquark produes a potential energy smaller than the typial hadron masses. Figure 4.3

shows a representation of the olour potential and string fragmentation evolution.

(a)

Figure 4.3: (a): Graphial representation of the olour potential between a u-quark and a

d̄-quark. (a): Sketh of the time-spae evolution of the string hadronisation model. Figures

(modi�ed) obtained from [71℄.

An alternative hadronisation tehnique is based on the olour pre-on�nement assump-

tion [72℄, i.e. olour-onneted partons are produed in a ollinear diretion. A graphial

representation is shown in Figure 4.4a. The Herwig [67℄ program implements this hadroni-

sation model. It produes olourless lusters of partons with a luster-invariant-mass distri-

bution independent of the proess [71℄. The lusters are onsidered as proto-hadrons whih

are fored to deay into hadrons via a quasi-two-body deay. In this model, gluons are identi-

�ed as olour-antiolour-pair lines and are fored to produe a qq̄ pair before being assigned

to a luster. A oneptual representation of the luster hadronisation model is shown in

Figure 4.4b.

4.4 Underlying Event

In addition to the hard sattering of the partons, seondary sattering or di�ration proesses

between the proton remnants an our in a pp ollision. These seondary e�ets are olle-

tively lassi�ed as underlying events (UE). The UE usually involves low energy proesses and

therefore the models are tuned to experimental data. The Z2∗ model was derived using data

olleted by the CMS experiment from proton-proton ollisions at
√
s = 0.9 and 7TeV [73℄.

This UE model is onventionally used in Monte Carlo samples generated with Pythia. Sim-

ulation samples using the Herwig showering and hadronisation model use two di�erent UE

parametrisations: the Herwig model itself and the AUET2 model [74℄. The latter is derived

by the ATLAS Collaboration using LHC ollision data.
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(a) (b)

Figure 4.4: (a): Shemati representation of the olour preon�nement assumption. The

gluons are represented by a olour-antiolour line pair onneted at the verties and quarks

by single-olour lines. (b): Representation of the luster hadronisation model where the grey

irles indiate the lusters. Gluon are fored to split into qq̄ pairs before being assigned to a

luster whih later produes �nal state hadrons by a quasi-two-body deay. Figures (modi�ed)

obtained from [71℄.

4.5 List of Simulated Samples

Several Monte Carlo simulation samples are used in this analysis to model both tt̄ events and

bakground proesses. They all orrespond to the Summer12 Monte Carlo prodution am-

paign produed and validated entrally by the CMS Collaboration. All generated partiles are

proessed through a full CMS detetor simulation implemented in the Geant4 software [75℄

suh that real ollision data and simulation events are reonstruted with the same algorithms.

Additional details on the event reonstrution are given in Chapter 5.

Various SM proesses an produe �nal states that an be identi�ed as produed from

tt̄ events due to partile mis-reonstrution or mis-identi�ation. MadGraph hard satter-

ing model interfaed to Pythia, for showering and hadronisation e�ets, is used to simu-

lated the prodution of W-bosons aompanied by additional partons, the Drell-Yan proess

Z/γ∗ → l̄l, and the prodution of top-quark pairs aompanied by Z, W or γ bosons. Di�erent

regimes of the Drell-Yan prodution are desribed with two distint samples. The samples

are produed �ltering the generated events aording to the lepton-pair invariant mass value:

ml̄l ∈ [10GeV, 50GeV] and ml̄l ≥ 50GeV. The single-top event prodution is modelled by

the Powheg hard sattering tool interfaed to Pythia. The Pythia generator is used in

the prodution of diboson (WW, WZ and ZZ) and multijet events (referred to hereafter as

QCD). The simulation of QCD events is separated in di�erent samples preseleting events

with partons and muons above a given pT threshold or requiring the presene of an eletron

stemming from the deay of a B- or a C-hadron. All bakground proesses are normalised to

the total integrated data luminosity using the most preise theory preditions for the ross

setions. A omplete list of bakground proess samples, inluding their ross setions and

an approximate numbers of simulated events, is given in Appendix A.1.

The main sample of simulated tt̄ events is produed ombining the MadGraph and

Pythia generators to model the hard sattering and the showering and hadronisation e�ets,

respetively. This sample is produed with the CTEQ6L1 PDF set and a top-quark-mass value

of mt = 172.5GeV. Additional samples are used to evaluate the systemati unertainties on

the tt̄ modelling (.f. Chapter 7) by varying a simulation parameter. The e�et of the top-
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4. SIMULATION OF EVENTS

quark mass is evaluated using MadGraph+Pythia samples in whih the top quark mass

is varied mt = 172.5± 1GeV. The matrix element-parton showering mathing sale and the

Q-sale are varied by onventional fators 0.5 and 2 with respet to the default 20GeV and

Q2
0 = m2

t+
∑

add. partons p
2
T settings in theMadGraph+Pythia simulation. These variations

are used to evaluate the mathing and Q2-sale unertainties.

Alternative tt̄ event samples are produed interfaing the Powheg matrix element gen-

erator with Pythia and Herwig showering and hadronisation models, and another sample

using MC�NLO interfaed with Herwig. These samples are used to estimate the uner-

tainties related to the matrix element and parton showering and hadronisation models. They

are also used as theory omparison of the results. The di�erent tt̄ simulations are normalised

to the in situ measured ross setion value (Setion 6.5.2). A summary of the di�erent tt̄

simulation samples is shown in Table 4.1.
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Chapter 5

Event Reonstrution and Seletion

The top-quark-pair-prodution di�erential ross setion is measured in the dilepton deay

hannel, tt̄→ b̄lν̄ b̄lν. The event �nal state topology is omposed of two neutrinos deteted as

missing transverse energy (~6ET), two leptons, eletron or muon, and two jets produed in the

hadronisation of the b-quarks. The full-leptoni tt̄ deay hannel has the lowest branhing

ratio BR ≃ 4.8% of all tt̄ deay hannels. The presene of an oppositely-sign lepton-pair

failitates the seletion of a lean event sample with a low ontamination from bakground

proesses.

The measurement is based on the full 2012 dataset olleted with the CMS detetor in

pp ollisions at
√
s = 8TeV. The dataset orresponds to a total integrated luminosity of L =

19.7±0.5 pb of data erti�ed for physis analysis by the DQM proess (.f. Setion 3.3). Several

SM proesses produe event �nal states similar to the dileptoni deay of top-quark pairs.

These are the prodution of W bosons aompanied by additional partons, Drell-Yan proess

(in the following referred to as DY), tW-hannel single-top prodution, diboson prodution

(WW, WZ and ZZ), multijet events (hereafter referred to as QCD) and the prodution of

top-quark-pairs in hannels other than the dilepton or tt̄-pairs aompanied by Z, W or γ
bosons.

The reonstrution and seletion of events follows the reommendations of the CMS Top-

Quark-Physis-Analysis Group [76℄ based on the partile-�ow (PF) [77, 78℄ algorithm. The

PF method ombines information from eah CMS subdetetor in order to reonstrut the

trajetory, the momentum and the energy of eah partile-andidate in the event: muons,

eletrons, photons, and neutral and harged hadrons. The PF-partile-andidates are later

used to build up more omplex objets suh as jets (lusters of partiles) or missing transverse

energy.

The analysis is optimised to selet a large fration of tt̄ dilepton events rejeting ontam-

ination from bakground proesses based on kinemati requirements applied to the leptons,

the jets and the missing transverse energy present in the event. The individual top-quark 4-

momentum omponents annot be measured diretly in the detetor, they are only aessible

via a kinemati reonstrution algorithm.

In the following the event and partile reonstrution and seletion riteria are desribed

following the logi of the analysis. The hapter onludes with the event yield results and a

set of ontrol distributions.
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5. EVENT RECONSTRUCTION AND SELECTION

5.1 Trigger

In Setion 3.2 the trigger system of the CMS experiment was introdued and the need of suh

a system was motivated by the need to ollet only those pp ollisions that are interesting for

physis analysis. The events are seleted based on HLT paths that require the presene of

at least two leptons, eletron or muon, with transverse momenta larger than 17 and 8GeV.

The muon andidates are reonstruted using the CMS muon and inner traker subsystem

information without isolation requirements. Eletrons andidates, reonstruted ombining

silion traker and alorimeter information, are required to ful�l very loose identi�ation and

isolation onditions. The detailed HLT paths are listed in the Appendix A.2.

The dilepton trigger e�ienies ǫ in data and simulation are estimated using an ensem-

ble of events seleted with a set of orthogonal HLT paths based on 6ET requirements. The

fration of these events that additionally �re the dilepton triggers de�ne the trigger e�ieny.

Small di�erenes in data and simulation e�ienies are orreted with a data-to-simulation

fator (SF). The SF is derived double-di�erentially as a funtion of pseudorapidity of the two

triggering leptons as the ratio of the data e�ieny over the simulation e�ieny. The SFs

are found to be stable with respet to the vertex multipliity, and in general they are above

90% in the full phase spae for all HLT paths. The results are shown in Figure 5.1.

5.2 Collision Vertex

The presene of several hadron ollisions in eah bunh rossing is generally alled as pileup

(PU) and requires a areful treatment beause partiles produed in seondary ollisions

might add spurious energy to the primary interation. The ollision verties are reonstruted

assigning traks to the vertex andidates based on the trak-longitudinal position at the losest

distane with respet to the beam axis. An adaptive vertex �tter [79℄ assigns to eah trak a

weight whih represents the likelihood that the trak arises from the assoiated vertex.

The seleted events must ontain at least one good vertex by requiring the sum of the

assoiated-trak weights to be larger than 4. In addition the vertex has to be in the entral

detetor region, i.e. |z| < 24 m with respet to the nominal interation point and less than

2 m in the transverse plane around the beam axis. The vertex with the highest salar sum

of the transverse momentum squared (p2T) of the traks assoiated to the vertex is assigned

to the primary pp interation and the rest to PU verties. The harge hadron subtration

(CHS) algorithm removes from the event the traks of harged partiles produed in seondary

verties. Contributions from neutral partiles are orreted at the jet alibration step (see

Setion 5.5).

The average vertex multipliity distribution is measured in data based on the total pp in-

elasti ross setion [80℄ and the instantaneous luminosity of the events. Simulation events are

generated with a distribution of the average number of verties based on a priori assumptions

of the LHC running onditions. The distribution of the event number of verties in data and

simulation di�ers, as shown in Figure 5.2a. Therefore events from simulation are orreted

event-by-event to math the measured distribution in data. In Figure 5.2b the vertex multi-

pliity distribution is shown after applying the orretion to the simulation events. A good

agreement between the data and the simulation an be observed.
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Figure 5.1: Distributions of the data-to-simulation e�ieny ratio (SF) for the ee (a), eµ (b)

and µµ () HLT trigger paths. The results are presented as a funtion of pseudorapidity of

the triggering leptons (|ηlep.,1|, |ηlep.,2|) and inlude the total unertainty on the determination

method (.f. Setion 7.2).

5.3 Lepton Reonstrution and Seletion

As desribed in Setion 2.2 the dileptoni tt̄ deay is haraterised by the presene of two

oppositely-harged high-pT leptons. In this analysis, only prompt eletrons or muons are

onsidered, and generially referred to as leptons unless stated otherwise.

The muon reonstrution ombines information from the inner traker and muon sub-

detetor to produe a trajetory along the full detetor [81℄. Three muon ategories an be

distinguished:

• Standalone muons are based on traks reonstruted using the muon subsystem only.

• Traker muons are reonstruted as inner detetor traks mathed to at least one hit in

the muon subdetetor.

• Global muons are reonstruted as a ombined �t of a trak from the muon system and
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Figure 5.2: Distribution of the average number of reonstruted verties in data and simu-

lation after trigger and dilepton seletion riteria (see Setion 5.3 for further details). The

distributions are shown before (a) and after (b) orreting the vertex distribution in simula-

tion. The hathed band orresponds to all shape unertainties on the signal tt̄ events (.f.

Chapter 7). The data-over-simulation ratio is displayed in the bottom panel.

a trak from the inner traker.

Only global or traker muons are seleted for further analysis.

Traks from the inner detetor and energy lusters deposited in the ECAL are ombined

to reonstrut eletron andidates [82℄. Initially the energy deposits of the ECAL rystals

are added into a so-alled superluster taking into aount the EM shower properties. The

omplete eletron trak is obtained after �tting the superluster position to a trak from

the silion detetor [83℄. The �tting algorithm takes into aount possible bremsstrahlung-

radiation emissions produed by the transition of the eletron through the detetor material.

The presene of hits in the inner traker detetor assoiated to the eletron-andidate

trak, and a maximum trak distane of 0.04 m in the transverse plane with respet to the

primary vertex are minimum identi�ation riteria applied to the andidate eletron. Addi-

tionally, a multivariate (MVA) disriminant inreases the separation power between prompt

eletrons and mis-reonstruted andidates. The disriminant is trained on shower-shape,

trak-quality and partile-kinemati variables. A minimum disriminant value of 0.5 is re-

quired to the seleted eletron andidates.

The events with at least two oppositely-harged, well reonstruted and identi�ed leptons

are onsidered in the analysis if the leptons are deteted in the |η| ≤ 2.4 entral detetor

region with a minimum transverse momentum of 20GeV.

In order to rejet leptons from semi-leptoni deays of hadrons isolation riteria are im-

posed. The relative isolation variable, Irel., is an estimator of the additional energy around

the trak of a given partile. It is de�ned as the sum of the photon, the harged and the

neutral hadron energy relative to the transverse momentum pT of the lepton inside a one of
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5.4. LEPTON-PAIR SELECTION

∆R size around the trak of the lepton:

Irel. =

∑

photonsE +
∑

harged had.E +
∑

neutral had.E

pT
(5.1)

Eletrons and muons are only onsidered if they are isolated, i.e. Irel. (∆R = 0.3) ≤ 0.15.
The lepton identi�ation (Id.) and isolation (Isol.) e�ienies are estimated using a so-

alled tag and probe (T&P) method. The T&P algorithm exploits Z-boson event topologies

and the ml̄l ∈ [76, 106]GeV onstraint imposed on the oppositely-harged pair of leptons

produed in the Z-boson deay. One of the leptons (tag) is required to pass tight seletion

onditions in order to ensure a lean event sample, and the seond lepton (probe) is used to

determine the e�ieny. The fration of probe leptons passing in addition the lepton seletion

riteria used in the analysis de�nes the e�ieny. E�ienies are derived in data and Z/γ∗ →
ee/µµ simulation and the data-to-simulation ratio (SF) is used to orret the simulated events

for small di�erenes observed between the data and the simulation e�ienies. The SFs are

obtained double-di�erentially as a funtion of the pT and η observables of the eletron and

muon separately. In general, the lepton Id. and isolation SF are larger than 95% in the phase

spae of interest for the analysis (see Figure 5.3).
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Figure 5.3: Distribution of the lepton Id. and Isol. orretion fators as a funtion of lepton

pT and η. The results are shown for eletrons (a) and muons (b) separately.

5.4 Lepton-Pair Seletion

In every seleted event, the oppositely-harged lepton pair maximising the transverse momen-

tum pl̄lT is seleted as the pair deriving from the tt̄ deay. This riterion assigns uniquely the

event to a partiular dilepton tt̄ deay hannel (ee, eµ or µµ) and removes ambiguities in

events with three or more seleted leptons.

The fration of seleted events from SM proesses other than tt̄ an be redued with a

onstraint on the seleted lepton-pair invariant mass. Low Drell-Yan resonanes and QCD-

multijet events are rejeted by imposing a minimum dilepton mass of 20GeV. Figure 5.4

37



5. EVENT RECONSTRUCTION AND SELECTION

shows the dilepton invariant mass distribution of events after the trigger, lepton and low ml̄l

requirements.

The eµ hannel omposition is dominated by tt̄ signal events, ∼ 45% of the seleted events,

while the ee hannel is dominated by Z/γ∗ → ee/µµ events with approximately 98% of the

seleted events. A similar onlusion an be drawn for the µµ hannel. In order to redue the

ontamination from Z/γ∗ → ee/µµ events an additional veto on the dilepton invariant mass is

applied to the same-�avour hannels: ee and µµ. Events with lepton-pair masses ompatible

with the Z-boson resonane, 76GeV ≤ ml̄l ≤ 106GeV, are rejeted.
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Figure 5.4: Dilepton invariant mass distributions for the ee (a) and eµ (b) �nal state hannels

obtained in events seleted after trigger and lepton requirements. The ontributions from

di�erent proesses are presented aording to the legend. The e�ieny orretions due to

PU and lepton identi�ation and isolation are applied to the events from simulation. The

hathed band orresponds to all shape unertainties on the signal tt̄ events (.f. Chapter 7).

The data-over-simulation ratio is displayed in the bottom panel.

5.5 Jets: Reonstrution, Calibration and Seletion

The hard sattering in a hadron ollider inludes in general oloured partiles, globally denoted

as partons. Due to olour on�nement partons fragment produing olour-neutral hadrons.

The radiated hadrons are usually deteted as a ollimated set of partiles along the diretion

of the original parton known as jets.

In order to estimate the properties of the original parton produing a jet, the anti-kt

lustering algorithm is used with a R = 0.5 radius parameter [84℄. The anti-kt algorithm

merges the partile i into the objet j (a partile or a proto-jet) if their distane mutual dij
is smaller than p−2

T,i. The distane between two partiles is de�ned as:

dij = min
(

p−2
T,i, p

−2
T,j

) ∆R2

R2
(5.2)
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5.5. JETS: RECONSTRUCTION, CALIBRATION AND SELECTION

where ∆R is the angular separation between two partiles as de�ned in Setion 3.2, pT,i is
the transverse momentum of the partile i and R is the one-size parameter of the algorithm.

The algorithm is iteratively applied to all partiles and �nishes when they are all lustered

into jets.

The anti-kt algorithm produes irular-shaped jets whih are infrared and ollinear safe,

i.e. the jet energy and momentum is invariant under the addition of in�nitesimally low momen-

tum partiles or when the energy of a partile is distributed between two ollinear partiles.

These properties are relevant sine they permit the use of the same lustering algorithm in

experimental observations and in theory preditions, thus failitating diret omparisons.

As all reonstruted partiles an be lustered in a jet, possible double ounting e�ets

our when a lepton is both identi�ed and inluded within a jet. An algorithm, referred to

in CMS as top projetion [85℄, solves these e�ets by removing from the lustering andidate

list all isolated leptons as de�ned in Setion 5.3.

A fatorised jet alibration method [86℄ orrets sequentially the jet energy omponent for

non-linear and non-uniform responses of the alorimeter relating, on average, the measured

jet energy to its true value. A sketh of the di�erent alibration steps applied to the jets in

data and in simulation events is shown in Figure 5.5. Energy exess due to neutral hadrons

Figure 5.5: Diagram of the jet alibration steps applied on data and simulations.

originating from pileup ollisions are removed �rst with a data-driven orretion derived from

minimum bias events. Additional orretions make jet response �at as a funtion of η and pT,
and orret the absolute sale. Angular dependent orretions are derived in dijet data events

exploiting the energy-momentum balane in the transverse plane of the detetor. The pT
response orretions are based on Drell-Yan events aompanied by jet emission and bene�t

from the exellent resolution of the lepton energy and momentum. Additional residual orre-

tions are applied on data as a funtion of the jet pseudorapidity to orret small di�erenes

with respet to simulation.

The total energy orretion is provided double di�erentially in several jet pT and η
ranges [87℄. The orretions are generally smaller than 5% in the kinemati region of in-

terest for this analysis.

The di�erenes in jet energy resolution between data and simulation are orreted with

|η|-dependent fators applied to the simulated events. The orretion fators are obtained

in [87℄ by exploiting the momentum balane of dijet events in the transverse plane of the

detetor. Results are shown in Table 5.1.

|η| Range [0, 0.5] [0.5, 1.1] [1.1, 1.7] [1.7, 2.3] [2.3, 2.8] [2.8, 3.2] [3.2, 5.0]

JER Fator 1.079 1.099 1.121 1.208 1.254 1.395 1.056

±1σ Unertainty ±0.026 ±0.028 ±0.029 ±0.046 ±0.062 ±0.063 ±0.191

Table 5.1: Jet energy resolution (JER) orretion fators, inluding the total unertainty, in

di�erent reonstruted jet |η| ranges [87℄.

The analysis selets events with at least two well reonstruted and alibrated jets, mea-
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5. EVENT RECONSTRUCTION AND SELECTION

sured in the |η| ≤ 2.4 detetor region with a minimum jet transverse momentum of 30GeV.

These requirements enhane the fration of seleted tt̄ signal events to ∼ 45%, with a similar

amount of Z/γ∗ → ee/µµ bakground events. Figure 5.6 shows the jet pT and η distributions

after seleting events ontaining high transverse momentum jets.
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Figure 5.6: Distributions of the pT (a) and η (b) variables of the jets seleted after requiring

the presene of at least two hard jets in the event. The e�ieny orretions due to PU and

lepton identi�ation and isolation are applied to the events from simulation. The hathed

band orresponds to all shape unertainties on the signal tt̄ events (.f. Chapter 7). The

data-over-simulation ratio is displayed in the bottom panel.

5.6 Missing Transverse Energy

Weakly interating partiles, suh as neutrinos, present in the �nal state of the event esape

diret detetion. Thus, their presene an only be inferred from energy and momentum

imbalane of the measured partiles in the detetor transverse plane. The missing transverse

momentum, ~6ET, is de�ned as the negative vetorial sum of the transverse momenta of the

leptons and jets present in the event. Together with its magnitude, alled missing transverse

energy and denoted by 6ET, the undeteted partile ontribution to the event is determined.

6ET =
√

6E2
T,x + 6E2

T,y =

∣
∣
∣
∣
∣
∣

−
∑

leptons

~pT −
∑

jets

~pT

∣
∣
∣
∣
∣
∣

(5.3)

Beause of the sensitivity of the missing transverse energy to detetor malfuntioning and

to mismeasurements or misidenti�ation of the deteted partiles, a preise and aurate

reonstrution of the partiles in the event is needed.

The resolution of the 6ET depends on the measured lepton and jet energy resolution, and

thus is a�eted by ontributions from PU verties. The reonstrution of the 6ET is based on

a MVA algorithm, desribed in detail in [88℄. It uses jet-, PU- and event-related variables to
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5.6. MISSING TRANSVERSE ENERGY

enhane the disriminating power against spurious ontamination. The algorithm is trained in

Z/γ∗ → µ+µ− simulated events where the only ontribution to the 6ET is aused by detetor

resolution e�ets. The MVA 6ET has an approximately 6% better resolution than partile-�ow

MET (pfMET) reonstrution methods used by the CMS Collaboration (see Figure 5.7a). The

pfMET reonstrution uses all partiles reonstruted by the PF-algorithm with the harged

hadron subtration method [88℄.
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Figure 5.7: (a): Missing transverse energy distributions obtained from the pfMET and from

the MVA algorithm derived from dilepton tt̄ simulation events. (b): Fit of the measured

hadroni reoil u‖ omponent obtained in data and Z/γ∗ → e+e− simulation. The results are

derived in events with two high-pT oppositely-harged eletrons with ml̄l ∈ [60GeV, 120GeV],
30GeV ≤ pl̄lT ≤ 50GeV and at least two jets with |η| ≥ 2.4 and pT ≥ 30GeV. Figure taken

from [89℄.

Data and simulation di�erenes in the 6ET resolution are orreted with a reoil orretion

proposed in [89℄ and brie�y desribed in the following. Dileptoni deays of the Z-boson do not

ontain intrinsi missing transverse energy soure besides detetor resolution e�ets or partile

mismeasurements. Therefore, they an be used to aurately alibrate the 6ET response. The

preise reonstrution of the Z-boson momentum allows an aurate determination of the

hadroni-reoil momentum-omponents, ~u = −~pZT − ~6ET. A Drell-Yan dominated sample

of events is hosen in data and in simulation seleting events with two oppositely-harged

eletrons in the range mee ∈ [60, 120]GeV and lassi�ed aording to the jet multipliity Njets

and to the Z-boson pT. In eah (Njet, p
Z
T)-bin the reoil parallel (u‖) and perpendiular (u⊥)

omponents, with respet to the Z-boson boost, are �tted in simulation and in data where

the bakgrounds have been subtrated. As an illustration, the result of the �t f obtained in

data and simulation event with ≥2 jets and 30GeV ≤ pZT ≤ 50GeV is shown in Figure 5.7b.

Additional results an be found in [89℄.

The hadroni reoil omponents in DY simulation events are orreted (ucorr.) based on

an isomorphi mapping of the data and simulation �ts f . The mapping is suh that the area

of the data-�t equals that of the simulation for a measured uuncorr.-value (see Equation (5.4)).

∫ ucorr.

−∞
fdata =

∫ uuncorr.

−∞
fsim. (5.4)
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5. EVENT RECONSTRUCTION AND SELECTION

The isomorphi mapping applies identially for the parallel u‖ and orthogonal u⊥ omponents

of the hadroni reoil.

The orreted reoil is then used to re-estimate the missing transverse energy: 6ET =
∣
∣−~pZT − ~ucorr.

∣
∣. A signi�ant improvement over the 6ET distribution is ahieved with the reoil

orretions desribed above. The Figure 5.8 shows the 6ET distribution measured in ee-hannel

events before and after the reoil orretions are applied, a similar improvement is found in

the µµ-hannel.
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Figure 5.8: Missing transverse energy distribution of events seleted in the ee hannel after

requiring the trigger, lepton, Z-veto and jet seletion riteria. The distributions are shown be-

fore (a) and after (b) applying the reoil orretion to Z/γ∗ → ee/µµ Monte Carlo events. The

hathed band orresponds to all shape unertainties on the signal tt̄ events (.f. Chapter 7).

The data-over-simulation ratio is displayed in the bottom panel.

Data and simulation events seleted in the ee and µµ hannels are required to have a

minimum 6ET of 40GeV. This riteria rejets events from bakground proesses with not real

missing transverse energy.

The normalisation of the Z/γ∗ → ee/µµ simulation is derived from data and used to

remove remaining di�erenes in the 6ET distribution [90�92℄. The data-based Rin/out method

sales the Z/γ∗ → ee/µµ event yield in ee and µµ hannels to the Drell-Yan event yield

from data in the 76 ≤ ml̄l ≤ 106GeV ontrol region. The saling fator is then used to

normalise the Z/γ∗ → ee/µµ simulation in the analysis region, ml̄l /∈ [76GeV, 106GeV]. The
fration of simulation events in the ontrol region of the eµ hannel provides an estimate

of bakground events whih are subtrated from data in order to estimate the fration of

Drell-Yan events. The saling fator results are 0.89 in the ee, 0.96 in the µµ and 0.92 in the

eµ hannel, respetively. The latter is obtained as the geometri mean of the same-�avour

hannel normalisation fators as proposed in [92℄.
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5.7 Identi�ation and Seletion of b-Quark Jets

Hadrons ontaining b-quarks have a lifetime of about 1.6 ps and thus travel ∼ 500µm before

they deay. The relatively large travel distane an be measured in the inner traker making

possible an identi�ation of original parton-�avour of the jet.

The ombined seondary vertex (CSV) b-tagging algorithm ombines kinemati and geo-

metri properties of B-hadron deays into a multivariate disriminant whih distinguishes jets

originating from b-quarks and from other quarks [93℄. Three working points (WP) are de�ned

as a funtion of the light-jet misidenti�ation e�ieny whih dereases by approximately an

order of magnitude between two onseutive WPs. Table 5.2 summarises the CSV disrimi-

nator values for eah WP together with the light-jet misidenti�ation and the b-jet tagging

e�ieny values obtained from simulation [93℄. In this analysis a b-jet is onsidered b-tagged

Name Threshold Light-Jet E�ieny [%℄ b-Jet E�ieny [%℄

Loose (CSVL) ≥ 0.244 ∼ 10 ∼ 80
Medium (CSVM) ≥ 0.679 ∼ 1 ∼ 65
Tight (CSVT) ≥ 0.898 ∼ 0.1 ∼ 50

Table 5.2: CSV b-tagging disriminant threshold for the di�erent working points of the

algorithm [93℄. The approximate light-jet misidenti�ation and b-jet identi�ation e�ienies

are also indiated.

if the disriminator value exeeds the 0.244 threshold. This orresponds to the loose working

point.

The e�ieny of the CSV algorithm is estimated in data and simulated QCD-multijet

events [93℄ and shown in Figure 5.9a. In order to orret for small di�erenes observed in

the data and simulation e�ienies, an e�ieny ratio (SF) is derived as a funtion of the

b-tagging algorithm working point, the jet �avour and jet kinematis (η, pT). The SF results

for the CSVL algorithm for heavy-�avoured jets are larger than 96% in the full rapidity re-

gion inreasing up to approximately 100% with lower momenta, while light-jet results present

di�erent funtional dependenies as a funtion of the η regions. The SF for the light-jet

mis-reonstrution e�ieny range between 1.0% and 1.4%. Figure 5.9b shows the simulation

orretion fator for heavy-�avoured b-tagged jets as a funtion of the jet transverse momen-

tum in the 0 ≤ |η| ≤ 2.4 range. The light-jet SFs are shown in Figure 5.9 as a funtion of

the jet pT, separately for di�erent |η|-regions.
The b-tagging e�ieny of the analysis, εMC , is used to orret the e�ieny di�erenes

of the CSV algorithm between data and simulation. εMC is de�ned as the fration of seleted

jets whih are in addition tagged by the CSV algorithm. It is derived from a tt̄ simulation

sample and is parametrised as a funtion of the pT, pseudorapidity and �avour of the jets as

shown in Figure 5.10. The e�ienies are in general larger than 75% for b-�avoured jets in

the seleted kinemati region, while the - and light-�avoured jet misidenti�ation e�ieny

varies between 5% and 50% depending on the spei� �avour and jet kinemati properties.

Similar results are obtained in ee and µµ hannels.

In order to math the e�ieny measured in simulation to the results from data, the

individual jet b-tagging status is updated. A fration 1 − SF of a priori b-tagged jets is

downgraded to untagged status if the orretion fator is SF < 1 and a fration (1−SF )/(1−
1/εMC) of untagged jets is promoted to a b-tagged status only if SF > 1.

After the tagging status of the jets has been updated aording to the method desribed

above, the analysis proeeds by seleting events in data and simulation if they ontain at least
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one CSVL b-tagged jet. Figure 5.11 shows the b-tagged jet multipliity and seleted jet pT
distribution before and after seleting events with at least one b-tagged jet, respetively.

5.8 Reonstrution of the Top-Quark-Kinematis

The analysis presented in this thesis measures the di�erential tt̄ prodution ross setion as

a funtion of several kinemati variables of the tt̄ system, individual top quarks and deay

produts. The top quark deays before hadronisation, as desribed in Chapter 2. Therefore,

a diret experimental detetion of its kinematis is not possible and must be reonstruted

from the �nal state lepton, b-jet and neutrino 4-momenta under the assumption that t →
b+W (→ lν̄):

pi(t) = pi(b) + pi(l) + pi(ν̄), where i = x, y, z, t (5.5)

A similar onditions applies to the top antiquark.

The omplex tt̄ dileptoni �nal state presents several limitations. The neutrinos esape the

detetor and their presene is only inferred as energy-momentum imbalane in the transverse

plane of the detetor, 6ET. Furthermore, the individual neutrino ontribution to the 6ET
annot be disentangled. The seleted leptons an be assigned to the top quark or antiquark

deay branh aording to their eletri harge information. The eletri harge of the b-jet

annot be used to assoiate the jet to the separate deay branhes beause this information

is diluted in the hadronisation proess due to the presene of oppositely-harged muons from

semi-leptoni deays of D mesons in the harged B-hadron deay produts.

The 4-momenta of the top quarks and antiquarks are derived using a reonstrution al-

gorithm similar to the Analytial Matrix Weighting Tehnique (AMWT) [94℄. It is based on

the 4-momenta of the seleted leptons, jets and 6ET present in the set of events surviving all

seletion riteria desribed above. The kinemati reonstrution is adapted to selet the tt̄

�nal state whih �ts the fully leptoni deay hypothesis best. It is required, furthermore, that

the algorithm assigns the reonstruted jets to the b-quarks from the tt̄ deay.

Mathematial Formulation

The kinematis of tt̄ dilepton events an be expressed as an under-onstrained system of

equations. One pair of equations relate the projetion of the ~6ET omponents to the sum

of the neutrino and antineutrino momentum omponents belonging to the same projetion.

It is assumed that the neutrinos produed in dilepton tt̄ deay are the only ontribution to

the ~6ET. Two additional equations represent the relativisti energy-momentum neutrino and

antineutrino relations. The remaining equations desribe the W-boson and top-quark mass

onstraints by relating the invariant masses to the energy and momenta of their deay partiles

via relativisti 4-vetor arithmeti. Mathematially the tt̄ event kinematis are expressed as

~6ET = ~p(ν) + ~p(ν̄)

E2(ν) = m2(ν) + |~p(ν)|2

E2(ν̄) = m2(ν̄) + |~p(ν̄)|2

m2(W+) =
[
E(l+) + E(ν)

]2 −
∣
∣~p(l+) + ~p(ν)

∣
∣2

m2(W−) =
[
E(l−) + E(ν̄)

]2 −
∣
∣~p(l−) + ~p(ν̄)

∣
∣2

m2(t) =
[
E(b) + E(l+) + E(ν)

]2 −
∣
∣~p(b) + ~p(l+) + ~p(ν)

∣
∣2

m2(t̄) =
[
E(b̄) + E(l−) + E(ν̄)

]2 −
∣
∣~p(b̄) + ~p(l−) + ~p(ν̄)

∣
∣2

(5.6)
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with the unknowns being the neutrino 4-momentum omponents and the W-boson and top-

quark masses.

The number of degrees of freedom of the system of equations (5.6) is redued by imposing

equality between the W± boson masses, m(W+) = m(W−), and between the top quark and

antiquark masses, m(t) = m(t̄). A seond assumption onsiders the leptons and neutrinos

massless beause their momenta in tt̄ events are in general muh larger than their invariant

masses plT & 20GeV ≫ 100MeV & m(l) ≫ m(ν) ≃ 0GeV. The invariant masses of the

b-quarks are set to mb = mb̄ = 4.8GeV, the values used in the tt̄ simulation.

With these assumptions the kinemati equations of the tt̄ events an be expressed without

loss of generality as a 4th-order polynomial as a funtion of the x-omponent of the antineu-

trino 4-momentum:

0 =
4∑

i=0

ci(m
t, pl+ , pl− , pb, pb̄) px(ν̄)

i (5.7)

The energy and momentum resolution of the measured leptons and jets is not perfet and

an yield solutions of Equation (5.7) with no physial meaning, e.g. negative energy values

or imaginary momentum values. This unphysial situations an be redued by smearing

the energy, the salar momentum and the diretion of measured leptons and jets 100 times

aording to the resolution distributions derived from tt̄ signal simulation. Additionally, the

reonstruted W-boson mass is also smeared with the resolution distribution obtained in tt̄

simulation around the nominal mass value of 80.4GeV [12℄. The solution of Equation (5.7) is

searhed for every smeared event on�guration reovering event solutions a priori non-valid.

Resolving the Ambiguity Problem

For eah smearing of the event up to four mathematially equivalent solutions of the Equa-

tion (5.7) an exist. This ambiguity is disentangled by seleting the solution yielding the

lowest tt̄ invariant mass value [95℄. This assumption is based on the proportionality between

mtt̄ and the Bjorken-x variable. The Bjorken-x distribution presents a very rapidly dereas-

ing probability distribution and therefore large values are less likely to our. The top-quark

(analogously for the top-antiquark) 3-momentum omponents are obtained as the weighted

average of the seleted solution in eah of the smeared event on�guration ~pt,i.

〈~pt〉 =
1

w

100∑

i=1

wi · ~pt,i (5.8)

w =
100∑

i=1

wi (5.9)

where the weight wi is obtained from the true lepton-b-jet invariant mass probability distri-

bution. The last omponent of the top-quark 4-momentum vetor, the energy, is obtained

from the relativisti energy-momentum relations and the onstraint mt = 172.5GeV. Possi-

ble biases due to the �xed top quark mass onstraint used in the kinemati reonstrution

algorithm are disussed in Chapter 7.

Seletion of the Lepton-Jet-Pair

All well reonstruted and seleted jets (see Setion 5.5) in the event are onsidered in the

kinemati reonstrution algorithm. Thus several ombination of jets ould yield a valid
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Channel ee eµ µµ

εdata [%℄ 89.62 92.87 90.11

εsimu.[%℄ 90.75 93.62 90.63

SF 0.987± 0.004 0.992± 0.001 0.994± 0.004

Table 5.3: Data and simulation e�ieny values of the kinemati reonstrution algorithm

in the ee, eµ and µµ hannel. The data-to-simulation e�ieny ratio value, together with the

statistial unertainty, is indiated in the separate hannels.

result of Equation (5.7). In ases with two oppositely-harged leptons (l1 and l2) and only

two seleted jets (j1 and j2) two possible lepton-jet assignments exist:

• l1�j1 and l2�j2

• l1�j2 and l2�j1

The number of possible ombinations inreases with the number of jets present in the event.

The kinemati reonstrution algorithm is tested for every possible ombination of lepton-

jet. The preferred on�gurations ontain two b-tagged jets. Only if no valid solution is found,

lepton-jet ombinations with only one b-tagged jet are used. Combinations with no b-tagged

jets are disarded.

Only events with a valid solution of the kinemati reonstrution algorithm are seleted.

The performane of the reonstrution algorithm is studied as a funtion of several event

and partile kinemati distributions. The kinemati reonstrution method used here yields

on average a reonstrution e�ieny of about 90% in data and simulation. In general,

the data and simulation e�ienies are found to be larger than 80% up to very large jet

multipliities and 6ET values, while the results at very high lepton-pT values drop to ∼ 65%
with a statistial unertainty of the order of 20�30% (see Figure 5.12). Small di�erenes in

the e�ieny between simulation and data are orreted in simulation events with a global

e�ieny ratio (SF). Numerial values and statistial unertainties are presented in Table 5.3.

5.9 Event Yields and Control Distributions

In the following a summary of the seletion riteria is presented:

• Events are seleted based on dilepton triggers whih require the presene of an eletron-

pair, muon-pair or eletron-muon-pair with lepton transverse momenta larger than 17

and 8GeV, respetively.

• The event must ontain at least one well reonstruted vertex in the viinity of the

nominal pp interation point.

• Events must have at least two oppositely-harged, isolated and high-pT leptons (eletron

or muon).

• A minimum lepton-pair invariant-mass value of 20GeV rejets events from low mass

QCD-multijet and Drell-Yan proesses. Additionally, a veto on the Z-boson mass win-

dow is imposed on the ee and µµ hannels.
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Sample µµ eµ ee

Data 14403 39640 10678

Total Simulation 13939.1 38574.3 10221.5

Fration of Events (%)

tt̄ signal 78.0 79.5 77.2

tt̄ other 12.9 13.5 13.0

Single top 3.4 3.5 3.2

Z/γ∗ → ee/µµ 3.4 0.1 2.4

Z/γ∗ → ττ 0.7 1.2 1.1

tt̄+W/Z/γ 1.1 1.0 1.1

Diboson 0.4 0.4 0.7

W+jets 0.1 0.2 0.3

QCD-multijet 0.0 0.6 1.0

Table 5.4: Number of seleted data events and relative omposition of the di�erent simula-

tion proesses after applying the full event seletion riteria inluding the top quark kinemati

reonstrution. The results are shown separately for the ee, eµ and µµ hannels. The events

from simulation are normalised to the data luminosity L = 19.7 fb−1 and orreted for e�-

ieny di�erenes between data and simulation.

• The events must have at least two well reonstruted and alibrated jets in the region

|η| ≤ 2.4 with a minimum transverse momentum of at least 30GeV.

• A minimum 6ET of 40GeV is required on ee and µµ hannels.

• The presene of at least one CSVL b-tagged jet is imposed to selet events.

• Seleted events must have a valid solution of the kinemati reonstrution algorithm.

A total of ∼ 62700 data events are seleted, where ∼ 78% of the sample orresponds to tt̄

prodution in the dilepton hannel (tt̄ signal). All other tt̄ events (tt̄ other), spei�ally those

originating from deays via τ leptons, are onsidered as bakground and amount to approx-

imately 10% of the �nal event sample. Semi-leptoni and fully-hadroni tt̄ deay hannels

represent a negligible ontribution to the �nal event sample due to the lepton seletion rite-

ria. Remaining bakground proesses are due to eletroweak single-top prodution ∼ 3.4%,

Z/γ∗ → ee/µµ, tt̄ prodution in assoiation with photons, W and Z bosons (tt̄+W/Z/γ) ∼ 1%
eah, Z-boson deays via τ leptons (Z/γ∗ → ττ), diboson events (WW, WZ and ZZ), W boson

produed in assoiation with jets and QCD-multijet prodution. In Table 5.4, the seleted

number of data events and the expeted relative ontributions of the signal and bakground

proesses are presented in the µµ, eµ and ee hannels separately. The expeted yields agree

well with the data.

In the following, ontrol distributions are presented to evaluate the desription of data

by the simulation. All e�ieny orretion fators desribed previously are applied to the

simulated events whih are additionally saled to the data luminosity, L = 19.7 fb−1.

In Figure 5.13 the pT and η distributions of the two seleted leptons are shown. The

spetra are shown in the ombined hannel de�ned as the sum of events reonstruted and

seleted in ee, eµ and µµ hannels. The lepton pT shows a good agreement in the region

. 90GeV, while at higher momenta data presents a softer spetrum than the predition with
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di�erenes of ∼ 20%. The pseudorapidity distribution of the seleted leptons is well desribed

by the simulation within the systemati unertainties on the signal shape, indiated by the

hathed band (see Chapter 7).

The 6ET data distribution is well desribed by the simulations up to 150GeV, where a

slight exess of Monte Carlo events appears. Di�erenes between data and simulation are

overed by the tt̄ signal systemati unertainty as shown in Figure 5.14.

In the ase of the kinemati variables of the lepton-pair, the simulation desribes the data

distributions of the mass and transverse momentum well. Any small �utuation is ontained

within the statistial unertainty of the data. The transverse momentum of the lepton pair

is shown in Figure 5.15a and 5.15b, separately for the ee and eµ hannels. The lepton-pair

invariant mass distribution is presented in Figures 5.15 and 5.15d for ee and eµ hannel,

respetively. The µµ hannel, not shown, presents a similar behaviour as the ee hannel.

The transverse momentum distribution of the two seleted b-jets shows a shape di�erene

between data and simulated events at values pbT ≥ 120GeV, while below this threshold the

agreement is good (see Figure 5.16a). This observation is similar to the lepton pT result dis-

ussed previously. Simulation predits more entral b-jet pseudorapidity values in omparison

to data (see Figure 5.16b). Small di�erenes are ontained within the tt̄ signal unertainties.

The transverse momentum pbb̄T and invariant massmbb̄ distributions of the system of the b-

jet pairs are shown in Figure 5.17. A generally good desription of the measured distributions

is observed.

The top-quark-pair transverse momentum ptt̄T , the rapidity ytt̄, and the invariant massmtt̄,

are shown in Figures 5.18a, 5.18b and 5.18, respetively. Distributions from simulation are

in good agreement with those observed in data and the di�erenes are overed by the shape

unertainties on the signal. Data tends to slightly higher values of top quark rapidity, yt, but
di�erenes of the simulation with respet to data are ontained within the signal unertainties.

Figure 5.18d presents the yt distribution.
Distributions of the transverse momentum of the top quarks, ptT, and separately of the

pT-ordered leading, ptT(lead. t), and trailing ptT(2
nd lead. t) top quark or antiquark are shown

in Figure 5.19. Data shows a softer spetrum than the preditions. A similar observation is

found if the top quark pT is measured in the tt̄ referene system (see Figure 5.19b). Similar

results have been observed in several CMS analyses [91,96�98℄, where measurements are per-

formed using di�erent datasets, alternative event seletion riteria and distint reonstrution

algorithms of the top quark 4-momenta.

Distributions of angular di�erenes between the lepton and antilepton or top quark and

antiquark are well desribed by the event simulation as displayed in Figure 5.20.

In order to evaluate the possible soures of the di�erenes in the pT distributions of

the leptons, b-jets and top quarks, the analysis is repeated in three exlusive PU regions:

1 ≤ PU ≤ 10, 10 < PU ≤ 20 and PU > 20. The results are shown in Appendix D.1. Similar

results are observed in all three regions, thus no bias due to the PU is found.
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Figure 5.9: (a): b-jet tagging e�ieny as a funtion of the disriminator threshold of the CSV

algorithm measured in data and simulation. In the bottom panel the e�ieny ratio is shown

together with the total unertainty indiated by the dashed lines. The three WPs of the CSV

algorithm are indiated by the vertial arrows. Figure (modi�ed) taken from [93℄. Distribution

of the simulation orretion fator for the CSVL b-tagging algorithm as a funtion of the jet

pT for heavy (b) and light �avour () jets respetively [93℄. The pseudorapidity region of

validity is indiated in the legend.
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Figure 5.10: b-tagging e�ieny distribution of the b-jets (a), -jets (b) and light-jets () as

a funtion of the jet pT and η. The results are derived from tt̄ simulation events seleted the

eµ hannel after dilepton, jet and 6ET requirements.
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Figure 5.11: (a): b-tagged jet multipliity distribution of events after lepton, jet and 6ET
seletion. (b): Transverse momentum distribution of jets in events with at least one CSVL

b-tagged jet. The e�ieny orretions due to PU and lepton identi�ation and isolation are

applied to the events from simulation. The hathed band orresponds to all shape unertain-

ties on the signal tt̄ events (.f. Chapter 7). The data-over-simulation ratio is displayed in the

bottom panel.
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Figure 5.12: Distribution of the e�ieny of the kinemati reonstrution for data (irle)

and simulation (square), and data-to-simulation e�ieny ratio, SF, (triangle). Results are

shown as a funtion of the leading lepton pT in the ee hannel (a), the 6ET in the emu hannel

(b) and the jet multipliity in the µµ hannel (). The error bars represent only the statistial

unertainty on the result. The total e�ieny in data and simulation events and the total

e�ieny ratio values are indiated in the legend of the �gures.
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Figure 5.13: Distributions of the transverse momentum plT (a) and pseudorapidity ηl (b) of
the two seleted leptons. Results are presented after the full event seletion. The error bars in

the data points represent the statistial unertainty and the hathed band orresponds to all

shape unertainties on the tt̄ simulation events (.f. Chapter 7). The bottom panels present

the data-to-simulation ratio.
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Figure 5.14: Distribution of the 6ET measured in the ee (a) and eµ (b) hannels separately.

Results are presented after the full event seletion. The error bars in the data points represent

the statistial unertainty and the hathed band orresponds to all shape unertainties on the

tt̄ simulation events (.f. Chapter 7). The bottom panels present the data-to-simulation ratio.
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Figure 5.15: Distributions of the lepton-pair transverse momentum pl̄lT, and invariant mass

ml̄l, reonstruted in the ee (a and ) and eµ (b and d) hannels separately. Results are

presented after the full event seletion. The error bars in the data points represent the

statistial unertainty and the hathed band orresponds to all shape unertainties on the tt̄

simulation events (.f. Chapter 7). The bottom panels present the data-to-simulation ratio.
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Figure 5.16: Distributions of the transverse momentum pbT (a) and pseudorapidity ηb (b) of

the two seleted jets. Results are presented after the full event seletion. The error bars in

the data points represent the statistial unertainty and the hathed band orresponds to all

shape unertainties on the tt̄ simulation events (.f. Chapter 7). The bottom panels present

the data-to-simulation ratio.

E
v
e
n
ts

 /
 2

0
 G

e
V

1

2

3

4

5

6

7

8

9

10
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined

Data                                                                                    

 Signal                                                                                    tt

 Other                                                                                    tt

Single Top                                            

W+Jets                                                                                    

                                                                                    µµ ee/→* γZ / 

                                                                                    ττ →* γZ / 

                                                                                    γ+Z/W/tt

Diboson                                                                                    
Uncertainty

GeV bbm

0 50 100 150 200 250 300 350 400 450 500

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(a)

E
v
e
n
ts

 /
 1

0
 G

e
V

0

1000

2000

3000

4000

5000

6000

7000

8000

 =  8 TeVs at 119.7 fb

Dilepton Combined

GeV bb

T
p

0 50 100 150 200 250

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(b)

Figure 5.17: Distributions of the invariant mass mbb̄ (a) and transverse momentum pbb̄T (b) of

the b-jet pair. Results are presented after the full event seletion. The error bars in the data

points represent the statistial unertainty and the hathed band orresponds to all shape

unertainties on the tt̄ simulation events (.f. Chapter 7). The bottom panels present the

data-to-simulation ratio.
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Figure 5.18: Distributions of the transverse momentum ptt̄T (a), rapidity ytt̄ (b) and invari-

ant mass mtt̄ () of the top-quark-pair system, and top-quark rapidity yt (d) distribution as

obtained from the kinemati reonstrution algorithm. The error bars in the data points rep-

resent the statistial unertainty and the hathed band orresponds to all shape unertainties

on the tt̄ simulation events (.f. Chapter 7). The bottom panels present the data-to-simulation

ratio.
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Figure 5.19: Distributions of the transverse momentum of the top quarks as obtained from

the kinemati reonstrution algorithm. The distributions measured in the laboratory and tt̄

rest frame are shown in (a) and (b), respetively. The transverse momentum distributions

of the pT ordered top quarks are shown in () for the leading top quark and in (d) for the

trailing top quark. The error bars in the data points represent the statistial unertainty

and the hathed band orresponds to all shape unertainties on the tt̄ simulation events (.f.

Chapter 7). The bottom panels present the data-to-simulation ratio.
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Figure 5.20: Distributions of the azimuthal di�erene between the lepton and antilepton

∆φl̄l (a) and between the top quark and antiquark ∆φ (t, t̄) (b), and di�erene in the absolute

value of the rapidity of the top quark and antiquark |yt|− |yt̄| (). Results are presented after

the full event seletion. The error bars in the data points represent the statistial unertainty

and the hathed band orresponds to all shape unertainties on the tt̄ simulation events (.f.

Chapter 7). The bottom panels present the data-to-simulation ratio.
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Chapter 6

Cross Setions: De�nition, Binning

and Migrations

The event sample seleted by the riteria detailed in Chapter 5 is used to measure the tt̄

prodution ross setions di�erentially as a funtion of kinemati distributions of the top

quark, the top-quark pair and the deay produts, namely the leptons and the b-jets. The

ross setion in every bin i of an observable X is extrated from the number of measured signal

events in data x, orreted for detetor e�ienies, aeptanes, and migrations and divided

by bin-width ∆X, branhing-ratio BR and luminosity L. The di�erential ross setion is

normalised by dividing it by the total ross setion σ, measured in the same kinemati range,

suh that only a shape measurement is performed. Mathematially it an be written as

1

σ

dσ

dXi
=

1

σ

xi

BR · L ·∆Xi
(6.1)

The ross setion results are measured in the visible phase spae de�ned by the detetor

aeptane or in the extrapolated full phase spae. Phase spae de�nition are detailed in

Setion 6.1. The orretion for bakground ontamination is explained in Setion 6.2 followed

by the desription of the hoie of binning (Setion 6.3). Bin-to-bin migrations aused by

limited detetor resolution are orreted using an unfolding tehnique presented in Setion 6.4.

The di�erential and inlusive tt̄ prodution ross setions are disussed in Setion 6.5.

6.1 Phase Spae De�nition

The normalised di�erential ross setion is measured as a funtion of several kinemati vari-

ables of di�erent partiles:

• Variables: transverse momentum (pT), pseudorapidity (η), rapidity (y), invariant mass

(m), di�erene in azimuthal angle (∆φ) and di�erene in rapidity.

• Partiles and systems of partile-pairs: lepton (l), lepton pair (l̄l), b-jets (b), b-jet pair

(bb̄), top quark (t) and top-quark pair (tt̄).

Lepton and jets originating from b-quark deays present experimentally detetable signatures,

while top-quark and top-quark-pair kinemati properties an only be inferred from their deay

produts. Additionally, higher-order theory alulations are provided in unonstraint kine-

mati phase spaes. Two separate kinemati regions are used to measure the di�erential ross

setion results: the visible and the full phase spae.
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Visible Phase Spae

Di�erential ross setions as a funtion of lepton and b-jet observables are measured in the

visible phase spae de�ned as the kinemati region with detetor overage. This seletion

avoids unertainties or model dependenies due to extrapolation e�ets to kinemati regions

that are experimentally inaessible.

Partile level leptons are de�ned as the eletrons or muons produed from a W-boson

deay whih omes from the deay of a top quark or antiquark.

Partile level jets are onstruted by lustering all stable partiles after the hadronisation

simulation using the anti-kt algorithm with a ∆R = 0.5 one size. The list of partiles whih

an be lustered inludes the so-alled ghost B-hadrons. They orrespond to the last B-

hadrons, before deay, in the simulation-evolution hain with their 4-momenta saled by a

very small fator, typially 10−20. The momentum saling allows to identify whih jet ontains

the B-hadron within its onstituents without modifying the jet kinemati properties.

In order to assoiate a ghost B-hadron to the b-quark produed in the top-quark deay,

the simulation-true information is exploited. The partile (mother partile) from whih the

B-Hadron is produed is searhed. The proess ontinues iteratively by evaluating the mother

partile type of the B-hadron-mother until a b-quark from a top-quark deay or a parton from

the hard sattering is found. This method determines uniquely the original parton with an

e�ieny higher than 99% [99℄.

The b-jets are those two jets ontaining within its onstituents the ghost B-hadrons asso-

iated to the b-quarks from the top-quark deay.

The visible phase spae is de�ned by the presene of two leptons and two b-jets in the

kinemati region indiated in Table 6.1.

pT |η|
Lepton ≥ 20GeV ≤ 2.4
b-Jets ≥ 30GeV ≤ 2.4

Table 6.1: Kinemati requirements on the lepton and b-jets de�ning the visible phase spae.

Full Phase Spae

The kinemati region without any kinemati onstraints is referred to as full phase spae.

This de�nition inludes areas where no detetor overage exist and no experimental detetion

of partiles is possible. A measurement in the full phase spae is only possible with an

extrapolation to the unknown region based on a partiular theory model. In this analysis the

extrapolation is based on MadGraph+Pythia top-quark-pair event simulation.

The ross setions measured as a funtion of tt̄ and top-quark kinemati variables are

presented in the full phase spae. This allows for omparison not only with Monte Carlo

simulations but also with the most preise QCD theory alulations of the tt̄ prodution [3,

21,100,101℄. These preditions use threshold resummation tehniques and inlude orretions

due to soft-gluon emission at approximate next-to-next-to-leading order (approx. NNLO)

auray. Instead, Monte Carlo models desribing the tt̄ prodution inlude QCD expansion

terms up to next-to-leading (NLO) order.

The di�erential ross setion results are extrapolated to the parton level top-quark whih

orresponds to the last stable top quark after radiation and before deay in the Monte Carlo

simulation proess. The level of onstrain imposed by the phase spae de�nition is quanti�ed
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by the aeptane A. It is de�ned as the ratio of events generated in the full phase spae

Ngen.(full PS) whih also lies in the visible phase spae Ngen.(visible PS):

A =
Ngen.(visible PS)

Ngen.(full PS)
(6.2)

The performane of the detetor an be measured as a funtion of the detetor e�ieny

εdetetori , whih is de�ned as the ratio of the number of reonstruted events over the number

of generated events in the visible phase spae. The εdetetori together with the aeptane A

de�nes the full-analysis e�ieny εanalysisi .

εanalysisi = Ai · εdetetori =
N
gen.
i (visible PS)

N
gen.
i (full PS)

︸ ︷︷ ︸

Ai

· N
re.
i (visible PS)

N
gen.
i (visible PS)

︸ ︷︷ ︸

εi

(6.3)

In the ase of distributions measured in the visible phase spae, no aeptane orretion is

applied and therefore the analysis e�ieny redues to the detetor e�ieny. The distribu-

tions of the analysis e�ieny and aeptane are shown for illustration in Figure 6.1 as a

funtion of top-quark transverse momentum and tt̄ invariant mass. Additional distributions

for all measured quantities are displayed in Appendix B.1. For the presented binning it an

be observed that more than 60% of the events lie in the phase spae with detetor overage,

and only a small extrapolation to the full phase spae is performed.

6.2 Bakground Subtration

The �nal sample of seleted data events NData ontains a large fration of tt̄ dilepton events,

approximately 80% of the seleted events. The remaining fration orrespond to ontamina-

tion due to bakground proesses mainly produed from tt̄ deays other than the dilepton

deay hannel and single-top prodution (see Table 5.4).

The number of signal events in the seleted data sample is obtained by subtrating the

non-tt̄ bakground events NMC
non-tt̄ BG. and orreting by the fration of tt̄ deays other than

the dilepton NMC
tt̄ other, i.e.: dilepton deays via intermediate τ leptons, semi-leptoni and fully-

hadroni tt̄ deays. The use of the signal fration fator, fsig., in the bakground orretion

proess removes the dependeny of the expeted tt̄ events on the normalisation ross setion

value. Expression (6.4) summarises the number of measured tt̄ signal events in the seleted

data sample.

Nsel.
tt̄ signal = fsig. (NData −Nnon-tt̄ BG.)

=
NMC

tt̄ signal

NMC
tt̄ signal +NMC

tt̄ other
︸ ︷︷ ︸

fsig.

(
NData −NMC

non-tt̄ BG.

)

︸ ︷︷ ︸

all tt̄ events in data

(6.4)

6.3 Migrations and Seletion of Binning

Limitations in the detetor resolution and the requirement of �nite bin boundaries auses

migrations of seleted events, i.e.: an event generated in a bin i of a given distribution is

reonstruted in a di�erent bin j. Suh e�ets have to be removed in order to produe an

unbiased and detetor independent measurement.
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The migrations are quanti�ed by the purity and stability variables derived from tt̄ simu-

lation events. The purity pi, de�ned as the fration of reonstruted (Nre.) events whih are

also generated in the same bin (Ngen. and re.), estimates the migrations out of a ertain bin.

The stability si instead quanti�es migrations into a bin by ounting the fration of events

generated (Ngen.) in a bin i, that are also orretly reonstruted in the same bin.

pi =
N

gen. and re.
i

Nre.
i

(6.5)

si =
N

gen. and re.
i

N
gen.
i

(6.6)

It is desired a measurement in a small bin-size, in the ideal ase in�nitesimal bin-size,

suh that the result is sensitive to possible shape di�erenes. With the redution of the bin

size the amount of migrations and statistial unertainty inrease, rendering the ross setion

less preise. The hoie of binning must balane these limitations. The number and size of

the bins of the measurement are hosen suh that the stability is approximately onstant and

larger than 50% along all bins of the measured distribution. Thus at least 50% of the events

are reonstruted in the same bin where they were originated.

Figure 6.1 shows the purity and stability distributions as a funtion of the top-quark

transverse momentum and tt̄ invariant mass as an illustrative example. Corresponding dis-

tributions for all other measured quantities an be found in Appendix B.1.
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Figure 6.1: Distributions of the stability, purity, aeptane and analysis e�ieny as a fun-

tion of the reonstruted top-quark transverse momentum (a) and top-quark-pair invariant

mass (b). The vertial error bars indiate the statistial unertainty of the distribution, and

the horizontal bars the size of the bin.

6.4 Unfolding of Signal Events

The analysis aims to measure the true spetrum of tt̄ dilepton events, orreted for detetor

e�ets, from the experimentally measured number of events. The detetor introdues bin-

to-bin migration e�ets whih are limited by an appropriate bin-size hoie. Information

on the smearing e�ets aused by the detetor are studied with signal event simulation and
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odi�ed into a detetor response matrix A. This matrix provides a relation between the true

distribution x and the smeared measured distribution Nsel.
tt̄ signal. This relation is desribed by

Equation (6.7).

Nsel.
tt̄ signal = A · x (6.7)

Obtaining the true distribution x from a diret inversion of Equation (6.7) is an ill-posed

problem known as unfolding. In addition, the diret inversion introdues non-physial anti-

orrelations between neighbouring bins [102℄. This leads to rapidly osillating variations

between onseutive bins represented by the opposite sign in onseutive elements of the

inverse response matrix A−1. An illustrative example is shown in Equation (6.8).

A =

(
0.7 0.4
0.3 0.6

)

→ A−1 =

(
2 −4/3
−1 7/3

)

(6.8)

These limitations are overome by introduing a regularisation ondition C based on an

a priori knowledge of the solution. It requires a ontinuous and smooth transition between

neighbouring bins of the measured distribution.

The original unfolding problem of �nding the solution x an be expressed as χ2-minimisation

problem as a funtion of the �oating parameter x. The Equation (6.9) summarises the un-

folding problem and inludes the regularisation ondition C modulated by the regularisation

strength parameter τ .

χ2(x) = (Nsel.
tt̄ signal −A · x)⊤ · COV −1

Nsel.
tt̄ signal

· (Nsel.
tt̄ signal −A · x)

︸ ︷︷ ︸

χ2
Unfolding

+ τ (C · x)⊤ (C · x)
︸ ︷︷ ︸

χ2
Reg.

= min. (6.9)

The COV −1
Nsel.
tt̄ signal

represents the ovariane matrix of the measured signal events, it is a diag-

onal matrix ontaining the statistial unertainty of measured signal events.

The Equation (6.9) is solved based on the Single Value Deomposition (SVD) [103℄ matrix

diagonalisation method as implemented in the TSVDUnfold [104℄ pakage. The regular-

isation ondition C allows only orrelations between diret neighbours, and is tehnially

implemented as the seond derivative of a disrete distribution.

C =










−1 1 0
1 −2 1 0

. . .
. . .

. . .

0 1 −2 1
0 1 −1










(6.10)

The appropriate determination of the regularisation strength τ is important sine:

• Large τ -values, τ → ∞, ause over-smoothed solutions: the regularisation ondition

is dominant over the unfolding problem χ2
Unfolding and therefore orrelations between

largely-separated bins are arti�ially removed.

• Under-smoothed solutions are obtained when τ → 0 and therefore the osillating results

between neighbouring bins are weakly suppressed.

The determination of the regularisation strength di�ers from the original SVD [103℄ problem

and it is based on the minimisation of the average global orrelation ρ̄ of the result [105℄.

Figure 6.2 shows the ρ̄ value as a funtion of the regularisation strength for the top-quark pT
and tt̄ invariant mass results. Additional distributions for all other measured quantities are

presented in Appendix B.2.
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Figure 6.2: Average global orrelation ρ̄ distribution as a funtion of the regularisation

strength τ for the ross setion result obtained as a funtion the top quark pT (a) and tt̄

invariant mass (b).

6.4.1 Consisteny Tests of the Unfolding

The unfolding method relies on a good desription of the detetor e�ets by the simulation

and on some a priori assumptions on the smoothness of the result between two onseutive

bins. The stability of the result against variations in the unfolding set up is tested in multiple

modes:

• Variation of the regularisation strength parameter.

• Unfolding of pseudo-data obtained from tt̄ signal simulation with and without shape

variations on the original distribution.

A detailed disussion on these studies is provided in the following.

Regularization Strength

As desribed previously a regularisation term is added to the original unfolding problem to

remove rapidly and largely osillating solutions imposing a ontinuous and a smooth solution

between onseutive bins of the measurement. The τ parameter indiates the relevane or the

strength of the regularisation term in omparison to the unfolding term. It is seleted suh

that the average global orrelation ρ̄ is minimal.

The possible biases due the τ -seletion are evaluated by unfolding the seleted data events

with varied regularisation-strength-parameter values with respet to the default value τopt.:
τ = 0, 10−2 · τopt., 10−1 · τopt., 10 · τopt., 50 · τopt. and 102 · τopt.. Results are shown in

Appendix B.3. The data markers are horizontally displaed from the bin entre for graphi-

al purposes only. In the same �gures the Monte Carlo model used to derive the migration

matrix whih desribe the detetor e�ets is shown, i.e. the original and unmodi�ed Mad-

Graph+Pythia predition.
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6.4. UNFOLDING OF SIGNAL EVENTS

The results are found to be largely insensitive to the regularisation parameter with no

signi�ant di�erene in the measurement when varying the τ -value in the range [0, 10·τopt.]. As
expeted, the use of very strong regularisation values (50 ·τopt. and 100 ·τopt.) biases the result
towards the simulation model used to derive the migration matrix [103, 105, 106℄. Inreasing

the regularisation term value τ → ∞ implies that the urvature term on the unfolding equation

allows only migrations between neighbouring bins ignoring orrelations between bins largely

separated. This situation is equivalent to a bin-wise e�ieny orretion, also alled bin-by-

bin unfolding whih is known to bias the result towards the simulation model used to derive

the detetor e�ieny orretions [105℄.

Pseudo-data

The reorded data sample from ollision events only provides insights into the post-detetor

stage sine previous stages of the ollision are experimentally inaessible. In ontrast, Monte

Carlo simulations provide full aess to kinemati properties of an event before, during and

after the detetor simulation and reonstrution proess.

In order to test the unfolding framework and the assumptions made, the analysis is re-

peated by replaing the real ollision data with a sample of simulated tt̄ dilepton events

obtained from the MadGraph+Pythia simulation. The pseudo-data sample is saled to

the integrated luminosity of the real data, L = 19.7 fb−1. The analysis follows in an idential

manner by subtrating the bakground events, orreting for the signal fration and unfolding

the signal events with the same migration matrix and regularisation parameters as for real

data.

The results of the pseudo-data are shown in Appendix B.3. The �gures show also the

original pseudo-data distribution (Simu. Reweighted) and the shape of the theory predition

used to model the detetor e�ets (MadGraph+Pythia). For referene a higher-order QCD

theory alulation is also shown, wherever available.

The results derived from pseudo-data are in good agreement with the original distribution.

No bias due to the unfolding proedure is observed.

In order to evaluate the impat of a possible biases due to the shape of the original pseudo-

data a distortion is introdued on the ptT or yt distribution of the pseudo-data events. The

distortion is linear in pT and y around the values ptT = 100GeV and yt = 1 and is modulated

by a slope fator s. A weight w, derived as a produt of top quark and antiquark variations,

is applied to the pseudo-data distribution. The mathematial expressions summarising the

shape-variations are given in Equations (6.11) and (6.12) for ptT and yt dependent hanges,
respetively.

w = max
(

0.1,
(
1 +

(
ptT − 100

)
· s
)
·
(

1 +
(

pt̄T − 100
)

· s
))

(6.11)

w = max
(

0.1,
(
1 +

∣
∣yt − 1

∣
∣ · s

)
·
(

1 +
∣
∣
∣yt̄ − 1

∣
∣
∣ · s

))

(6.12)

The parameter s regulates the size of the variation introdued to the original distribution and

is limited to s = ±0.002, ±0.004 and s = ±0.08, ±0.16 for ptT and yt dependent variations,
respetively. Larger variations are not evaluated sine they would not represent realisti phys-

ial situations and would be signi�antly larger than the unertainties of the measurement.

The modi�ed pseudo-data events are unfolded using the standard unfolding set up inlud-

ing the migration matrix obtained from the original and unmodi�ed MadGraph+Pythia

signal simulation. The results are found to be desribed by the modi�ed pseudo-data dis-
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tribution (Simu. Reweighted), and any di�erene is within the statistial unertainty of the

pseudo-data (see Appendix B.3). No bias is found.

6.5 Cross Setion De�nition

6.5.1 Di�erential Cross Setion

One the reonstruted signal events are orreted for migration e�ets and the binning is

de�ned, all relevant values are in plae to alulate the normalised di�erential ross setion

(1/σ)(dσ/dX) as a funtion of the variable X. The alulation proeeds by dividing, in eah

bin of the measurement, the number of tt̄ events in data orreted for detetor e�ieny and

migration events xi by the bin-width ∆Xi. The shape measurement is �nally obtained by

normalising to unit area in the range where the result is presented. The normalisation fator

is obtained by summing up the ross setion values in eah bin.

1

σ

(
dσ

dX

)i

=
1

∑

j

(

∆Xj xj

∆Xj ·��BR ·�L

)
xi

∆Xi ·��BR · �L
(6.13)

Constant terms along all bins of the measurement, suh as the branhing ratio and the lu-

minosity, anel due to the normalisation of the result. This leads to a redution of the

systemati unertainties, as disussed in Chapter 7. The di�erential ross setion results are

presented and disussed in Chapter 8.

6.5.2 Total Prodution Cross Setion

The total tt̄ prodution ross setion is measured ounting the number of signal events on-

tained on the seleted dataset after the omplete event seletion desribed in Chapter 5,

inluding the requirement of a valid solution of the top-quark kinemati reonstrution algo-

rithm. The number of tt̄ dilepton events on the seleted dataset is obtained by subtrating

the bakground ontamination and orreting the tt̄ signal fration (see Setion 6.2). Fi-

nally the signal events are orreted for detetor e�ieny e�ets εdetetor, visible phase spae
aeptane A, total integrated luminosity L and branhing ratio of deay hannel BR. Math-

ematially it is expressed by the Equation (6.14). The total tt̄ ross setion result is presented

in Setion 8.6.

σ =
fsig. · (NData −Nnon tt̄ BG.)

εdetetor ·A ·BR · L (6.14)

6.5.3 Combination of Results

The di�erential ross setions are measured in the ee, eµ and µµ hannels from three sta-

tistially independent data samples. The results are ombined by minimising a negative-

log-likelihood funtion under the assumption of three statistially independent Gaussian-

distributed results. Under this hypothesis the problem transforms into the so-alled weighted

average [107℄. The normalised di�erential ross setion and statistial unertainty δCombined

for an arbitrary bin of the ombined hannel are expressed as
(
1

σ

dσ

dX

)

Combined
=

1

δ2Combined

∑

i

((
1

σ

dσ

dX

)

i

/δ2i

)

(6.15)

δCombined =
1

√∑

i
1
δ2
i

(6.16)
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where the index i runs on the three statistially independent hannels: ee, eµ and µµ.

6.6 Covariane Matrix and Statistial Unertainty

In the unfolding proedure to orret for detetor e�ets the speial relevane of the orre-

lations between the bins was introdued. The extension of the statistial unertainty of a

partiular given bin, whih dilutes any orrelation information, is a ovariane matrix gener-

ally de�ned as:

COVij(y) = 〈(yi − 〈yi〉) · (yj − 〈yj〉)〉 (6.17)

where 〈yi〉 represents the expetation value of the di�erential ross setion result yi in the

i -th bin.

In this analysis the ovariane matrix is obtained via error propagation. The measured

tt̄ signal yield N is overlaid with random noise proportional to the statistial unertainty,√
N . For eah varied on�guration the unfolding proedure is repeated and a new result is

obtained: y′. A new ovariane matrix is alulated from the di�erene with respet to the

original result: COV (y′)ij = (y′i−yi)·(y′j−yj). The average result of 1000 pseudo-experiments

represents the �nal ovariane matrix of the ross setion result.

The statistial unertainty of the results is obtained from the diagonal elements of the

results ovariane matrix, COV (y)ii.
The maximum orrelation of a bin k with all other bins from a partiular measurement

an be retrieved from the ovariane matrix [108℄ using the expression (6.18). Averaging this

expression the average global orrelation ρ̄ of the bins of the measurement is obtained, see

Equation (6.19).

ρi =

√

1− 1

COV (y)ii · COV −1(y)ii
(6.18)

ρ̄ =

√
√
√
√ 1

Nbins

Nbins∑

i=1

ρ2i (6.19)
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Chapter 7

Systemati Unertainties

Systemati unertainties arising from limited understanding of the detetor e�ienies and

resolutions, as well as theory modelling unertainties limit the preision of the measurement.

A detailed study and evaluation of the unertainties is at the ore of this analysis.

Detetor e�ienies are known with a ertain �nite auray and any deviation from the

true value will ause a shift of the number of seleted signal and bakground events and as a

onsequene of the di�erential ross setions.

Similarly, the simulation of signal events inludes some parameters in the Monte Carlo

model suh as top-quark mass or hadronisation model. These are derived from experimental

results, with a ertain auray, or they are based on some a priori assumptions. Di�erent

parameters in the simulation ause di�erent aeptanes and as a onsequene di�erent ross-

setion results.

In this hapter the method to evaluate the systemati unertainty is desribed �rst, in

Setion 7.1. It is aompanied by a disussion of the individual soures of the unertainties.

The detetor modelling soures are explained in Setion 7.2 followed by the desription of

the unertainties on the theory modelling of the tt̄ events in Setion 7.3. In Setion 7.4 the

typial unertainty values are given separately for results measured in the visible phase spae

and in the extrapolated full phase spae. A method to estimate the orrelation between the

systemati unertainties is desribed in Setion 7.5.

7.1 Systemati Unertainty Determination Proedure

The e�et of a partiular soure of systemati unertainty on the result is assessed by repeating

the full analysis proedure and re-obtaining a new measurement. The di�erene of the varied

and the nominal measurement is then quoted as the systemati unertainty.

Detetor modelling e�ets are inserted in the analysis as e�ieny orretion fators on

the seleted events from simulation. The unertainties are obtained by varying these fators

within their unertainties and re-evaluating the ross setion result.

The evaluation of the tt̄ theory model is addressed by replaing the nominal simulation

sample by an alternative sample generated with a variation of a ertain parameter. The

ross setion results are derived using the alternative sample to estimate the signal fration

and the visible phase spae aeptane orretions. A summary table with the simulation

on�gurations is given in Table 7.1 while further details on the Monte Carlo simulation are

given in Chapter 4.

In general, a given soure of unertainty has an up and a down variation from its nominal
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Unertainty ME, PS and Hadron. Model Comments

Nominal MadGraph+Pythia

mt = 172.5GeV

Q2
0 = m2

t +
∑

add.partons p
2
T

ME-PS sale 20GeV

CTEQ6L1 PDF set

Q2-sale up MadGraph+Pythia Q2 = 4 ·Q2
0

Q2-sale down MadGraph+Pythia Q2 = 0.25 ·Q2
0

Mathing-sale up MadGraph+Pythia ME-PS sale 40GeV

Mathing-sale down MadGraph+Pythia ME-PS sale 10GeV

Top-quark mass up MadGraph+Pythia mt = 173.5GeV

Top-quark mass down MadGraph+Pythia mt = 171.5GeV

PDF set MadGraph+Pythia CT10 PDF set

Hard sattering model Powheg+Pythia �

Parton shower and
MC�NLO+Herwig �

Hadronisation model

Table 7.1: Summary of the di�erent tt̄ simulation on�gurations used for the estimation

of the signal modelling unertainties. The hard sattering (ME), parton shower (PS) and

hadronisation model together with the di�erent simulation parameters are given for eah of

the evaluated unertainties.

value whih onsequently auses two di�erent ross setion results. In this analysis, the total

unertainty due to a partiular soure is obtained as the symmetri average of the up and

down di�erenes with respet to the nominal result:

δs =
1

2
(|resultup − resultnominal|+ |resultdown − resultnominal|) . (7.1)

On the other hand, the diret omparison between two models, e.g.MadGraph vs Powheg

or Pythia vs Herwig, produes only a single di�erene: resultModel 1− resultModel 2. In this

ase a onservative approah is taken by symmetrially applying the di�erene as an up and

down unertainty.

All soures of unertainty are assumed to be unorrelated with eah other and their on-

tributions are summed in quadrature to obtain the total systemati unertainty δtot.

δtotal =

√
∑

s

δ2s , (7.2)

where the sum runs on all systemati soures s onsidered.
The systemati unertainties are alulated separately in eah bin of every measured dis-

tribution. For illustration, the median1 value of the individual unertainty soures in all bins

of every distribution is quoted as typial size of eah systemati unertainty. Typial uner-

tainties are separated for results measured in the visible phase spae de�ned by the detetor

aeptane and in the extrapolated full phase spae. Additional details on the phase spae

de�nition are given in Setion 6.1.

1The median of an ordered set is de�ned as the numerial value dividing the set in two equally populated
subsets.
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Beause the di�erential ross setions are normalised, only those soures of unertainties

that lead to hanges in the shape of the result ontribute to the total unertainty. Normal-

isation unertainty soures suh as the branhing-ratio or the data luminosity largely anel

in the measurement of the normalised di�erential ross setion.

7.2 Experimental Unertainties

The experimental e�ieny di�erenes in data and simulation are orreted by applying ef-

�ieny orretion fators to the events in simulation. These orretion fators, also referred

to as data-to-simulation fator or sale fators (SF), are measured with �nite preision and a

variation within their unertainty leads to a shift of the result of this measurement.

Trigger

The trigger data-to-simulation fators are measured as a funtion of the lepton pseudorapidity

with a typial preision of 1%, as desribed in Setion 5.1. A shift of the result by typially

0.1% is observed when varying the orretion fators within their unertainties.

Pileup

The distribution of the number of additional pp ollisions in data is derived as a funtion of the

measured luminosity and the pp ross setion (see Setion 5.2). Following the reommendation

from [80℄, the pp ross setion is varied by 5% in order to onservatively aount for the

luminosity and pp-ross-setion unertainties whih amount to 2.6% and 2.5%, respetively.

The pileup distribution variation produes typially a 0.1% hange of the tt̄ di�erential ross

setions.

Lepton Identi�ation and Isolation

The lepton identi�ation and isolation e�ieny di�erenes are orreted based on a tag-and-

probe tehnique (Setion 5.3). The method has a systemati unertainty of the order of 0.3%,

but to over possible di�erenes between the Drell-Yan and tt̄ event topologies, a onservative

1% unertainty is added [109℄. The typial shift on the result is in general below 0.1%.

Jet Energy Sale

The alibration of the energy of the jets, desribed in Setion 5.5, is based on a fatorised pro-

ess and is implemented as a set of double-di�erential orretion fators [86℄. The maximum

unertainty in the kinemati region of interest for the analysis is below 5%.

The di�erenes in the tt̄ di�erential ross setion obtained from the propagation of the

jet-energy sale unertainties are typially 0.4% and 1.0% for distributions measured in the

visible and full phase spae, respetively.

Jet Energy Resolution

The jet energy resolution (JER) in simulated events is orreted using |η|-dependent fators
measured with a preision of about 6% (see Setion 5.5).

The unertainty on the tt̄ di�erential ross setions due to JER is typially 0.1%.

71



7. SYSTEMATIC UNCERTAINTIES

Normalisation of Simulation Events

The measured Drell-Yan event yield is normalised using a method based on data (Setion 5.6),

while the normalisation of other bakground ontributions is based on the most preise theory

alulations (Setion 4.5).

The unertainty of the bakground normalisation, inluding Drell-Yan proess, is onser-

vatively assumed to be 30%, aounting for theory unertainties and shape di�erenes. The

typial systemati unertainties of the di�erential ross setion are 0.2% due to Drell-Yan

proess normalisation and 0.3% due to the normalisation of other bakgrounds.

Missing Transverse Energy

Any lepton or jet unertainty is propagated to the ~6ET distribution by reomputing ~6ET-
observable after varying the kinemati properties of the partiles in the event. Therefore no

spei� unertainty assoiated to the missing transverse energy is evaluated, as reommended

by the experts [88℄.

Unertainty on the b-Tagging Tehniques

The systemati unertainty due to the b-jet identi�ation is due to the simulation orretion

fators. These are derived as a funtion of the jet �avour and kinemati properties [93℄ with

unertainties up to 4% due to modelling of b-fragmentation and gluon splitting.

In this analysis, the b-tagging unertainty is assessed by varying the orretion fator

as a funtion of |η| and pT. Two regions, separated by the median point, are varied in

opposite diretions suh that the shape of the distribution is maximally modi�ed. The median

points orrespond to |η| = 0.75 for all jet �avours. The median points of the pT distribution

are pT = 65 and 45GeV for heavy- (b- and -jets) and light-jets, respetively. The pT
and η variations an be onsidered unorrelated and their ontributions to the systemati

unertainty are added in quadrature. The unertainties on heavy-�avour jets are onsidered

fully orrelated and therefore varied simultaneously, while light-�avoured jets are unorrelated

to the heavy-�avour omponents and are varied separately and summed in quadrature to the

heavy-�avour omponent of the unertainty.

The shape variations on the b-tagging orretion fators produe an unertainty of 0.1%

(0.2%) on the ross setions measured in the visible (full) phase spae.

Unertainty on the Reonstrution Algorithm of Top Quark Kinematis

As detailed in Setion 5.8, only events with a solution of the top-quark kinemati reonstru-

tion are onsidered in the measurement. Events from data and simulation have very similar

e�ienies and a small orretion fator is applied to orret for the remaining di�erenes.

The shift on the results obtained by varying these orretion fators within their unertainties

is found to be negligible (below 0.1%).

Branhing Ratio

The unertainties on the tt̄ dilepton �nal state are propagated from the individual branhing

ratios of W bosons deaying into leptons [12℄. This unertainty soure largely anels in the

normalised di�erential ross setion measurement.
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Luminosity

The unertainty on the integrated luminosity is obtained based on a pixel luster ounting

method and is found to be 2.6% [57℄. The e�et of the luminosity largely anels in the

measurement of the di�erential ross setion while it has a substantial e�et on the total

inlusive tt̄ ross setion result.

7.3 Signal Model Unertainties

The tt̄ signal model unertainties are obtained by replaing the nominal simulation with al-

ternative samples generated with varied simulation parameters. The nominal tt̄ signal sample

is produed interfaing the MadGraph matrix element generator and Pythia for showering

and hadronisation e�ets, a top-quark mass of 172.5GeV and the CTEQ6L1 PDF set. Ad-

ditional details on the simulation of events and parameters used in the signal simulation are

given in Chapter 4.

Parton Distribution Funtion

The unertainty due to the PDFmodelling is assessed, following the reommendations from [19℄,

by reweighting the simulated tt̄ events aording to the 53 error eigenvalues of the CT10 PDF

set evaluated at 90% C.L. The envelope with the maximum di�erene between the results

evaluated with the entral and the unertainty eigenvalues is onsidered as the PDF uner-

tainty on the result. Typially, the unertainty due to the PDF is in the range of 0.3�0.5%

depending on the phase spae in whih the results are measured.

Hard Sattering Model

The unertainty due to the hard sattering model is obtained as the di�erene of the results

measured with MadGraph and Powheg matrix element generators. The former gener-

ates tt̄ events at LO with up to 9 �nal state partiles, while the latter generates tt̄ events

with NLO auray in perturbative QCD. Both models, MadGraph and Powheg, are in-

terfaed to Pythia for showering and hadronisation e�ets. It is assumed that Pythia

performs identially in both samples. Figure 7.1 shows the generator-level distribution of the

transverse momentum of the tt̄ system and of the leading top quark generated with Mad-

Graph+Pythia and Powheg+Pythia simulations. The observed di�erenes are assumed

to be produed by di�erenes in the hard sattering models only.

A typial generator model unertainty of 0.9 (1.1)% is determined for results in visible

(full) phase spae, respetively.

Parton Showering and Hadronisation Model

In Chapter 4 the di�erent showering and hadronisation models implemented in Pythia and

Herwig were disussed. The parton showering and hadronisation unertainties are evalu-

ated simultaneously by omparing the results obtained using the tt̄ simulations produed by

Powheg+Pythia and MC�NLO+Herwig. Both Powheg and MC�NLO generate tt̄

events up to NLO auray at matrix element level, and therefore it is assumed that di�er-

enes in the generated events are only due to the showering and hadronisation models.

The showering and hadronisation unertainty is typially in the 1.2�1.5% range.
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Figure 7.1: Generator distributions of the top-quark-pair (a) and leading top quark (b)

transverse momentum produed by MadGraph+Pythia and Powheg+Pythia models.

The distributions are normalised to unit area. In the bottom panel the ratio with respet to

MadGraph+Pythia model is shown.

Top-Quark Mass

The nominal tt̄ simulation is generated with a top-quark mass value of mt
MC = 172.5GeV,

while the experimentally measured value is mt
exp. = 173.4 ± 0.74GeV [110℄. Two alternative

samples with mt
MC = 171.5GeV and 173.5GeV are used to aount for the experimental

unertainty arising from the top-quark mass. The transverse momentum spetra of the top

quarks as produed by the simulations with di�erent top-quark masses are presented in Fig-

ure 7.2. The top-quark-mass unertainty is found to be 0.5�0.9% depending on the phase

spae of the measurement.

A kinemati reonstrution algorithm is used to reonstrut the 4-momentum ompo-

nents of the individual top quarks (Setion 5.8). Possible biases due to the �xed top-quark

mass onstraint used in the kinemati reonstrution algorithm were studied by varying

mt = 172.5 ± 1GeV. The e�et on the di�erential ross setions is found to be negligible

in omparison to the statistial unertainty of the result.

Mathing and Hard Sattering Sales

The mathing of the matrix element and parton showering was disussed in Setion 4.2.

The systemati unertainty assoiated to the mathing sale is evaluated by omparing the

nominal results for the ross setion and the results obtained with two alternative Monte Carlo

simulation samples where the mathing sale is varied by a fators 2 and 0.5 with respet to

the default value of 20GeV.

The unertainty on the hard sattering sale Q omprises the renormalisation and fatori-

sation sale. Dediated tt̄ samples are generated varying the Q-sale by a fator 2 and 0.5

with respet to the nominal value, following the onvention adopted by the CMS experiment.

The unertainty on the ross setion due to the mathing sale is typially 0.7%. The
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Figure 7.2: Generator distributions of the top-quark transverse momentum measured in

the laboratory referene system () and in the tt̄ rest frame (a) produed by the Mad-

Graph+Pythia model with mt=171.5 (blue), 172.5 (blak) and 173.5GeV (red). The

distributions are normalised to unit area. In the bottom panel the ratio with respet to

MadGraph+Pythia model generated with mt=172.5GeV is shown.

result unertainty due to the Q-sale ranges between 0.7% and 1.1%, depending on the phase

spae of the measurement.

7.4 Summary of Typial Unertainties

A summary of the typial unertainties on the measured di�erential ross setion is listed in

Table 7.2, separately for results measured in the visible phase spae and in the extrapolated

full phase spae. Tables ontaining the statistial, total systemati and total error in eah bin

for all measured variables an be found in Appendix C.1. The main systemati unertainty

of the result is due to the parton showering and hadronisation modelling whih amounts to

typially 1.2%�1.5%.

The inlusive tt̄ prodution ross setion is measured with a total systemati error of

5.2% and with an additional 2.6% unertainty due to the luminosity measurement [57℄. The

main unertainty is due to the integrated luminosity with dominant systemati unertainty

soures arising from the jet energy sale and lepton identi�ation and isolation e�ienies,

approximately 2.2% eah. Among the theory unertainties, the preision of the result is limited

by the hard sattering and parton shower and hadronisation models. Table 7.3 summarises the

measured unertainty in the inlusive tt̄ prodution ross setion separately for the individual

hannels and unertainty soures.

7.5 Correlation Matries of the Total Unertainty

The determination of SM parameters from experimental results bene�ts from the knowledge

of the orrelation between the bins [111℄, e.g. the PDF �t using tt̄ di�erential ross setions.
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7. SYSTEMATIC UNCERTAINTIES

Unertainty Soure Unertainty [%℄

Visible Phase Spae Full Phase Spae

Experimental

Trigger E�ieny 0.1 0.1

Lepton Id. and Isolation 0.1 0.1

Drell-Yan Normalisation 0.2 0.2

Bakground Normalisation 0.3 0.3

Jet Energy Sale 0.4 1.0

Jet Energy Resolution 0.1 0.1

Pileup 0.1 0.1

b-tagging 0.1 0.2

Kinemati Reonstrution < 0.1 < 0.1

Theory Model

Hard Sattering Model 0.9 1.1

Showering - Hadronisation Model 1.5 1.2

Top quark mass 0.5 0.9

Q2 sale 0.7 1.1

ME/PS mathing 0.7 0.7

PDF 0.3 0.5

Total Systemati 2.2 2.5

Table 7.2: Summary of the typial value of the systemati errors on the normalised di�erential

ross setions separately for variables measured in the visible phase spae and full phase

spae. The unertainty due to the normalisation of bakground proesses is separated into

two ontributions: Z/γ∗ → ee/µµ events (Drell-Yan) and other bakgrounds.

The orrelation information is parametrised in the orrelation matrix, corrij . It is derived

using the method proposed in [112℄ and brie�y desribed in the following.

The orrelation matrix is derived from the statistial ovariane matrix covij of the sys-

temati unertainties. The latter is onstruted from the di�erenes of the results for eah of

the unertainty soures.

The absolute di�erene di in eah bin i of the measurement due to a systemati soure is

d
up/down
i =

(
1

σ

dσ

dX

)up/down

i

−
(
1

σ

dσ

dX

)nominal

i

(7.3)

for every up and down variation. Eah variation is then averaged and applied symmetrially

in both diretions of the result:

δi = sign(dupi ) · 1
2

(

|dupi |+
∣
∣
∣ddown

i

∣
∣
∣

)

. (7.4)

In order to reover the sign information lost while symmetrising, the onvention to onsider

the sign of the up variation is seleted [112℄. Covariane matries for eah systemati soure

s are onstruted via

covij(s) = δi(s) · δj(s). (7.5)

All unertainty soures are assumed unorrelated and therefore are summed up in quadra-

ture, as explained in Setion 7.1. The diagonal elements of the ovariane matrix ontain the
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Unertainty Soure Unertainty [%℄

Channel ee eµ µµ Combined

Experimental

Trigger E�ieny 1.4 1.3 1.3 1.3

Lepton Id. and Isolation 2.3 2.2 2.3 2.2

Drell-Yan Normalisation 0.8 < 0.1 1.1 0.4

Bakground Normalisation 2.1 2.1 1.8 2.0

Jet Energy Sale 2.3 2.2 2.2 2.2

Jet Energy Resolution < 0.1 < 0.1 < 0.1 < 0.1
Pileup 0.2 0.4 0.1 0.3

b-tagging 0.6 0.6 0.6 0.3

Kinemati Reonstrution 0.5 0.2 0.4 0.1

Branhing Ratio 1.5 1.5 1.5 1.5

Theory Model

Hard Sattering Model 1.9 1.7 1.1 1.6

Showering - Hadronisation Model 2.2 2.0 1.1 1.8

Top quark mass 0.9 0.7 1.1 0.8

Q2 sale 1.8 1.1 2.0 1.4

ME/PS mathing 0.8 0.4 0.7 0.5

PDF 0.3 0.4 0.2 0.3

Total Systemati 5.8 5.2 5.2 5.2

Luminosity 2.6 2.6 2.6 2.6

Table 7.3: Systemati unertainty values on the total inlusive tt̄ prodution ross setion.

squared values of the systemati unertainty. Thus, the sum of the ovariane matries is

assumed equivalent to the quadrati sum of the systemati unertainties [112℄.

The �nal systemati orrelation matrix is derived after normalising the ovariane ma-

trix elements by the orresponding diagonal omponents: corrij = covij/
√
covii · covjj . The

orrelation matries for all measured quantities are presented in Appendix E.

77



7. SYSTEMATIC UNCERTAINTIES

78



Chapter 8

Results

In this hapter the results of the tt̄ normalised di�erential ross setion measurement are

presented. Results are measured as a funtion of 19 kinemati variables of the top quarks, the

tt̄ system and the top-quark-deay produts: leptons, lepton pair, b-jets and b-jet pair. The

results, shown in Figures 8.1�8.9, are in preparation for publiation by the CMS Collaboration.

The ross setions are measured as a funtion of the top-quark-pair invariant mass mtt̄,

the rapidity ytt̄ and the transverse momentum ptt̄T . The measurements as a funtion of angular

distributions of the top quarks omprise the rapidity yt, the absolute-rapidity di�erene |yt|−
|yt̄| and the di�erene in azimuthal angle of the two top quarks ∆φ (t, t̄). Additionally, the

transverse momentum of the top quarks is measured in the laboratory, ptT, and in the tt̄

rest frame, ptT(tt̄)
∗, and separately for the pT-ordered leading ptT(lead. t) and the trailing

ptT(2
nd lead. t) top quark. Top quark and tt̄ variables are measured in the extrapolated full

phase spae as de�ned in Setion 6.1.

The di�erential ross setions obtained as a funtion of the lepton and b-jet kinemati

variables are measured in the visible phase spae as de�ned by the detetor aeptane (see

Setion 6.1). These results omprise distributions of the lepton transverse momentum plT, the

pseudorapidity ηl and the azimuthal-angle di�erene ∆φl̄l, the lepton-pair invariant mass ml̄l

and the transverse momentum pl̄lT, the transverse momentum pbT and the pseudorapidity ηb

of the b-jets, and the invariant mass mbb̄ and the transverse momentum pbb̄T of the system

formed by the pair of b-jets.

In the following, the distributions orresponding to the ombination of the individual ee, eµ
and µµ hannels are shown and disussed. Summary tables with the results of the normalised

di�erential ross setions inluding the statistial, systemati and total unertainty ompo-

nents in eah bin of the di�erent variables are presented in Appendix C.1. The di�erential

ross setions measured separately in the ee, eµ and µµ hannels are shown in Appendix C.2.

The �gures inlude data points with an inner error bar indiating the statistial om-

ponent of the unertainty and an outer error bar indiating the total unertainty obtained

as the quadrati sum of the statistial and systemati unertainties. The same omponents

of unertainties on the data are represented by the error bands in the theory-to-data ratios

shown in the bottom panels of the �gures.

All results are ompared to four Monte Carlo preditions: MadGraph+Pythia, Powheg+

Pythia, Powheg+Herwig and MC�NLO+Herwig. Additionally, the top-quark-pair in-

variant mass and transverse momentum results are ompared to a QCD alulation up to

NLO+NNLL auray [100,101℄, and the top-quark pT and rapidity results are ompared to

two approximate NNLO alulations [3,21℄. The alulation from [3℄ inludes a theory uner-
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tainty band due to the hoie of the PDF set, the strong-oupling onstant αs, the top-quark

mass, the renormalisation and the fatorisation sales. All theory preditions are presented

in the same binning as the data for diret visual omparison.

The di�erential ross setions of the top quark and top-quark pair are disussed in Se-

tion 8.1, followed by the disussion of the results measured in the visible phase spae in

Setion 8.2. A χ2 statistial test is performed to evaluate the onsisteny of the measurement

with the di�erent preditions (see Setion 8.3). Several heks are performed to ensure the

stability of the results as disussed in Setion 8.4. The results are ompared in Setion 8.5 to

the measurements obtained in other analyses. The hapter �nishes with a disussion of the

total tt̄ prodution ross setion (see Setion 8.6).

8.1 Top-Quark-Pair and Top Quark Di�erential Cross Setions

The top-quark-pair transverse momentum (ptt̄T) is shown in Figure 8.1a. This variable is

sensitive to higher-order terms of the QCD perturbative expansion beause terms beyond LO

in the perturbative expansion inlude the emission of radiation whih balanes the transverse

momentum of the tt̄ system. The di�erential ross setion is measured up to 300GeV with an

unertainty smaller than 5.1% limited by the parton showering and hadronisation modelling

di�erenes in Pythia and Herwig. In general, the Monte Carlo preditions desribe the

data well, while the NLO+NNLL theory alulation [101℄ is steeper than the data and fails to

desribe the observed shape. In Figure 8.1b the top-quark-pair invariant-mass (mtt̄) result is

shown. This distribution is sensitive to possible resonanes due to BSM models [27, 28, 113℄.

The mtt̄ result is measured with an unertainty ranging between 4.2% at small mtt̄ values

inreasing up to 19% at high mtt̄. The latter is dominated by the statistial unertainty of

the data 10% in the last bin of the measurement, mtt̄ ∈ [1100GeV, 1600GeV]. The result is
well desribed by the di�erent preditions. In the last bin, mtt̄ & 1100GeV, the expetations
fromMC�NLO+Herwig, Powheg+Pythia and the NLO+NNLL alulation [100℄ predit

higher ross setion values than the measurement. The χ2-statistial-test result (Table 8.1)

indiates that the best desription is given by the MadGraph+Pythia predition.

The Figure 8.2a shows the normalised di�erential ross setion measured as a funtion of

the top-quark-pair rapidity (ytt̄). This result presents a maximum unertainty of ∼ 13%. This

unertainty is dominated by the di�erent hard sattering models implemented inMadGraph

and Powheg generators. Within the urrent unertainties all preditions provide a good

desription of the data. The di�erential ross setion as a funtion of the top-quark rapidity

(yt) is well desribed by the SM preditions (see Figure 8.2b). The spetra simulated by

Powheg+Pythia, Powheg+Herwig and MC�NLO+Herwig models are very similar.

In ontrast, MadGraph+ Pythia expets a more entral distribution. The results are

measured with an unertainty smaller than 3% in |yt| ≤ 1.6 inreasing up to approximately

6.0% in the outermost bins.

The tt̄ di�erential ross setions as a funtion of the di�erene of the angular variables

∆φ (t, t̄) and |yt| − |yt̄| between the top quark and antiquark quark are shown in Figure 8.3.

In absene of additional radiation the ∆φ (t, t̄) distribution is expeted to be distributed

in the viinity of ∆φ (t, t̄) = π beause the top quarks are produed bak-to-bak in the

transverse plane of the detetor. The result is very well desribed by all Monte Carlo pre-

ditions within the preision of the measurement whih ahieves a systemati unertainty of

3.7�8.8%, depending on the bin. The top-quark harge asymmetry an be measured using

a variable proportional to |yt| − |yt̄|, as explained in Chapter 2. The |yt| − |yt̄| di�erential
ross setion is found to be well desribed by the Powheg+Pythia, Powheg+Herwig and
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8.1. TOP-QUARK-PAIR AND TOP QUARK DIFFERENTIAL CROSS

SECTIONS
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Figure 8.1: Normalised di�erential ross setions as a funtion of the transverse momentum

(a) and invariant mass (b) of the top-quark-pair system. The inner (outer) error bar in the

data points indiate the statistial (total) unertainties. The ratios of the preditions over

data are shown in the bottom panels, with the unertainties of the measurement indiated by

the oloured bands.

MC�NLO+Herwig preditions, while the MadGraph+Pythia model predits a more

entral result. The preision of the result is limited by the unertainties on the Q2 sale and

hard sattering model, typially 1.6% and 1.4% respetively.

The top-quark transverse momentum distribution measured in the laboratory system (ptT)
is presented in Figure 8.4. The result has a maximum unertainty of 8.4% in the pT ∈
[290GeV, 400GeV] bin, due to the top-quark mass and hadronisation model unertainties. The

result, within the urrent unertainties, is well desribed by the Powheg+Herwig simulation

and by the theory alulations up to approximate NNLO auray. Distributions generated

by the MadGraph+Pythia, Powheg+Pythia and MC�NLO+Herwig models predit

top-quark transverse momentum spetra that are harder than the observed in data. This

observation is orroborated by the χ2-test results summarized in Table 8.1.

Similar onlusions an be drawn from distributions of the top quark transverse momentum

measured in the tt̄ rest frame (ptT(tt̄)
∗), and for the transverse momenta of the leading and

trailing top quark ptT(lead. t) and ptT(2
nd lead. t), respetively. These results are shown in

Figure 8.5.

The ptT(tt̄)
∗ distribution is well desribed by the Powheg+Herwig predition, while the

alternative MadGraph+Pythia, Powheg+Pythia and MC�NLO+Herwig simulations

predit in general harder spetra in omparison to the data. The preision of this variable is

limited by the unertainties due to the hard sattering and parton showering and hadronisation

models whih produe unertainties up to 5.4% at very high transverse momentum values,

ptT(tt̄)
∗ ∈ [400GeV, 500GeV].

The ptT(lead. t) and ptT(2
nd lead. t) results reveal softer spetra than the Monte Carlo pre-

ditions. MC�NLO+Herwig, MadGraph+Pythia and Powheg+Pythia present dif-

ferenes up to 40% with respet to data at very high pT values, while Powheg+Herwig
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Figure 8.2: Normalised di�erential ross setions as a funtion of the rapidity distribution of

the tt̄ system (a) and top quarks (b). The inner (outer) error bar in the data points indiate

the statistial (total) unertainties. The ratios of the preditions over data are shown in the

bottom panels, with the unertainties of the measurement indiated by the oloured bands.

produes a good desription of the data in the measured range. The preision of the measure-

ments is limited by the parton showering and hadronisation model unertainties whih range

between 0.5% and 5.5% with inreasing momentum.

Di�erenes in the data and predited spetra are observed for the top-quark transverse

momentum. The di�erenes are also seen when ordering the individual top quark or an-

tiquark aording to their pT, and when removing possible e�ets due to an initial boost

of the tt̄ system. Furthermore, disparate preditions arise from Powheg+Pythia and

Powheg+Herwig models. Reently it has been disovered that these di�erenes are due to

the di�erent treatments of the initial state radiation and the tehnial implementation of the

energy-momentum onservation in the Herwig model with respet to Pythia [114℄. Further

investigations and tehnial developments are under evaluation.
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Figure 8.3: Normalised di�erential ross setions as a funtion of the di�erene in the az-

imuthal angle of the top quarks (a) and the di�erene of the absolute rapidities of the top

quark and antiquark (b). The inner (outer) error bar in the data points indiate the statistial

(total) unertainties. The ratios of the preditions over data are shown in the bottom panels,

with the unertainties of the measurement indiated by the oloured bands.
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Figure 8.4: Normalised di�erential ross setion as a funtion of the top-quark pT measured

in the laboratory system. The results are ompared to preditions from Monte Carlo sim-

ulations (a) and to QCD perturbative alulations up to approximate NNLO auray (b),

inluding the theory unertainties due to renormalisation and fatorisation sales, PDF, top

mass and αs [3℄. The inner (outer) error bar in the data points indiate the statistial (total)

unertainties. The ratios of the preditions over data are shown in the bottom panels, with

the unertainties of the measurement indiated by the oloured bands.

83



8. RESULTS

GeV)* t(tt

T
p

0 50 100 150 200 250 300 350 400 450 500

1
G

e
V

 
)*t

(t
t T

d
p

σ
d

 
σ1

1

2

3

4

5

6

7

8

9

10
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined
Data
MadGraph+Pythia

MC@NLO+Herwig
Powheg+Pythia
Powheg+Herwig

GeV)* t(tt

T
p

0 50 100 150 200 250 300 350 400 450 500

D
a

ta

T
h

e
o

ry

0.8

1

1.2

1.4

1.6

 Syst.⊕Stat. 
Stat.

(a)

GeV (lead. t) 
T

p
0 50 100 150 200 250 300 350 400

1
G

e
V

 
 (

le
a
d
. 

t)
T

d
p

σ
d

 
σ1

1

2

3

4

5

6

7

8

9

10
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined
Data
MadGraph+Pythia

MC@NLO+Herwig
Powheg+Pythia
Powheg+Herwig

GeV (lead. t) 
T

p
0 50 100 150 200 250 300 350 400

D
a

ta

T
h

e
o

ry

0.8

1

1.2

1.4

1.6

 Syst.⊕Stat. 
Stat.

(b)

GeV lead. t) 
nd

 (2
T

p

0 50 100 150 200 250 300 350 400

1
G

e
V

 
 l
e
a
d
. 

t)
n

d
 (

2
T

d
p

σ
d

 
σ1 1

2

3

4

5

6

7

8

9

10
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined
Data
MadGraph+Pythia

MC@NLO+Herwig
Powheg+Pythia
Powheg+Herwig

GeV lead. t) 
nd

 (2
T

p
0 50 100 150 200 250 300 350 400

D
a

ta

T
h

e
o

ry

0.8

1

1.2

1.4

1.6

 Syst.⊕Stat. 
Stat.

()

Figure 8.5: (a): Normalised di�erential ross setion as a funtion of the top-quark trans-

verse momentum measured in the tt̄ rest frame ptT(tt̄)
∗. The results as a funtion of the pT

distribution of the leading, ptT(lead. t), and trailing, ptT(2
nd lead. t), top quark are shown in

(b) and (), respetively. The inner (outer) error bar in the data points indiate the statistial

(total) unertainties. The ratios of the preditions over data are shown in the bottom panels,

with the unertainties of the measurement indiated by the oloured bands.
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8.2 Lepton and b-Jet Di�erential Cross Setions

The normalised di�erential ross setion measured as a funtion of the leptons and b-jets are

presented in the visible phase spae as de�ned in Setion 6.1.

The lepton pseudorapidity (ηl) result is shown in Figure 8.6a. The measurement has

a typial unertainty of up to 15% in the outermost bins (1.8 < |ηl| < 2.4). Within this

auray all preditions agree with the data. Due to the very short top-quark lifetime the

spin orrelations between the top quark and antiquark are transferred to the �nal state leptons,

as disussed in Chapter 2. The ∆φl̄l variable is sensitive to the spin orrelations. The results

is shown in Figure 8.6b, and within the unertainty of the data all Monte Carlo preditions

desribe the data well.

The pT distribution of the leptons, shown in Figure 8.6, shows a similar behaviour

as that observed for the top-quark pT, i.e. the measured di�erential ross setion has a

more rapidly falling spetrum than the preditions. The best desription is obtained by

the Powheg+Herwig predition, while MadGraph and Powheg interfaed to Pythia

generate leptons with higher transverse momenta similarly as theMC�NLO+Herwig simu-

lation. The di�erential ross setion as a funtion of the b-jet pT is shown in Figure 8.7a. The

data spetrum shows a softer spetrum than the expetations. The di�erene between data

and predition in the lepton and b-jet transverse momentum spetra is due to the di�erene

in the top-quark spetrum, whih is transferred to the deay produts: leptons and b-jets.

The b-jet pseudorapidity (ηb) distribution presents a broader distribution in data than

the preditions from Monte Carlo simulations (see Figure 8.7b). Data and Monte Carlo

preditions agree within the total unertainty, whih ranges between 2.0% and 6.0%, mainly

driven by the jet energy and Q2-sale unertainties.

The results as a funtion of the transverse momentum of the lepton-pair (pl̄lT) and b-jet-

pair (pbb̄T ) are shown in Figure 8.8. These variables are sensitive to the spin orrelations of the

tt̄ system, as explained in Setion 2.2. Generally the various Monte Carlo preditions desribe

the data well, as on�rmed by the χ2-test results listed in Table 8.2. The best desription is

given by Powheg model interfaed to Herwig. In ontrast, Powheg interfaed to Pythia

predits a higher ross setion at large lepton-pair transverse momenta. The main unertain-

ties are due to the di�erent models used to desribe the parton showering and hadronisation,

whih are typially in the range 1.5�6.0%, depending on the bin and on the distribution.

The di�erential ross setion as a funtion of the invariant masses of the lepton pair (ml̄l)

and of the b-jet pair (mbb̄) are presented in Figure 8.9. The ml̄l distribution is measured with

a preision better than 5% mainly limited by the parton shower and hadronisation modelling

unertainty. All Monte Carlo expetations predit tt̄ ross setions larger than those observed

in the data. The mbb̄ spetrum, shown in Figure 8.9b, is well desribed by all preditions.

The dominant unertainty is due to the parton showering and hadronisation model desribed

by Pythia and Herwig.
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Figure 8.6: Normalised di�erential ross setions as a funtion of the lepton pseudorapidity

(a), the di�erene in azimuthal angles of the leptons (b) and the lepton transverse momentum

(). The inner (outer) error bar in the data points indiate the statistial (total) unertainties.

The ratios of the preditions over data are shown in the bottom panels, with the unertainties

of the measurement indiated by the oloured bands. Results are obtained in the visible phase

spae (see Setion 6.1).
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Figure 8.7: Normalised di�erential ross setions as a funtion of the pT (a) and pseudora-

pidity (b) of the b-jets. The inner (outer) error bar in the data points indiate the statistial

(total) unertainties. The ratios of the preditions over data are shown in the bottom pan-

els, with the unertainties of the measurement indiated by the oloured bands. Results are

obtained in the visible phase spae (see Setion 6.1).
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Figure 8.8: Normalised di�erential ross setions as a funtion of the transverse momentum

transverse momentum of the lepton pair (a) and of the b-jet pair (b). The inner (outer) error

bar in the data points indiate the statistial (total) unertainties. The ratios of the preditions

over data are shown in the bottom panels, with the unertainties of the measurement indiated

by the oloured bands. Results are obtained in the visible phase spae (see Setion 6.1).
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Figure 8.9: Normalised di�erential ross setions as a funtion of the invariant mass of the

lepton pair (a) and of the b-jet pair (b). The inner (outer) error bar in the data points indiate

the statistial (total) unertainties. The ratios of the preditions over data are shown in the

bottom panels, with the unertainties of the measurement indiated by the oloured bands.

Results are obtained in the visible phase spae (see Setion 6.1).
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8.3 Compatibility Tests of the Results

A numerial method to evaluate the agreement or disagreement of a ertain theory model with

the data is based on normalised-χ2 test. This test quanti�es the deviation of a predition from

the measured data relative to the total data unertainty averaged over all independent bins

of the measurement. The χ2 is de�ned as

χ2/ndof =
1

ndof

∑

Nbins

(resulti − theoryi)
2

unertainty2i
(8.1)

where result and theory indiate the ith-bin di�erential ross setion value obtained in data

and in the predition under evaluation, and unertainty refers to the total error on the mea-

surement. The number of degrees of freedom (ndof) orresponds to the number of bins,

redued by one unit due to the normalisation of the result, i.e. a normalised di�erential ross

setion measured in 6 bins will ontain only 5 degrees of freedom sine the result in the 6th

bin is already onstrained by the normalisation ondition.

The measured value of χ2 is transformed into a probability value, p-value [107℄. The p-

value indiates the probability that the χ2 is larger than or equal the observed value, assuming

a valid theory. A large p-value, p → 1, indiates that the theory assumption provides a good

data desription, while small p-values, p → 0, represents a bad desription of the data by the

theory.

The results of the normalised-χ2 and orresponding p-values are presented in the Tables 8.1

and 8.2. In general, the best desription of the data is given by the Powheg+Herwig

predition, and by the higher-order QCD alulations, depending on the observable. All ross

setion results as a funtion of the rapidity or pseudorapidity of the partiles are desribed well

by all preditions. The |yt| − |yt̄| result is not so well desribed by the MadGraph+Pythia

in omparison to Powheg+Pythia, Powheg+Herwig and MC�NLO+Herwig.

χ2/ndof (p-value)

Distribution
MadGraph Powheg Powheg MC�NLO

QCD Calulation
+Pythia +Pythia +Herwig +Herwig

ptT 12.9 (0.01) 12.2 (0.02) 1.4 (0.84) 9.2 (0.06)
1.2 (0.88) [21℄

1.1 (0.90) [3℄

yt 3.2 (0.87) 0.8 (1.00) 0.9 (1.00) 0.9 (1.00) 1.9 (0.96) [21℄

ptT(tt̄)
∗ 8.8 (0.12) 5.5 (0.36) 1.0 (0.97) 4.7 (0.46) �

ptT(lead. t) 10.5 (0.03) 12.0 (0.02) 1.9 (0.76) 7.8 (0.10) �

ptT(2
nd lead. t) 13.2 (0.01) 10.1 (0.04) 1.2 (0.89) 9.2 (0.06) �

∆φ (t, t̄) 0.6 (0.89) 0.8 (0.85) 0.6 (0.89) 0.6 (0.89) �

|yt| − |yt̄| 8.7 (0.12) 0.4 (1.00) 1.3 (0.93) 0.7 (0.98) �

ptt̄T 1.9 (0.60) 9.6 (0.02) 3.1 (0.37) 3.2 (0.36) 29.24 (0.00) [101℄

mtt̄ 0.3 (1.00) 3.0 (0.70) 0.8 (0.98) 2.4 (0.79) 3.38 (0.64) [100℄

ytt̄ 1.9 (0.96) 4.3 (0.74) 4.3 (0.74) 3.9 (0.79) �

Table 8.1: Summary of the normalised-χ2 statistial test and orresponding p-value (in

parentheses) for the di�erential ross setions measured in the full phase spae. Results are

given separately for the di�erent Monte Carlo preditions and perturbative QCD alulations.
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χ2/ndof (p-value)

Distribution
MadGraph Powheg Powheg MC�NLO

+Pythia +Pythia +Herwig +Herwig

plT 8.0 (0.09) 8.6 (0.07) 1.5 (0.82) 3.3 (0.51)

ηl 1.0 (1.00) 0.6 (1.00) 0.6 (1.00) 0.7 (1.00)

∆φl̄l 3.3 (1.00) 2.8 (1.00) 1.9 (1.00) 2.0 (1.00)

pl̄lT 1.0 (0.98) 2.3 (0.89) 0.1 (1.00) 0.4 (1.00)

ml̄l 4.9 (0.67) 7.7 (0.36) 4.3 (0.75) 4.8 (0.69)

pbT 11.8 (0.02) 9.9 (0.04) 3.2 (0.52) 5.4 (0.25)

ηb 2.8 (0.90) 0.9 (1.00) 0.6 (1.00) 0.6 (1.00)

pbb̄T 1.2 (0.89) 1.7 (0.79) 1.2 (0.88) 0.8 (0.94)

mbb̄ 1.1 (0.77) 0.6 (0.92) 2.4 (0.49) 0.7 (0.88)

Table 8.2: Summary of the normalised-χ2 statistial test and orresponding p-value (in

parentheses) for the di�erential ross setions measured in the visible phase spae. Results

are given separately for the di�erent Monte Carlo preditions.

8.4 Reweighting the Signal Simulation to Data

The analysis presented so far showed di�erenes in the observed and predited ptT spetrum

both in the ontrol distributions and in the di�erential ross setion results (see Figures 5.19a

and 8.4a). A similar observation was found in the lepton and b-jet transverse momentum

distributions.

To evaluate a possible bias due to the shape di�erene between data and simulation the

analysis is repeated after saling the Monte Carlo signal yields to the data event-by-event using

a so-alled ptT-reweighting [115℄. This tehnique uses the detetor-independent tt̄ di�erential

ross setion measurement to derive event-orretion fators. These fators are obtained from

the ℓ + jets and dilepton preliminary results of the CMS Collaboration [96, 97℄ using pp

ollisions reorded at
√
s = 8TeV entre-of-mass energy and orresponding to an integrated

luminosity of L = 12.1 fb−1.

The CMS preliminary analysis and the one presented here are based on MadGraph+

Pythia tt̄ simulation model, and therefore the data ratio to this model is used to orret the

expeted yields. In order to remove possible dependenies on the hoie of binning the ratio

is �tted with an exponential funtion in the measured ptT ranges after applying a bin-entre-

orretion 1 (BCC) [116℄ to the ratio values based on the approximate NNLO predition [117℄.

It is heked that alternative preditions introdue negligible di�erenes in the BCCs. The

�t result, f(ptT) = exp
(
0.156− ptT · 1.37 · 10−3

)
, is then used to orret the events from tt̄

simulation based on an event weight: w =
√

f(ptT) · f(pt̄T) where ptT (pt̄T) is the generated

top-quark (antiquark) transverse momentum. The result of the �t is shown in Figure 8.10.

The �gure shows also the �t result obtained from tt̄ di�erential ross setion measurements

derived in the ℓ+jets and dilepton deay hannels by the CMS Collaboration using
√
s = 7TeV

pp ollision data [91℄. The results obtained at the same ollision entre-of-mass energies

are ompatible with eah other, and similarly results from the same tt̄ deay hannel are

1 The horizontal position of the data point in eah bin is that where the bin average measured ross setion
equals the ross setion of an unbinned ontinuous predition.
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8.5. COMPARISON TO OTHER ANALYSES

ompatible with eah other despite the di�erene in the entre-of-mass energy of the ollisions.

Figure 8.10: Ratio of the di�erential ross setion as a funtion of the top quark transverse

momentum as obtained from data and from MadGraph+Pythia predition. Results are

obtained in the ℓ + jets and dilepton tt̄ deay hannel using pp ollisions reorded at
√
s =

7TeV and 8TeV by the CMS Collaboration [91, 96, 97℄. A bin-entre-orretion with respet

to an approx. NNLO predition [117℄ is applied to all data points.

The data yield is very well desribed by the simulation after applying the aforemen-

tioned orretion as an be seen in Figures 8.11a and 8.11. Figures 8.11b and 8.11d show

a omparison of the default results and those obtained after orreting the tt̄ simulation at

an event-by-event basis. The MadGraph+Pythia simulation model with and without the

orretions are also presented for referene. The di�erene between measurements of the nor-

malised di�erential ross setion with and without the reweighting is found to be negligible

proving that the results are independent of the shape assumed in the simulation. Additional

distributions for all the quantities measured in the analysis are presented in Appendix D.2.

8.5 Comparison to Other Analyses

The CMS Collaboration has presented a preliminary result of the tt̄ normalised di�erential

prodution ross setion in the ℓ + jets deay hannel in pp ollisions at
√
s = 8TeV, orre-

sponding to an integrated luminosity of L = 12.1 fb−1 [96℄. The analysis inludes results as a

funtion of variables of the top quark, the top-quark pair, the lepton and the b-jets derived

from events with one high-pT isolated eletron or muon, and at least four jets from whih at

least two are required to be identi�ed as b-jets. The kinemati properties of the top-quark

pair are determined from the four-momenta of all �nal-state partiles by means of a kinemati

�tting algorithm.

91



8. RESULTS

The preliminary result of the CMS Collaboration has been extended in [112℄ by measuring

additional distributions and using a total integrated luminosity of L= 19.7 fb−1 of pp ollisions

at
√
s = 8TeV. The seletion of the events is similar to the o�ial CMS analysis [96℄ but

in this ase an iterative kinemati �tting proedure is used to determine the top quark and

antiquark 4-momentum omponents. Additional details an be found in [112℄.

The semi-leptoni tt̄ analyses [96, 112℄ use a visible phase-spae de�nition whih di�ers

from the de�nition used in this analysis (see Setion 6.1). A diret omparison of the lepton

and b-jet results is therefore not possible. Only the top quark and tt̄ results an be ompared

beause all these distributions are measured in the extrapolated full phase spae.

For the omparison of the three analyses, the data-to-predition ratio is used to emphasise

the di�erenes between the measurements and the preditions. The MadGraph+Pythia

model is seleted as referene theory sine it is the main simulation model in all the analyses.

In order to failitate a diret visual omparison of the results a BCC is applied based on the

MadGraph+Pythia model to determine the orret plaement of the data result in the

�gures.

The omparison of the results obtained in the three aforementioned analyses is shown in

Figures 8.12 and 8.13. The transverse momentum of the top quark measured in the laboratory

referene system and in the tt̄ rest frame, and separately for the leading and trailing top

quark are shown in Figure 8.12. In Figure 8.13 the top-quark rapidity, and the top-quark-

pair rapidity, pT and invariant mass are presented. A good onsisteny is found between the

results of this thesis and the semi-leptoni analyses.

8.5.1 Di�erential Cross Setion Results at
√
s = 7TeV

The ATLAS and CMS Collaborations measured the tt̄ di�erential ross setion in pp ollisions

at
√
s = 7TeV in the dilepton and ℓ + jets �nal state [91, 118℄. The analysis from ATLAS

inlude measurements as a funtion of the top-quark pT, and tt̄-system transverse momentum,

rapidity and invariant mass. The CMS experiment presents additionally results for the top-

quark rapidity, and lepton and b-jet observables.

The results of the ATLAS experiment are ompared to preditions from Alpgen+ Her-

wig, Powheg+ Pythia, Powheg+ Herwig and MC�NLO+ Herwig Monte Carlo sim-

ulations, and wherever available to higher order perturbative QCD alulations from [100,

117℄. Similarly the CMS results are ompared to the same QCD alulations an to Monte

Carlo preditions fromMadGraph+ Pythia, Powheg+ Pythia, Powheg+ Herwig and

MC�NLO+ Herwig. The NLO+NNLL predition used in the ptT result of ATLAS orre-

sponds to the Approx. NNLO predition used in CMS, despite the di�erent naming.

The results measured by both ollaborations are shown in Figures 8.14�8.17. The results

are in good agreement with eah other and they observe similar behaviours of the data. In

partiular, the top-quark pT data spetrum is softer than most of the Monte Carlo preditions,

as it is observed in the analysis presented in this thesis. The best desription of the ATLAS

result is given by the Powheg+Herwig and by the higher-order alulations in the ase

of CMS. In both
√
s = 7TeV analyses, the tt̄ observables are well desribed by the SM

preditions.
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Figure 8.11: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the un-

modi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are obtained

after the full seletion and inlude the ptT-orretion. Distributions are shown as a funtion of

the transverse momentum of the top quarks (a and b), leptons ( and d) and b-jets (e and f).
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Figure 8.12: Data-to-simulation ratio omparison of the di�erential ross setion result as a

funtion of the top quark transverse momentum in the laboratory rest frame (a) and in the

tt̄ rest frame (b), transverse momentum of the leading () and trailing (d) top quark. The

errors bars orrespond to the total error on the measurements. The ratio and the BCCs are

obtained with respet to the MadGraph+Pythia tt̄ simulation.
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Figure 8.13: Data-to-simulation ratio omparison of the di�erential ross setion result as a

funtion of the top-quark rapidity (a), and of the top-quark-pair rapidity (b), transverse mo-

mentum () and invariant mass (d). The errors bars orrespond to the total error on the mea-

surements. The ratio and the BCCs are obtained with respet to the MadGraph+Pythia

tt̄ simulation.
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Figure 8.14: Di�erential ross setion results as a funtion of the top-quark pT obtained by

the ATLAS (a and b) and CMS () Collaborations in the ℓ+ jets �nal state, and by the CMS

Collaboration in the dilepton deay hannel (d). It has to be notied that both Collaborations

denoted di�erently to the same higher-order QCD perturbation theory [117℄: NLO+NNLL

(in ATLAS) and Approx. NNLO (in CMS). All results were derived in pp ollisions at a

entre-of-mass energy of
√
s = 7TeV [91,118℄.
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Figure 8.15: Di�erential ross setion results as a funtion of the top-quark-pair m obtained

by the ATLAS (a and b) and CMS () Collaborations in the ℓ + jets �nal state, and by the

CMS Collaboration in the dilepton deay hannel (d). All results were derived in pp ollisions

at a entre-of-mass energy of
√
s = 7TeV [91,118℄.
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Figure 8.16: Di�erential ross setion results as a funtion of the top-quark-pair pT obtained

by the ATLAS (a) and CMS (b) Collaborations in the ℓ + jets �nal state, and by the CMS

Collaboration in the dilepton deay hannel (). All results were derived in pp ollisions at a

entre-of-mass energy of
√
s = 7TeV [91,118℄.

98



8.5. COMPARISON TO OTHER ANALYSES

0 0.5 1 1.5 2 2.5

| tt
d
|yσ
d

 
σ1

110

1

Data

ALPGEN+HERWIG

MC@NLO+HERWIG

POWHEG+HERWIG

POWHEG+PYTHIA

ATLAS

1
 L dt = 4.6 fb∫
 = 7 TeVs

|
tt

|y
0 0.5 1 1.5 2 2.5

D
a
ta

M
C

0.9

1

1.1

(a)

(b) ()

Figure 8.17: Di�erential ross setion results as a funtion of the top-quark-pair y obtained

by the ATLAS (a) and CMS (b) Collaborations in the ℓ + jets �nal state, and by the CMS

Collaboration in the dilepton deay hannel (). All results were derived in pp ollisions at a

entre-of-mass energy of
√
s = 7TeV [91,118℄.
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Channel ee eµ µµ Combined

Data 9964 38404 14353 62721

Non-tt̄ Bg. 836.8 2555.8 1265.1 4669.6

fsig. [%℄ 86.0 85.6 85.7 85.7

E�ieny [%℄ 33.4 63.7 45.1 51.5

Aeptanes [%℄ 42.6 42.8 42.7 42.8

Branhing ratio [%℄ 1.166 1.166 2.332 4.664

Cross Setion [ pb ℄ 238.9 244.7 253.7 245.6

Stat. Un. [ pb ℄ 2.6 1.3 2.3 1.1

Syst. Un. [ pb ℄ 14.5 12.8 13.1 13.0

Lumi. Un. [ pb ℄ 6.2 6.4 6.6 6.4

Total Un. [ pb ℄ 16.0 14.4 14.9 14.5

Table 8.3: Number of data and non-tt̄ bakground events, signal fration, event seletion

e�ieny, aeptane and branhing ratio [12℄ results for the ee, eµ, µµ hannels and the

ombination. The inlusive tt̄ ross setions together with the statistial, systemati, lumi-

nosity and total unertainties are also given separately for the individual hannels and their

ombination.

8.6 Total Inlusive Cross Setion

The total tt̄ inlusive ross setion is measured by ounting the fration of tt̄ signal events in

the seleted data sample and orreting them for detetor e�ienies and aeptanes. Details

are given in Setion 6.5. The number of seleted data events, the expeted bakground events,

the signal fration, the e�ieny and the aeptane values are listed in Table 8.3 together with

the total ross setion results. The unertainties on the measurement are given separately for

the statistial, systemati and luminosity omponents. The total unertainty, obtained as the

quadrati sum of the mentioned omponents, is indiated. Further details on the systemati

unertainty alulations are given in Chapter 7.

The total tt̄ ross setion measurement an be ompared to theory preditions and to

dediated experimental results. The most preise theory result is available at NNLO auray

in QCD perturbation theory and inludes the resummation of NNLL soft-gluon terms. It is

alulated with Top++2.0 [119℄ for a top-quark mass of 172.5GeV, µr = µF = mt renormal-

isation and fatorisation sale hoie and using the MSTW2008 NNLO PDF set [120, 121℄.

The result is σtt̄(m
t = 172.5GeV) = 252.9+6.4

−8.6(sales)± 11.7(PDF+ αs) pb [122℄.

Reently, the �rst LHC ombination of publi tt̄ ross setion measurements in the dilepton

hannel was obtained [122℄ using the most preise ATLAS [123℄ and CMS [92℄ Collaboration

measurements based on
√
s = 8TeV pp ollisions. The ombined result is σtt̄(LHC) = 241.5±

1.4 (stat.)± 5.7 (syst.)± 6.2 (lumi.) pb assuming a top quark mass of 172.5GeV.

The result from ATLAS [123℄ uses a dataset orresponding to an integrated luminosity

of L = 20.3 fb−1. The inlusive ross setion and the e�ieny to reonstrut and identify

a b-jet from a top-quark deay are measured simultaneously. The results is σtt̄(ATLAS) =
242.4± 1.7 (stat.)± 5.5 (syst.)± 7.5 (lumi.) pb.

The CMS Collaboration uses a L = 5.3 fb−1 subset of the full pp dataset olleted in

2012. The tt̄ prodution ross setion is measured with a 5.7% auray: σtt̄(CMS) = 239.0±
2.6 (stat.)± 11.9 (syst.)± 6.2 (lumi.) pb.

Figure 8.18 presents a omparison of the tt̄ ross setion result obtained in this analysis and
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8.6. TOTAL INCLUSIVE CROSS SECTION

the di�erent experimental publi results obtained at
√
s = 8TeV. The omparison inludes

the individual CMS and ATLAS results desribed above as well as measurements from the

semi-leptoni deay hannel and the τ+lepton hannel. It an be seen that the measurement

obtained in this thesis is in good agreement with all experimental results from the ATLAS

and the CMS Collaborations, with the LHC ombination and with the most preise theory

alulation.

 [pb]
tt

σ

100 150 200 250 300 350 400

NNLO+NNLL (Top++ 2.0), PDF4LHC
 = 172.5 GeVtopm

scale uncertainty

 uncertainty
S

α ⊕ PDF ⊕scale 

stat. uncertainty

total uncertainty

(lumi)±(syst) ±(stat) ± 
tt

σ

This Analysis
1

=19.7 fbintL
 6.4 pb± 13.0 ± 1.1 ±245.6 

+jetsµATLAS prel., e/
ATLASCONF2012149,

1
=5.8 fbintL

 9 pb± 31 ± 2 ±241 

+jetsµCMS prel., e/

CMSPAS TOP12006,
1

=2.8 fbintL
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 26−
 29+
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h
τ+µCMS, e/

arXiv:1407.6643,
1
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arXiv:1406.5375,
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 6.2 pb± 5.7 ± 1.4 ±241.5 
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Figure 8.18: Comparison of the tt̄ inlusive ross setion results derived in this analysis, with

the publi measurements obtained by the ATLAS and CMS Collaborations, and with the

result of the LHC ombination. The experimental results indiate separately the statistial,

systemati and luminosity unertainty omponents. The vertial grey band orresponds to the

NNLO+NNLL QCD alulation with Top++2.0 [119℄ of σtt̄ = 252.9+6.4
−8.6(sale)± 11.7(PDF+

αs) pb for a top-quark mass of 172.5GeV [122℄.
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Chapter 9

Conlusions

The researh work presented in this thesis is the �rst omprehensive measurement of the

normalised di�erential ross setion for the tt̄ prodution in the dilepton �nal state hannel.

The analysis is based on a proton-proton-ollision dataset olleted by the CMS experiment

at a entre-of-mass energy of
√
s = 8TeV orresponding to an integrated luminosity of L =

19.7 fb−1. The exellent quality of the data used in the analysis was ensured by an extensive

and metiulous Data Quality Monitoring proess whih allowed for early detetion of inidents

during data-taking and in the event reonstrution proedure. A spei� quality monitoring

proess of top-quark events was also implemented as a routine proedure in the CMS Top-

Quark-Analysis group.

The tt̄ ross setion has been measured di�erentially as a funtion of 19 kinemati dis-

tributions of the top quark, the top-quark pair and the dilepton tt̄ deay produts, namely

the leptons, the lepton pairs, the b-jets and the b-jet pairs. The analysis provides a thor-

ough test of perturbative QCD preditions of the SM. The results have been ompared to

SM preditions from Monte Carlo event generators whih inlude up to next-to-leading order

in perturbative QCD theory. These models are MadGraph+Pythia, Powheg+Pythia,

Powheg+Herwig, and MC�NLO+Herwig. Higher order perturbative QCD alulations

up to approximate next-to-next-to-leading order auray are used to ompare the pT and

invariant mass of the tt̄ system, and the rapidity and pT of the top quarks.

The preision reahed in this result allows disriminating between the di�erent theory

models. The level of agreement between the results and the theory preditions is quanti�ed

by a χ2-test and orresponding probability value. From these tests, it an be onluded that,

in general, the best desription of the data is provided by the Powheg+HerwigMonte Carlo

predition, and by the higher-order alulations, depending on the observable.

In general, the angular distribution results are well desribed by the di�erent models.

Small di�erenes between data and the MadGraph+Pythia model an be observed in the

|yt| − |yt̄| result. They an be assoiated to the lower auray in the perturbative expansion

of the theory predition.

The top-quark-pair transverse momentum result is well desribed by all Monte Carlo

preditions evaluated. The ptt̄T spetrum is not well desribed by the NLO+NNLL alula-

tion [101℄ whih predits a distribution softer than data.

The top-quark transverse momentum spetrum is found to be softer in data than most of

the preditions. Within the unertainties, the result is best desribed by Powheg+Herwig

predition and by the two approximate NNLO alulations [3, 21℄. Similar onlusions ap-

ply to the top-quark pT measured in the tt̄ rest frame or the transverse momentum dis-

tributions separately for the highest-pT and seond-highest-pT top quark: data is well de-
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9. CONCLUSIONS

sribed by the Powheg+Herwig model, while the preditions from MadGraph+Pythia,

Powheg+Pythia, and MC�NLO+Herwig are harder than data.

The di�erenes on data and preditions in the top-quark pT spetrum are onsistently

measured in the top-quark deay-produt distributions. The transverse momentum spe-

tra of the leptons and b-jets in data is generally softer than the preditions from Mad-

Graph+Pythia, Powheg+Pythia and MC�NLO+Herwig. Instead, data is well de-

sribed by the Powheg+Herwig model.

Detailed studies have demonstrated that the observed di�erenes in the pT-spetra between
data and the preditions are not due to the unfolding model or the assumptions used to orret

the migrations aused by the detetor neither from experimental soures suh as PU e�ets.

The di�erenes are already observed before the event kinemati reonstrution is performed.

The results are found to be onsistent with those obtained by the CMS ollaboration in

the single-lepton tt̄ deay hannel at
√
s = 8TeV [96, 112℄. A joint publiation of the results

from this thesis and from the ℓ + jets top-quark-pair deay hannel is in preparation by the

CMS Collaboration [124℄.

Previous di�erential ross setion analysis performed by the CMS and ATLAS ollabo-

rations with pp ollisions at a entre-of-mass energy
√
s = 7TeV [91, 118℄ observed similar

di�erenes in the top-quark pT as those presented in this analysis. In partiular, the on-

lusions in the ptT ≥ 200GeV are similar for all measurements, while slight di�erenes are

observed in ptT ≤ 200GeV.
The observed di�erenes between data and preditions, and between the Powheg+Pythia

and Powheg+Herwig preditions has served as starting point for very fruitful disussions

between the experimental analysts of the CMS and the ATLAS ollaborations and top-quark

theory experts within the Top Quark LHC Working Group [125℄. First studies have found

possible soures to the di�erenes in the Powheg+Pythia and Powheg+Herwig predi-

tions [114℄.

Theory alulations at NNLO+NNLL order auray of the tt̄ prodution di�erential

ross setion as a funtion of the top-quark pT might provide an explanation for the observed

data spetrum. First results have been obtained already as a funtion of the top-harge

asymmetry [126℄, only. Experimentally, a double di�erential ross setion measurement with

a detailed evaluation of the orrelations between various event kinemati variables may be

able to provide further insights on the origin of the model di�erenes.

Measurements of the Higgs boson properties and beyond SM searhes rely on an exellent

tt̄ prodution desription. The di�erential ross setion measured as a funtion of ptT is a

valuable input for the determination tt̄-modelling orretions whih are widely used in the

CMS Collaboration [127�129℄.

In the forthoming LHC Run-II the tt̄ prodution rate will be enhaned due to inreasing

ollision entre-of-mass energy. The the top-quark physis programme and partiularly the

di�erential measurements will beome of major interest for the ultimate preision test of the

SM and the Higgs mehanism, as well as searhes beyond the SM.
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Appendix A

Datasets and Triggers

A.1 Data and Simulation Sets

In the following the di�erent data and simulation sets used in the determination of the nor-

malised di�erential ross setion are detailed.

The proton-proton ollision data used in the analysis was olleted by the CMS experiment

during the year 2012 in four separated time periods aording to the LHC running onditions:

Run2012A, Run2012B, Run2012C and Run2012D. The ollision datasets orrespond to the

23Jan2012 re-reonstrution ampaign where improved detetor alibration onstants were

used to reonstrut the reorded events and partiles in them. The omplete list of datasets is

given in Table A.1 separated by the HLT trigger used to pre-selet the events: double-eletron

(ee), double-muon (µµ) and eletron-muon (eµ).

Channel Dataset Name Run range Data Period Nr. Events

ee

/DoubleEletron/Run2012A-22Jan2013-v1/AOD 190456�193621 2012/Apr./05-May/08 13× 106

/DoubleEletron/Run2012B-22Jan2013-v1/AOD 193834�196531 2012/May/10-Jun./18 23.5× 106

/DoubleEletron/Run2012C-22Jan2013-v1/AOD 198022�203742 2012/Jul./01-Sep./27 39× 106

/DoubleEletron/Run2012D-22Jan2013-v1/AOD 203777�208686 2012/Sep./28-De./06 34.5× 106

µµ

/DoubleMu/Run2012A-22Jan2013-v1/AOD 190456�193621 2012/Apr./05-May/08 5.6× 106

/DoubleMuParked/Run2012B-22Jan2013-v1/AOD 193834�196531 2012/May/10-Jun./18 29× 106

/DoubleMuParked/Run2012C-22Jan2013-v1/AOD 198022�203742 2012/Jul./01-Sep./27 37× 106

/DoubleMuParked/Run2012D-22Jan2013-v1/AOD 203777�208686 2012/Sep./28-De./06 38× 106

eµ

/MuEG/Run2012A-22Jan2013-v1/AOD 190456�193621 2012/Apr./05-May/08 2.5× 106

/MuEG/Run2012B-22Jan2013-v1/AOD 193834�196531 2012/May/10-Jun./18 15× 106

/MuEG/Run2012C-22Jan2013-v1/AOD 198022�203742 2012/Jul./01-Sep./27 21× 106

/MuEG/Run2012D-22Jan2013-v1/AOD 203777�208686 2012/Sep./28-De./06 22× 106

Table A.1: List of proton-proton ollision dataset names used in this analysis separated by

hannel. The LHC run numbers, data taking periods and approximate number of events

ontained in eah sample are also indiated.

The event simulation proess is detailed in Chapter 4. A list of tt̄ simulation samples is

given in Table 4.1 and inludes details on the parameters used in the simulation. Several SM

bakground proesses are onsidered and brie�y desribed in Setion 4.5 and a summary list

with the dataset names is given in Table A.2.
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A.2. HLT TRIGGER PATHS

A.2 HLT Trigger Paths

In Chapter 5 the omplete event reonstrution and seletion proess is detailed inluding the

trigger deision requirement. An OR deision is used to selet the events based on double-

lepton based HLT trigger paths whih require the presene of an eletron-pair, muon-pair or

eletron-muon-pair. The spei� HLT paths are listed in Table A.3 for the di�erent hannels

and separated for ollision data and Monte Carlo simulation events.

Channel Sample HLT Path

µµ

Data
HLT_Mu17_Mu8_v*

HLT_Mu17_TkMu8_v*

Simulation
HLT_Mu17_Mu8_v17

HLT_Mu17_TkMu8_v10

ee

Data
HLT_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_

Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*

Simulation
HLT_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_

Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v17

eµ

Data
HLT_Mu17_Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*

HLT_Mu8_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v*

Simulation
HLT_Mu17_Ele8_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v7

HLT_Mu8_Ele17_CaloIdT_CaloIsoVL_TrkIdVL_TrkIsoVL_v7

Table A.3: Summary of the HLT triggers used in data and simulation events for the three

dilepton hannels (ee, eµ and µµ). The asterisk (*) wildard is used to represent any version

of the HLT menu.
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Appendix B

Unfolding: Additional Distributions

B.1 Migrations

The aeptane of the visible phase spae de�ned by the detetor was introdued in Setion 6.1

as the fration of total generated signal events in the region with detetor overage. In

Setion 6.3 the bin-to-bin migrations aused by the detetor were quanti�ed in terms of the

stability and purity. The di�erential ross setion results are measured using a number of

bins and a bin size suh that the stability is approximately onstant and larger or equal to

50% along the full distribution.

In Figures B.1�B.4 the stability, purity, aeptane (wherever possible) and full analysis

e�ieny distributions are presented for all observables measured in the analysis.
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Figure B.1: Stability, purity and e�ieny distributions of the lepton transverse momentum

(a), pseudorapidity (b), azimuthal angle di�erene between the leptons (), lepton-pair trans-

verse momentum (d) and lepton-pair invariant mass (e). The vertial error bars represent the

statistial unertainty of the distributions, and the horizontal bars the bin range.
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Figure B.2: Stability, purity and e�ieny distributions of the b-jet transverse momentum

(a), pseudorapidity (b), b-jet-pair transverse momentum () and invariant mass (d). The

vertial error bars represent the statistial unertainty of the distributions, and the horizontal

bars the bin range.
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Figure B.3: Stability, purity, aeptane and e�ieny distributions of the top quark trans-

verse momentum measured in the laboratory (a) and in the tt̄ rest frame (b) referene system,

leading and trailing top quark transverse momentum () and (d) and top quark rapidity (e).

The vertial error bars represent the statistial unertainty of the distributions, and the hor-

izontal bars the bin range.
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Figure B.4: Stability, purity, aeptane and e�ieny distributions of the azimuthal angle

di�erene between the top quarks (a) and rapidity di�erene between the top quarks (b),

top-quark-pair system transverse momentum (), invariant mass (d) and rapidity (e). The

vertial error bars represent the statistial unertainty of the distributions, and the horizontal

bars the bin range.
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B.2 Regularisation Strength

The bin-to-bin migration orretion is based on a SVD unfolding algorithm whih inludes

a regularisation ondition based on a priori knowledge of the solution (see Setion 6.4). The

relevane of the regularisation term is modulated by a strength parameter τ seleted suh that

the average global orrelation ρ̄ is minimised. The ρ̄ distribution as a funtion of di�erent

regularisation terms is shown for all measured variables in Figures B.5�B.8. The optimal

τ -value is indiated numerially and graphially with a red marker.
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Figure B.5: Average global orrelation as a funtion of the regularisation strength τ for the

b-jet transverse momentum (a) and pseudorapidity (b), b-jet-pair transverse momentum ()

and invariant mass (d). The optimal τ -value is indiated in red.
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Figure B.6: Average global orrelation as a funtion of the regularisation strength τ for

the lepton transverse momentum (a), pseudorapidity (b) and azimuthal angle di�erene (),

lepton-pair transverse momentum (d) and invariant mass (e). The optimal τ -value is indiated
in red.
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Figure B.7: . Average global orrelation as a funtion of the regularisation strength τ for the

transverse momentum of the top quark measured in the laboratory referene system (a) and

in the tt̄ rest frame (b), transverse momentum of the leading top quark () and trailing top

quark (d), and top quark rapidity (e). The optimal τ -value is indiated in red.
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Figure B.8: . Average global orrelation as a funtion of the regularisation strength τ for the

di�erene of the azimuthal angles between the two top quarks (a) and rapidity di�erene of

the top quarks (b), top-quark-pair transverse momentum (), invariant mass (d) and rapidity

(e). The optimal τ -value is indiated in red.
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B.3 Consisteny Cheks

Regularization Strength

Figures B.9�B.12 show the omparison of the di�erential ross setions obtained with di�erent

regularisation strength parameters, indiated in the legend of the �gures. τOpt. indiates the
optimal regularisation strength used to derive the main result presented in Chapter 8, spei�

values an be found in Appendix B.2. The theory model used to model the detetor e�ets

is indiated by MadGraph+Pythia. No bias due to the unfolding tools is observed as

disussed in Setion 6.4.1.
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Figure B.9: Di�erential ross setion results as a funtion of ptT (a), ptT(lead. t) (b),

ptT(2
nd lead. t) () and ptT(tt̄)

∗ (d) for di�erent regularisation strength values indiated in

the legend. The Monte Carlo model used to derived the migration matrix desribing the

detetor e�ets, and used in the unfolding, is indiated by MadGraph+Pythia. The data

points are horizontally displaed from the bin entre for graphial purposes only. The vertial

error bars on the data markers orrespond to the total unertainty.
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Figure B.10: Di�erential ross setion results as a funtion of yt (a), |yt| − |yt̄| (b), ptt̄T (),

mtt̄ (d) and ytt̄ (e) for di�erent regularisation strength values indiated in the legend. The

Monte Carlo model used to derived the migration matrix desribing the detetor e�ets, and

used in the unfolding, is indiated byMadGraph+Pythia. The data points are horizontally

displaed from the bin entre for graphial purposes only. The vertial error bars on the data

markers orrespond to the total unertainty.
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Figure B.11: Di�erential ross setion results as a funtion of plT (a), ηl (b), pbT (d) and

ηb (d) for di�erent regularisation strength values indiated in the legend. The Monte Carlo

model used to derived the migration matrix desribing the detetor e�ets, and used in the

unfolding, is indiated by MadGraph+Pythia. The data points are horizontally displaed

from the bin entre for graphial purposes only. The vertial error bars on the data markers

orrespond to the total unertainty.
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Figure B.12: Di�erential ross setion results as a funtion of pl̄lT (a), ml̄l (b), pbb̄T () and

mbb̄ (d) for di�erent regularisation strength values indiated in the legend. The Monte Carlo

model used to derived the migration matrix desribing the detetor e�ets, and used in the

unfolding, is indiated by MadGraph+Pythia. The data points are horizontally displaed

from the bin entre for graphial purposes only. The vertial error bars on the data markers

orrespond to the total unertainty.
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B. UNFOLDING: ADDITIONAL DISTRIBUTIONS

Pseudo-data

The ross setion results derived from pseudo-data as a funtion of the top-quark transverse

momentum and rapidity are shown in Figures B.13a and B.13b, respetively. The �gures

show also the original pseudo-data distribution (Simu. Reweighted) and the shape of the

theory predition used to model the detetor e�ets (MadGraph+Pythia). For referene

a higher-order QCD theory alulation is also shown. The results derived from pseudo-data

are in good agreement with the original distribution.

Di�erential ross setions derived from pseudo-data with varied ptT and yt distributions
are presented in Figures B.13, B.13d, B.13e and B.13f. The original pseudo-data shape is

indiated by Simu. Reweighted. The distribution MadGraph+Pythia indiates the theory

predition used to model the detetor e�ets. Higher-order theory predition is indiated for

referene, wherever available.

No bias due to the unfolding proedure is observed.
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Figure B.13: Di�erential ross setion results as a funtion of the ptT, y
t, ptt̄T and mtt̄ obtained

from pseudo-data events derived from MadGraph+Pythia tt̄ simulation without (a and b)

and with variations on the shape of the distribution based on ptT(s = 0.002) (), ptT(s = 0.004)
(d), yt(s = −0.160) (e) and yt(s = −0.080) (f). The distribution used to derived the unfolding

migration matrix is indiated by MadGraph+Pythia and the original shape of the pseudo-

data is indiated by Simu. Reweighted. Additionally higher-order QCD theory alulation are

shown for referene: NLO+NNLL [100,101℄ and Approx. NNLO [21℄.
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Appendix C

Results: Tables and Indidivual

Channels

C.1 Result Tables

In the following the numerial values of the ross setion results presented in Chapter 8

are given. The Tables C.1�C.9 inlude the bin range, measured normalised di�erential ross

setion in the bin, relative statistial, systemati and total unertainty measured in the bin in-

diated. In Chapter 7 the soures and the methodology to obtain the systemati unertainties

are detailed.

Results Unertainties [%℄

Bin range [GeV] 1
σ
dσ
dpbT

[GeV−1] Stat. Syst. Total

30 to 50 1.18e-02 0.9 5.0 5.1

50 to 80 1.18e-02 0.9 2.7 2.8

80 to 130 5.99e-03 0.9 1.9 2.1

130 to 210 1.21e-03 1.4 3.0 3.3

210 to 400 7.05e-05 4.0 7.1 8.2

Bin range 1
σ
dσ
dηb Stat. Syst. Total

−2.40 to −1.50 1.03e-01 1.6 4.6 4.9

−1.50 to −1.00 2.10e-01 1.4 1.1 1.8

−1.00 to −0.50 2.80e-01 1.2 2.0 2.3

−0.50 to 0.00 3.23e-01 1.1 1.9 2.2

0.00 to 0.50 3.28e-01 1.1 2.4 2.6

0.50 to 1.00 2.81e-01 1.2 1.5 1.9

1.00 to 1.50 2.11e-01 1.4 1.2 1.8

1.50 to 2.40 1.00e-01 1.7 5.7 6.0

Table C.1: Normalised di�erential ross setions and unertainties for the dilepton hannel

in the visible phase spae as a funtion of the b-jet transverse momentum (pbT) and pseudo-

rapidity (ηb). The unertainties are given separated for the statistial and total systemati

omponent as well as the quadrati sum of them (total).
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C. RESULTS: TABLES AND INDIDIVUAL CHANNELS

Results Unertainties [%℄

Bin range [GeV] 1
σ

dσ
dpbb̄T

[GeV−1] Stat. Syst. Total

0 to 30 3.42e-03 2.1 3.4 4.0

30 to 60 6.40e-03 1.4 3.5 3.7

60 to 100 8.00e-03 1.1 2.9 3.1

100 to 180 4.19e-03 0.9 3.1 3.2

180 to 400 2.22e-04 3.9 17.7 18.1

Bin range [GeV] 1
σ

dσ
dmbb̄ [GeV−1] Stat. Syst. Total

0 to 60 1.35e-03 1.8 4.3 4.7

60 to 120 4.80e-03 0.8 2.9 3.0

120 to 240 3.78e-03 0.6 0.9 1.1

240 to 600 4.81e-04 1.3 4.8 5.0

Table C.2: Normalised di�erential ross setions and unertainties for the dilepton hannel

in the visible phase spae as a funtion of the b-jet-pair transverse momentum (pbT) and

invariant mass (mbb̄). The unertainties are given separated for the statistial and total

systemati omponent as well as the quadrati sum of them (total).

Results Unertainties [%℄

Bin range [GeV] 1
σ

dσ
dplT

[GeV−1] Stat. Syst. Total

20 to 40 1.94e-02 0.5 1.6 1.6

40 to 70 1.26e-02 0.5 0.7 0.9

70 to 120 3.78e-03 0.8 1.8 1.9

120 to 180 6.28e-04 1.9 7.7 8.0

180 to 400 3.70e-05 4.5 13.8 14.5

Table C.3: Normalised di�erential ross setions and unertainties for the dilepton hannel

in the visible phase spae as a funtion of the lepton transverse momentum (plT). The uner-
tainties are given separated for the statistial and total systemati omponent as well as the

quadrati sum of them (total).
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C.1. RESULT TABLES

Results Unertainties [%℄

Bin range 1
σ

dσ
dηl Stat. Syst. Total

−2.40 to −2.10 6.48e-02 5.2 14.9 15.8

−2.10 to −1.80 9.93e-02 4.0 10.0 10.8

−1.80 to −1.50 1.44e-01 3.4 5.9 6.8

−1.50 to −1.20 2.03e-01 2.9 3.3 4.4

−1.20 to −0.90 2.40e-01 2.7 1.6 3.2

−0.90 to −0.60 2.84e-01 2.4 4.4 5.0

−0.60 to −0.30 3.18e-01 2.3 5.0 5.5

−0.30 to 0.00 3.32e-01 2.3 4.1 4.7

0.00 to 0.30 3.05e-01 2.5 6.1 6.6

0.30 to 0.60 3.19e-01 2.4 4.9 5.4

0.60 to 0.90 2.89e-01 2.5 4.0 4.7

0.90 to 1.20 2.43e-01 2.7 2.4 3.6

1.20 to 1.50 2.02e-01 2.9 4.4 5.3

1.50 to 1.80 1.35e-01 3.8 9.1 9.9

1.80 to 2.10 9.95e-02 4.2 12.0 12.7

2.10 to 2.40 5.22e-02 7.0 16.3 17.7

Table C.4: Normalised di�erential ross setions and unertainties for the dilepton hannel

in the visible phase spae as a funtion of the lepton pseudorapidity (ηl). The unertainties

are given separated for the statistial and total systemati omponent as well as the quadrati

sum of them (total).
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C. RESULTS: TABLES AND INDIDIVUAL CHANNELS

Results Unertainties [%℄

Bin range/π 1
σ

dσ
d∆φl̄l/π

Stat. Syst. Total

0.00 to 0.05 7.53e-01 3.4 6.8 7.6

0.05 to 0.10 7.49e-01 3.1 3.1 4.3

0.10 to 0.15 8.10e-01 2.7 2.5 3.7

0.15 to 0.20 8.63e-01 2.5 1.8 3.1

0.20 to 0.26 8.11e-01 2.3 1.0 2.5

0.26 to 0.31 8.60e-01 2.5 1.8 3.1

0.31 to 0.37 9.07e-01 2.3 2.7 3.6

0.37 to 0.41 8.70e-01 3.0 1.8 3.5

0.41 to 0.46 9.56e-01 2.5 1.8 3.1

0.46 to 0.51 9.73e-01 2.6 3.0 4.0

0.51 to 0.56 9.80e-01 2.5 2.7 3.7

0.56 to 0.61 1.03 2.5 2.6 3.6

0.61 to 0.66 1.02 2.5 3.1 4.0

0.66 to 0.71 1.09 2.4 2.0 3.1

0.71 to 0.76 1.22 2.2 1.2 2.5

0.76 to 0.81 1.18 2.3 1.5 2.7

0.81 to 0.87 1.19 2.0 1.5 2.5

0.87 to 0.92 1.23 2.2 3.2 3.9

0.92 to 0.97 1.29 2.2 2.7 3.5

0.97 to 1.00 1.32 2.8 1.9 3.4

Table C.5: Normalised di�erential ross setions and unertainties for the dilepton hannel in

the visible phase spae as a funtion of the azimuthal angle di�erene of the leptons (∆φl̄l/π).
The unertainties are given separated for the statistial and total systemati omponent as

well as the quadrati sum of them (total).
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C.1. RESULT TABLES

Results Unertainties [%℄

Bin range [GeV] 1
σ

dσ
dpl̄lT

[GeV−1] Stat. Syst. Total

0 to 10 1.76e-03 3.7 2.8 4.6

10 to 20 4.62e-03 2.0 3.2 3.8

20 to 40 7.59e-03 1.2 2.8 3.1

40 to 60 1.12e-02 1.0 2.1 2.3

60 to 100 9.67e-03 0.7 0.8 1.1

100 to 150 2.95e-03 1.2 4.9 5.1

150 to 400 1.02e-04 3.3 7.0 7.7

Bin range [GeV] 1
σ

dσ
dml̄l [GeV−1] Stat. Syst. Total

20 to 30 3.75e-03 2.5 2.9 3.8

30 to 50 5.44e-03 1.4 1.9 2.3

50 to 76 7.69e-03 1.0 0.9 1.4

76 to 106 7.20e-03 1.0 2.0 2.2

106 to 130 5.41e-03 1.3 1.3 1.9

130 to 170 3.25e-03 1.4 1.3 1.9

170 to 260 1.21e-03 1.5 2.6 3.0

260 to 400 2.19e-04 2.6 5.2 5.8

Table C.6: Normalised di�erential ross setions and unertainties for the dilepton hannel in

the visible phase spae as a funtion of the lepton-pair transverse momentum (pl̄lT) and invari-

ant mass (ml̄l). The unertainties are given separated for the statistial and total systemati

omponent as well as the quadrati sum of them (total).
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C. RESULTS: TABLES AND INDIDIVUAL CHANNELS

Results Unertainties [%℄

Bin range [GeV] 1
σ

dσ
dptT

[GeV−1] Stat. Syst. Total

0 to 65 4.32e-03 1.1 2.6 2.8

65 to 125 6.31e-03 0.9 1.7 1.9

125 to 200 3.15e-03 1.0 2.4 2.6

200 to 290 8.84e-04 1.3 3.3 3.5

290 to 400 1.74e-04 2.9 7.8 8.4

Bin range [GeV] 1
σ

dσ
dptT(tt̄)

∗
[GeV−1] Stat. Syst. Total

0 to 60 4.29e-03 1.6 2.9 3.3

60 to 115 7.00e-03 1.3 2.1 2.5

115 to 190 3.44e-03 1.3 2.0 2.4

190 to 275 8.95e-04 2.1 5.9 6.3

275 to 380 1.73e-04 2.9 8.3 8.8

380 to 500 3.19e-05 6.9 12.8 14.6

Bin range [GeV] 1
σ

dσ
dptT(lead. t)

[GeV−1] Stat. Syst. Total

0 to 75 3.20e-03 1.6 4.1 4.4

75 to 130 6.46e-03 1.1 2.4 2.7

130 to 200 3.75e-03 1.2 2.3 2.6

200 to 290 1.18e-03 1.5 2.8 3.1

290 to 400 2.51e-04 3.3 7.0 7.7

Bin range [GeV] 1
σ

dσ
dptT(2

nd lead. t) [GeV−1] Stat. Syst. Total

0 to 55 5.38e-03 1.7 1.6 2.4

55 to 120 6.65e-03 1.4 1.6 2.1

120 to 200 2.56e-03 1.7 2.4 2.9

200 to 290 5.86e-04 2.3 4.5 5.1

290 to 400 9.88e-05 5.8 10.1 11.7

Table C.7: Normalised di�erential ross setion values and unertainties for the dilepton

hannel in the full phase spae as a funtion of the top quark transverse momentum measured

in the laboratory (ptT) and in the tt̄ rest frame (ptT(tt̄)
∗), leading (ptT(lead. t)) and seond

leading top-quark transverse momentum (ptT(2
nd lead. t)). The unertainties are given sepa-

rated for the statistial and total systemati omponent as well as the quadrati sum of them

(total).
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C.1. RESULT TABLES

Results Unertainties [%℄

Bin range 1
σ

dσ
dyt Stat. Syst. Total

−2.50 to −1.60 7.55e-02 2.1 5.7 6.0

−1.60 to −1.00 1.99e-01 1.0 1.7 2.0

−1.00 to −0.50 2.84e-01 1.1 1.1 1.6

−0.50 to 0.00 3.37e-01 1.0 2.2 2.4

0.00 to 0.50 3.27e-01 1.1 1.4 1.8

0.50 to 1.00 2.86e-01 1.1 1.1 1.6

1.00 to 1.60 2.03e-01 1.1 2.3 2.5

1.60 to 2.50 7.11e-02 2.1 5.9 6.3

Bin range/π 1
σ

dσ
d∆φ(t,̄t)/π Stat. Syst. Total

0.00 to 0.60 1.96e-01 2.1 8.8 9.0

0.60 to 0.88 9.34e-01 1.1 4.6 4.8

0.88 to 0.97 3.94e+00 1.1 3.6 3.8

0.97 to 1.00 8.88e+00 1.6 6.9 7.1

Bin range 1
σ

dσ
d|yt|−|yt̄|

Stat. Syst. Total

−2.50 to −1.10 6.84e-02 2.5 2.8 3.7

−1.10 to −0.50 2.90e-01 1.5 2.2 2.6

−0.50 to 0.00 4.62e-01 1.5 2.3 2.8

0.00 to 0.50 4.41e-01 1.6 3.3 3.7

0.50 to 1.10 2.98e-01 1.5 3.5 3.8

1.10 to 2.50 7.04e-02 2.4 5.0 5.5

Table C.8: Normalised di�erential ross setion results and unertainties for the dilepton

hannel in the full phase spae as a funtion of the top quark rapidity (yt), azimuthal angle

di�erene (∆φ (t, t̄) /π) and rapidity di�erene between the top quarks (|yt| − |yt̄|). The

unertainties are given separated for the statistial and total systemati omponent as well

as the quadrati sum of them (total).

131



C. RESULTS: TABLES AND INDIDIVUAL CHANNELS

Results Unertainties [%℄

Bin range [GeV] 1
σ

dσ
dptt̄T

[GeV−1] Stat. Syst. Total

0 to 30 1.42e-02 0.9 4.6 4.7

30 to 80 7.03e-03 1.0 3.6 3.8

80 to 170 1.87e-03 1.1 5.0 5.1

170 to 300 3.43e-04 2.2 4.1 4.6

Bin range [GeV] 1
σ

dσ
dmtt̄ [GeV−1] Stat. Syst. Total

340 to 380 3.91e-03 3.2 12.8 13.2

380 to 470 4.56e-03 1.7 7.6 7.8

470 to 620 1.96e-03 1.8 3.8 4.2

620 to 820 5.28e-04 2.8 4.1 5.0

820 to 1100 9.96e-05 3.8 8.5 9.3

1100 to 1600 9.97e-06 10.6 16.0 19.2

Bin range 1
σ

dσ
dytt̄

Stat. Syst. Total

−2.50 to −1.50 4.80e-02 4.1 8.2 9.2

−1.50 to −1.00 1.81e-01 1.8 2.8 3.3

−1.00 to −0.50 3.15e-01 1.5 1.5 2.1

−0.50 to 0.00 4.15e-01 1.3 1.8 2.2

0.00 to 0.50 4.07e-01 1.3 2.7 3.0

0.50 to 1.00 3.24e-01 1.5 1.5 2.1

1.00 to 1.50 1.85e-01 1.8 1.8 2.5

1.50 to 2.50 4.50e-02 4.2 12.2 12.9

Table C.9: Normalised di�erential ross setions and unertainties for the dilepton hannel

in the full phase spae as a funtion of the of top-quark-pair transverse momentum (ptt̄T),
invariant mass (mtt̄) and rapidity (ytt̄) distributions. The unertainties are given separated

for the statistial and total systemati omponent as well as the quadrati sum of them (total).
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C.2. RESULTS IN INDIVIDUAL CHANNELS

C.2 Results in Individual Channels

In Chapter 8 the tt̄ di�erential ross setion results are presented in the ombined hannel,

and the tables summarising the results are given in Appendix C.1. As explained in Se-

tion 6.5.3, the ombined hannel is obtained as the statistial ombination of the individual

ee, eµ and µµ tt̄ deay hannels. The ombined result is driven by lower statistial unertainty

of the eµ hannel. The tt̄ normalised di�erential ross setion results of the individual ee, eµ
and µµ hannels are presented in Figures C.1�C.11 for all measured quantities disussed in

Chapter 8. The results are ompared to the preditions obtained fromMadGraph+Pythia,

Powheg+Pythia, Powheg+Herwig and MC�NLO+Herwig Monte Carlo simulations,

and wherever available to higher-order perturbative QCD theory alulations [3, 21, 100, 101℄

up to approximate NNLO auray. The results measured in the individual hannels present

similar results among them. In general, the best desription of the measured distributions

is ahieved by the Powheg+Herwig predition or by the approximate NNLO alulation,

depending on the observable.
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C.2. RESULTS IN INDIVIDUAL CHANNELS
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C.2. RESULTS IN INDIVIDUAL CHANNELS
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C. RESULTS: TABLES AND INDIDIVUAL CHANNELS

t
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

t
dy

σd 
σ
1

0
.0

5

0
.1

0
.1

5

0
.2

0
.2

5

0
.3

0
.3

5

0
.4

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

µ
e

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia
M

C
@

N
L

O
+

H
e

rw
ig

P
o

w
h

e
g

+
P

y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

A
p

p
ro

x
. 

N
N

L
O

(a
rX

iv
:1

2
1

0
.7

8
1

3
)

t
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

t
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

t
dy

σd 
σ
1

0
.0

5

0
.1

0
.1

5

0
.2

0
.2

5

0
.3

0
.3

5

0
.4

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

e
e

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia
M

C
@

N
L

O
+

H
e

rw
ig

P
o

w
h

e
g

+
P

y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

A
p

p
ro

x
. 

N
N

L
O

(a
rX

iv
:1

2
1

0
.7

8
1

3
)

t
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

t
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

t
dy

σd 
σ
1

0
.0

5

0
.1

0
.1

5

0
.2

0
.2

5

0
.3

0
.3

5

0
.4

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

µ
µ

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia
M

C
@

N
L

O
+

H
e

rw
ig

P
o

w
h

e
g

+
P

y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

A
p

p
ro

x
. 

N
N

L
O

(a
rX

iv
:1

2
1

0
.7

8
1

3
)

t
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

tt
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

tt
dy

σd σ
1

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

µ
e

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia

M
C

@
N

L
O

+
H

e
rw

ig
P

o
w

h
e

g
+

P
y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

tt
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

tt
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

tt
dy

σd σ
1

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

e
e

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia

M
C

@
N

L
O

+
H

e
rw

ig
P

o
w

h
e

g
+

P
y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

tt
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

tt
y

2
.5

2
1

.5
1

0
.5

0
0

.5
1

1
.5

2
2

.5

tt
dy

σd σ
1

0
.1

0
.2

0
.3

0
.4

0
.5

0
.6

0
.7

0
.8

0
.9

 =
  

8
 T

e
V

s
 a

t 
1

1
9

.7
 f

b

µ
µ

D
a

ta
M

a
d

G
ra

p
h

+
P

y
th

ia

M
C

@
N

L
O

+
H

e
rw

ig
P

o
w

h
e

g
+

P
y
th

ia
P

o
w

h
e

g
+

H
e

rw
ig

tt
y

2
.5

2
1

.5
1

0
.5

0
0
.5

1
1
.5

2
2
.5

Data

Theory

0
.91

1
.1

1
.2

 S
y
s
t.

⊕
S

ta
t.

 
S

ta
t.

F
ig
u
re
C
.5
:

N
o
rm
a
li
se
d
t¯ t
d
i�
e
re
n
ti
a
l

ro
ss
se

ti
o
n
a
s
a
fu
n

ti
o
n
o
f
th
e
ra
p
id
it
y
o
f
th
e
to
p
q
u
a
rk
(t
o
p
ro
w
)
a
n
d
t¯ t
sy
st
e
m

(b
o
tt
o
m

ro
w
).

R
e
su
lt
s
a
re
p
re
se
n
te
d
fo
r
th
e
e

µ

(l
e
ft
),
e
e
(
e
n
tr
e
)
a
n
d

µ
µ

(r
ig
h
t)

h
a
n
n
e
ls
se
p
a
ra
te
ly
.
T
h
e
in
n
e
r
(o
u
te
r)
e
rr
o
r
b
a
rs
in
d
i
a
te
th
e
st
a
ti
st
i
a
l

(t
o
ta
l)
u
n

e
rt
a
in
ty
o
f
th
e
m
e
a
su
re
m
e
n
t.
A

th
e
o
ry
-t
o
-d
a
ta
ra
ti
o
p
lo
t
is
sh
o
w
n
in
th
e
b
o
tt
o
m

p
a
n
e
l,
w
it
h
th
e
g
re
y
(y
e
ll
o
w
)
e
rr
o
r
b
a
n
d

in
d
i
a
ti
n
g
th
e
st
a
ti
st
i
a
l
(t
o
ta
l)
d
a
ta
u
n

e
rt
a
in
ty
.
R
e
su
lt
s
a
re

o
m
p
a
re
d
to
M
a
d
G
r
a
p
h
+
P
y
t
h
ia
,
P
o
w
h
e
g
+
P
y
t
h
ia
,
P
o
w
h
e
g
+
H
e
r
w
ig

a
n
d
M
C
�
N
L
O
+
H
e
r
w
ig
M
o
n
te
C
a
rl
o
p
re
d
i
ti
o
n
s
a
n
d
to
Q
C
D

th
e
o
ry

a
l
u
la
ti
o
n
u
p
to
a
p
p
ro
x
im
a
te
N
N
L
O

a


u
ra

y
[2
1
℄.
T
h
e
to
p
q
u
a
rk

ra
p
id
it
y
re
su
lt
is
a
ls
o

o
m
p
a
re
d
to
a
Q
C
D

th
e
o
ry

a
l
u
la
ti
o
n
u
p
to
a
p
p
ro
x
im
a
te
N
N
L
O

a


u
ra

y
[2
1
℄.

138



C.2. RESULTS IN INDIVIDUAL CHANNELS
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C. RESULTS: TABLES AND INDIDIVUAL CHANNELS
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C.2. RESULTS IN INDIVIDUAL CHANNELS
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C.2. RESULTS IN INDIVIDUAL CHANNELS
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Appendix D

Stability Cheks: Distributions

D.1 Dependeny on Pileup Conditions

The default analysis requires the presene of at least one well reonstruted vertex on the

seleted events as disussed in Setion 5.2 and shown in Figure D.1a. The analysis is repeated

by seleting events in three exlusive PU regions:

• Low PU: events with at least 1 and less than 10 well reonstruted verties.

• Medium PU: events with at least 10 and less than 20 verties.

• High PU: events with more than 20 verties.

The alulation of the results proeeds by applying all event seletion riteria detailed

in Chapter 5, with the alternative vertex multipliity ondition. The individual top-quark

4-momentum omponents are determined using the same kinemati reonstrution algorithm

desribed in Setion 5.8. The measured signal yields are orreted for detetor and migration

e�ets by means of unfolding tehniques (see Setion 6.4). Finally, the results are obtained in

the same binning as the default analysis suh that the results an be ompared bin-by-bin.

Figure D.1b presents the top-quark pT di�erential ross setion obtained seleting events

in the three aforementioned exlusive PU regions. For omparison, the default result (PU ≥ 1)
and the defaultMadGraph+Pythia predition are shown. The data points are horizontally

displaed for graphial purposes only, but the meaning of eah data point remains unaltered:

the normalised ross setion value in the range of the bin where it is presented.

It an be observed that the top-quark pT distribution remains softer than the spetrum

predited by the MadGraph+Pythia simulation, independently of the number of verties

seleted. The same onlusion is found for the results measured as a funtion of the transverse

momentum distribution of the leptons and the b-jets. No bias due to the PU is found.
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D. STABILITY CHECKS: DISTRIBUTIONS
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Figure D.1: (a): Distribution of the average number of reonstruted verties in data and

simulation events seleted after trigger and dilepton seletion riteria (.f. Setion 5.3). The

hathed area orresponds to all shape unertainties on the signal tt̄ events (.f. Chapter 7).

Di�erential ross setion as a funtion of the transverse momentum of the top-quark (b),

lepton () and b-jet (d) obtained in events seleted in four di�erent PU regions, the error

bars indiate the total unertainty on the result. The data points are horizontally displaed

from the entre of the bin only for graphial purposes. The default MadGraph+Pythia

predition is shown as referene.
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D.2. REWEIGHTING THE SIGNAL SIMULATION

D.2 Reweighting the Signal Simulation

As desribed in Setion 8.4 the stability of the analysis is tested by orreting the tt̄ simulation

suh that it desribes the data. In Figures D.2�D.7 the ontrol distribution and the di�erential

ross setion results for all measured observables are presented. The di�erential ross setion

�gures inlude the results obtained without any orretion fator for referene. Additionally,

the theory spetra obtained from theMadGraph+Pythia Monte Carlo predition with and

without the event orretion fator are displayed.
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Figure D.2: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown as

a funtion of the top-quark transverse momentum in the laboratory (a and b), in the tt̄ rest

frame ( and d), and leading top-quark pT (e and f).

148



D.2. REWEIGHTING THE SIGNAL SIMULATION

T
o
p
 q

u
a
rk

s
 /
 1

0
 G

e
V

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

 =  8 TeVs at 119.7 fb

Dilepton Combined

Data                                                                                    

 Signal                                                                                    tt

 Other                                                                                    tt

Single Top                                            

W+Jets                                                                                    

                                                                                    µµ ee/→* γZ / 

                                                                                    ττ →* γZ / 

                                                                                    γ+Z/W/tt

Diboson                                                                                    

GeV lead. t) 
nd

 (2
T

p
0 50 100 150 200 250 300 350 400

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(a)

GeV lead. t) 
nd

 (2
T

p

0 50 100 150 200 250 300 350 400

1
G

e
V

 
 l
e
a
d
. 
t)

n
d

 (
2

T
d
p

σ
d

 
σ1

410

310

210

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(b)

T
o
p
 q

u
a
rk

s
 /
 0

.2

0

2

4

6

8

10

12

14
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined

ty

2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

()

ty

2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5

t
d
yσ

d  
σ1

50

100

150

200

250

300

350

400

450

3
10×

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(d)

 /
 0

.2
E

v
e
n
ts

0

2

4

6

8

10

12

3
10×

 =  8 TeVs at 119.7 fb

Dilepton Combined

|t||yt|y

3 2 1 0 1 2 3

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(e)

|
t

||y
t

|y

2.5 2 1.5 1 0.5 0 0.5 1 1.5 2 2.5

|t
|

|y
t

d
|y

σ
d

 
σ1

100

200

300

400

500

600

3
10×

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(f)

Figure D.3: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown

as a funtion of the subleading top-quark pT (a and b), top quark rapidity ( and d), and

di�erene in the absolute rapidities of the top quark and antiquark (e and f).
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Figure D.4: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown as

a funtion of the tt̄ rapidity (a and b), pT ( and d), and invariant mass (e and f).
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Figure D.5: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown as

a funtion of the lepton pT (a and b) and pseudorapidity ( and d).
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Figure D.6: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown

as a funtion of the lepton-pair invariant mass (a and b) and pT ( and d), and b-jet pT (e

and f).

152



D.2. REWEIGHTING THE SIGNAL SIMULATION

b
j
e
ts

 /
 0

.2

0

2

4

6

8

10

12
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined

bη
2 1 0 1 2

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(a)

bη
2 1.5 1 0.5 0 0.5 1 1.5 2

b η
d

σ
d  

σ1

100

150

200

250

300

350

400

450

3
10×

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(b)

 /
 1

0
 G

e
V

E
v
e
n
ts

0

1000

2000

3000

4000

5000

6000

7000

8000

 =  8 TeVs at 119.7 fb

Dilepton Combined

GeV bb

T
p

0 50 100 150 200 250

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

()

GeV bb

T
p

0 50 100 150 200 250 300 350 400

1
G

e
V

 
b

b T
d
pσ
d

 
σ1

0

2

4

6

8

10

3
10×

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(d)

 /
 2

0
 G

e
V

E
v
e
n
ts

1

2

3

4

5

6

7

8

9

10
3

10×
 =  8 TeVs at 119.7 fb

Dilepton Combined

Data                                                                                    

 Signal                                                                                    tt

 Other                                                                                    tt

Single Top                                            

W+Jets                                                                                    

                                                                                    µµ ee/→* γZ / 

                                                                                    ττ →* γZ / 

                                                                                    γ+Z/W/tt

Diboson                                                                                    

GeV bbm

0 50 100 150 200 250 300 350 400 450 500

M
C

ND
a
ta

N

0.6

0.8

1

1.2

1.4

(e)

GeV bbm

0 100 200 300 400 500 600

1
G

e
V

 
b

b
d
mσ
d

 
σ1

1

2

3

4

5

6

3
10×

Data (Default) (Stat. Error)

 reweighted) (Stat. Error)
t

T
Data (p

Madgraph+Pythia (Default)

 reweighted)
t

T
Madgraph+Pythia (p

(f)

Figure D.7: Comparison of the di�erential ross setions (right) with and without the ptT-
orretion. The results inlude only the statistial unertainty and are ompared to the

unmodi�ed and ptT-orreted MadGraph+Pythia predition. Event yields (left) are ob-

tained after the full event seletion and inlude the ptT-orretion. Distributions are shown

as a funtion of the b-jet pseudorapidity (a and b) and b-jet-pair pT ( and d), and invariant

mass (e and f).
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Appendix E

Covariane Matries

In Figures E.1�E.6 the orrelation matrix of the full unertainty are displayed as a funtion of

the kinemati distributions measured in this analysis. The method to derived the orrelation

matrix is explained in Setion 7.5.
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Figure E.1: Covariane matrix of the total unertainty of the di�erential ross setion result

measured as a funtion of the lepton-pair transverse momentum (a) and invariant mass (b).
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Figure E.2: Covariane matrix of the total unertainty of the di�erential ross setion re-

sult measured as a funtion of the lepton transverse momentum (a), pseudorapidity (b) and

azimuthal angle di�erene ().
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Figure E.3: Covariane matrix of the total unertainty of the di�erential ross setion result

measured as a funtion of the b-jet transverse momentum (a) and pseudorapidity (b), and

b-jet-pair transverse momentum () and invariant mass (d).
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Figure E.4: Covariane matrix of the total unertainty of the di�erential ross setion results

measured as a funtion of the transverse momentum of the top quark in the laboratory (a)

and in the tt̄ rest frame referene system (b), of the leading top quark () and trailing top

quark (d).

158



100.0 34.5 27.4 14.3 28.4 29.9 56.2 27.1

34.5 100.0 93.5 89.2 93.6 93.6 75.8 24.1

27.4 93.5 100.0 90.5 91.9 94.1 75.9 24.0

14.3 89.2 90.5 100.0 90.9 90.3 60.5 13.3

28.4 93.6 91.9 90.9 100.0 92.0 71.2 22.1

29.9 93.6 94.1 90.3 92.0 100.0 74.5 19.9

56.2 75.8 75.9 60.5 71.2 74.5 100.0 54.0

27.1 24.1 24.0 13.3 22.1 19.9 54.1 100.0

ty
2
...2

1
...2

0
...1

0
...0

0
...0

1
...0

2
...1

2
...2

t
y

2 ... 2

2 ... 1

1 ... 0

0 ... 0

0 ... 0

0 ... 1

1 ... 2

2 ... 2

  Total Correlation Matrix [%]
T

Topquark p   Total Correlation Matrix [%]
T

Topquark p

(a)

100.0 78.9 1.3 77.3

79.0 100.0 13.8 91.2

1.3 13.8 100.0 48.1

77.3 91.2 48.1 100.0

π)/t(t,φ∆
0.60
...0.00

0.88
...0.60

0.97
...0.88

1.00
...0.97

π
)/t

(t
,

φ
∆

0.60
...
0.00

0.88
...
0.60

0.97
...
0.88

1.00
...
0.97

  Total Correlation Matrix [%]φ∆Topquark   Total Correlation Matrix [%]φ∆Topquark 

(b)

100.0 26.7 25.4 31.5 2.9 18.8

26.5 100.0 53.4 56.3 50.9 24.6

25.4 53.4 100.0 20.9 76.8 16.3

31.5 56.4 20.9 100.0 32.3 76.6

2.9 50.8 76.8 32.3 100.0 26.7

18.8 24.6 16.3 76.6 26.7 100.0

|
t

||y
t

|y

1.1
...2.5

0.5
...1.1

0.0
...0.5

0.5
...0.0

1.1
...0.5

2.5
...1.1

|t
|

|y
t

|y

2.5 ... 1.1

1.1 ... 0.5

0.5 ... 0.0

0.0 ... 0.5

0.5 ... 1.1

1.1 ... 2.5

|  Total Correlation Matrix [%]t|  |ytTopquark |y |  Total Correlation Matrix [%]t|  |ytTopquark |y

()

Figure E.5: Covariane matrix of the total unertainty of the di�erential ross setion results

as a funtion of the top quark rapidity (a), azimuthal angle di�erene (b) and absolute rapidity

di�erene ().

159



E. COVARIANCE MATRICES

100.0 92.7 52.9 30.2

91.8 100.0 18.0 5.0

52.3 18.0 100.0 90.8

29.4 5.0 89.6 100.0

GeV tt
T

p
30
...0

80
...30

170
...80

300
...170

G
e
V

 t t T
p

0 ... 30

30 ... 80

80 ... 170

170 ... 300

  Total Correlation Matrix [%]
T

Topquarkpair p   Total Correlation Matrix [%]
T

Topquarkpair p

(a)

100.0 84.8 19.8 2.7 7.6 8.8

83.8 100.0 66.3 3.8 8.7 11.9

19.4 65.3 100.0 25.3 40.1 43.0

2.9 3.2 25.1 100.0 96.5 93.2

7.5 8.7 38.5 94.0 100.0 99.4

8.6 11.6 41.3 90.8 99.4 100.0

GeV ttm

380
...340

470
...380

620
...470

820
...620

1100
...820

1600
...1100

G
e
V

 t t
m

340 ... 380

380 ... 470

470 ... 620

620 ... 820

820 ... 1100

1100 ... 1600

  Total Correlation Matrix [%]
T

Topquarkpair p   Total Correlation Matrix [%]
T

Topquarkpair p

(b)

100.0 53.8 37.0 30.7 37.4 50.5 10.8 35.8

53.6 100.0 34.2 59.1 47.5 13.2 24.0 43.7

36.7 34.1 100.0 2.4 38.2 13.6 36.5 47.2

30.6 58.9 2.5 100.0 15.8 19.2 18.9 50.0

37.3 47.4 38.2 15.7 100.0 13.9 48.9 57.5

50.5 13.2 13.6 19.2 13.9 100.0 7.1 32.8

10.9 24.0 36.5 18.9 49.0 7.2 100.0 60.3

35.8 43.6 47.2 50.0 57.5 33.1 60.5 100.0

tty

2
...2

1
...2

0
...1

0
...0

0
...0

1
...0

2
...1

2
...2

tt
y

2 ... 2

2 ... 1

1 ... 0

0 ... 0

0 ... 0

0 ... 1

1 ... 2

2 ... 2

  Total Correlation Matrix [%]
T

Topquarkpair p   Total Correlation Matrix [%]
T

Topquarkpair p

()

Figure E.6: Covariane matrix of the total unertainty of the di�erential ross setion results

as a funtion of the top-quark-pair transverse momentum (a), invariant mass ((b) and rapidity

().

160



Bibliography

[1℄ The ATLAS Collaboration. Observation of a new partile in the searh for the Standard

Model Higgs boson with the ATLAS detetor at the LHC. Phys. Lett., B716:1�29, 2012.

[2℄ The CMS Collaboration. Observation of a new boson at a mass of 125 GeV with the

CMS experiment at the LHC. Phys. Lett., B716:30�61, 2012.

[3℄ M. Guzzi, K. Lipka, and S.-O. Moh. Top-quark pair prodution at hadron olliders: dif-

ferential ross setion and phenomenologial appliations with Di�Top. arxiv:1406.0386,

2014.

[4℄ The CMS Collaboration. Determination of the top-quark pole mass and strong oupling

onstant from the tt̄ prodution ross setion in pp ollisions at
√
s = 7TeV. Phys. Lett.,

B728:496�517, 2014.

[5℄ The CDF Collaboration. Observation of top quark prodution in pp̄ ollisions. Phys.

Rev. Lett., 74:2626�2631, 1995.

[6℄ The D0 Collaboration. Observation of the top quark. Phys. Rev. Lett., 74:2632�2637,

1995.

[7℄ The CMS Collaboration. Exlusion limits on gluino and top-squark pair prodution in

natural SUSY senarios with inlusive razor and exlusive single-lepton searhes at 8

TeV. 2014. CMS-PAS-SUS-14-011.

[8℄ M. E. Peskin and D. V. Shroeder. An introdution to quantum �eld theory. Advaned

book lassis. Addison-Wesley Publishing Company, 1995.

[9℄ Y. Takahashi. On the generalized Ward identity. Nuovo Cim., 6:371, 1957.

[10℄ J. C. Ward. An identity in quantum eletrodynamis. Phys. Rev., 78:182, 1950.

[11℄ A. Purell. Go on a partile quest at the �rst CERN webfest. (BUL-NA-2012-269.

35/2012):10, 2012. CERN Bulletin.

[12℄ J. Beringer et al. Review of partile physis (RPP). Phys. Rev., D86:010001, 2012.

[13℄ V. Andreev et al. Measurement of multijet prodution in ep ollisions at high Q2 and

determination of the strong oupling αs. arxiv:1406.4709, 2014.

[14℄ P. W. Higgs. Spontaneous symmetry breakdown without massless bosons. Phys. Rev.,

145:1156�1163, 1966.

[15℄ V. N. Gribov and L. N. Lipatov. Deep inelasti ep sattering in perturbation theory.

Sov. J. Nul. Phys., 15:438�450, 1972.

161



BIBLIOGRAPHY

[16℄ G. Altarelli and G. Parisi. Asymptoti freedom in parton language. Nul. Phys.,

B126:298, 1977.

[17℄ Y. L. Dokshitzer. Calulation of the struture funtions for deep inelasti sattering

and e+e- annihilation by perturbation theory in quantum hromodynamis. Sov. Phys.

JETP, 46:641�653, 1977.

[18℄ S. Alekhin, O. Behnke, P. Belov, S. Borroni, M. Botje, et al. HERAFitter, open soure

QCD �t projet. arxiv:1410.4412, 2014.

[19℄ H.-L. Lai, M. Guzzi, J. Huston, Z. Li, P. M. Nadolsky, et al. New parton distributions

for ollider physis. Phys. Rev., D82:074024, 2010.

[20℄ M. Czakon, P. Fiedler, and A. Mitov. Total top-quark pair-prodution ross setion at

hadron olliders through O(α4
s). Phys. Rev. Lett., 110:252004, 2013.

[21℄ N. Kidonakis. NNLL threshold resummation for top-pair and single-top prodution.

Phys. Part. Nul., 45(4):714�722, 2014.

[22℄ G. Mahlon and S. J. Parke. Spin orrelation e�ets in top-quark-pair prodution at the

LHC. Phys. Rev., D81:074024, 2010.

[23℄ J. H. Kuhn and G. Rodrigo. Charge asymmetries of top quarks at hadron olliders

revisited. JHEP, 1201:063, 2012.

[24℄ The CMS Collaboration. Measurement of the ratio B(t → Wb)/B(t → Wq) in pp

ollisions at
√
s = 8TeV. Phys. Lett., B736:33, 2014.

[25℄ The CMS Collaboration. Measurement of the t-hannel single-top-quark prodution

ross setion and of the | Vtb | CKM matrix element in pp ollisions at
√
s = 8TeV.

JHEP, 1406:090, 2014.

[26℄ LHC Higgs Working Group. LHC Higgs ross setion WG piture gallery.

https://twiki.ern.h/twiki/bin/view/LHCPhysis/CrossSetionsFigures. [On-

line, aessed 29 September 2014℄.

[27℄ G. Altarelli, B. Mele, and M. Ruiz-Altaba. Searhing for new heavy vetor bosons in

pp̄ olliders. Z. Phys., C45:109, 1989.

[28℄ I. Aithison. Supersymmetry in partile physis: An elementary introdution. Cambridge

University Press, 2007.

[29℄ O. S. Bruning, P. Collier, P. Lebrun, S. Myers, R. Ostoji, et al. LHC design report. 1.

The LHC main ring. volume 1 of LHC Design Report. 2004. CERN-2004-003-V-1.

[30℄ O. Buning, P. Collier, P. Lebrun, S. Myers, R. Ostoji, et al. LHC design report. 2.

The LHC infrastruture and general servies. volume 2 of LHC Design Report. 2004.

CERN-2004-003-V-2.

[31℄ M. Benedikt, P. Collier, V. Mertens, J. Poole, and K. Shindl. LHC design report. 3.

The LHC injetor hain. volume 3 of LHC Design Report. 2004. CERN-2004-003-V-3.

[32℄ C. Lefèvre. The CERN aelerator omplex. Complexe des aélérateurs du CERN.

2008.

162



BIBLIOGRAPHY

[33℄ J. Wenninger. Energy Calibration of the LHC beams at 4 TeV. 2013. CERN-ATS-2013-

040.

[34℄ K. Aamodt et al. The ALICE experiment at the CERN LHC. JINST, 3:S08002, 2008.

[35℄ The ATLAS Collaboration. The ATLAS experiment at the CERN Large Hadron Col-

lider. JINST, 3:S08003, 2008.

[36℄ The CMS Collaboration. The CMS experiment at the CERN LHC. JINST, 3:S08004,

2008.

[37℄ A. A. Jr. Alves et al. The LHCb Detetor at the LHC. JINST, 3:S08005, 2008.

[38℄ G. Anelli et al. The TOTEM experiment at the CERN Large Hadron Collider. JINST,

3:S08007, 2008.

[39℄ The LHCf Collaboration. LHCf experiment: Tehnial Design Report. Tehnial Design

Report LHCf. 2006. CERN-LHCC-2006-004.

[40℄ M. Lamont. Status of the LHC. In Proeedings, Workshop on Disovery Physis at the

LHC (Kruger 2012), volume 455, page 012001, 2013.

[41℄ The CMS Collaboration. Publi CMS luminosity information.

https://twiki.ern.h/twiki/bin/view/CMSPubli/LumiPubliResults. [On-

line, aessed 01 November 2014℄.

[42℄ V. Karimäki et al. The CMS traker system projet: Tehnial Design Report. Tehnial

Design Report CMS. 1997. CERN-LHCC-98-006.

[43℄ The CMS Collaboration. Desription and performane of trak and primary-vertex

reonstrution with the CMS traker. JINST, 9:P10009, 2014.

[44℄ The CMS Collaboration. The CMS eletromagneti alorimeter projet: Tehnial

Design Report. Tehnial Design Report CMS. 1997. CERN-LHCC-97-033.

[45℄ P. Adzi, R. Alemany-Fernandez, C. B. Almeida, N. M. Almeida, G. Anagnostou,

et al. Energy resolution of the barrel of the CMS eletromagneti alorimeter. JINST,

2:P04004, 2007.

[46℄ The CMS Collaboration. Energy alibration and resolution of the CMS eletromagneti

alorimeter in pp ollisions at
√
s = 7TeV. JINST, 8:P09009, 2013.

[47℄ The CMS Collaboration. The CMS hadron alorimeter projet: Tehnial Design Re-

port. Tehnial Design Report CMS. 1997. CERN-LHCC-97-031.

[48℄ V. D. Elvira. Measurement of the pion Energy response and resolution in the CMS

HCAL test beam 2002 experiment. 2004. CMS-NOTE-2004-020.

[49℄ The CMS Collaboration. The CMS muon projet: Tehnial Design Report. Tehnial

Design Report CMS. 1997. CERN-LHCC-97-032.

[50℄ The CMS Collaboration. Performane of CMS muon reonstrution in pp ollision

events at
√
s = 7TeV. JINST, 7:P10002, 2012.

163



BIBLIOGRAPHY

[51℄ The CMS Collaboration. CMS The TriDAS projet: Tehnial Design Report, Volume

1: The Trigger Systems. volume 1 of Tehnial Design Report CMS. CERN-LHCC-

2000-038.

[52℄ The CMS Collaboration. CMS The TriDAS Projet: Tehnial Design Report, Volume

2: Data Aquisition and High-Level Trigger. CMS trigger and data-aquisition projet.

volume 2 of Tehnial Design Report CMS. CERN-LHCC-2002-026.

[53℄ The CMS Collaboration. The CMS Trigger. 2014. [In preparation℄.

[54℄ F. De Guio. The CMS data quality monitoring software: experiene and future

prospets. In Proeedings, 20th International Conferene on Computing in High En-

ergy and Nulear Physis (CHEP 2013), volume 513, page 032024, 2014.

[55℄ O. Gutshe. Validation of software releases for CMS. In Proeedings, 17th International

Conferene Computing in high Energy and Nulear Physis (CHEP 2009), volume 219,

page 042040, 2010.

[56℄ Physis Performane and Dataset Group. CMS DQM graphial user interfae.

https://msweb.ern.h/dqm/offline. [Unpublished. Online, aessed 7 Ot. 2014℄.

[57℄ The CMS Collaboration. CMS luminosity based on pixel luster ounting - Summer

2013 update. 2013. CMS-PAS-LUM-13-001.

[58℄ Top Quark Physis Objet Group. Top ommissioning: Operations.

https://twiki.ern.h/twiki/bin/viewauth/CMS/TWikiTopQuarkComWG4Operations.

[Unpublished. Online, aessed 4 Ot. 2014℄.

[59℄ S. D. Drell and T.-M. Yan. Massive Lepton-pair prodution in hadron-hadron ollisions

at high-energies. Phys. Rev. Lett., 25:316�320, 1970.

[60℄ M. Dobbs and J. B. Hansen. The HepMC C++ Monte Carlo event reord for high

energy physis. Comput. Phys. Commun., 134:41�46, 2001.

[61℄ J. Alwall, M. Herquet, F. Maltoni, O. Mattelaer, and T. Stelzer. MadGraph 5: Going

beyond. JHEP, 1106:128, 2011.

[62℄ P. Artoisenet, R. Frederix, O. Mattelaer, and R. Rietkerk. Automati spin-entangled

deays of heavy resonanes in Monte Carlo simulations. JHEP, 1303:015, 2013.

[63℄ S. Alioli, P. Nason, C. Oleari, and E. Re. A general framework for implementing NLO

alulations in shower Monte Carlo programs: the POWHEG BOX. JHEP, 1006:043,

2010.

[64℄ S. Frixione and B. R. Webber. Mathing NLO QCD omputations and parton shower

simulations. JHEP, 0206:029, 2002.

[65℄ G. Bevilaqua, M. Czakon, A. van Hameren, C. G. Papadopoulos, and M. Worek.

Complete o�-shell e�ets in top quark pair hadroprodution with leptoni deay at

next-to-leading order. JHEP, 1102:083, 2011.

[66℄ T. Sjostrand, S. Mrenna, and P. Z. Skands. PYTHIA 6.4 physis and manual. JHEP,

0605:026, 2006.

164



BIBLIOGRAPHY

[67℄ G. Corella, I. G. Knowles, G. Marhesini, S. Moretti, K. Odagiri, et al. HERWIG

6: An event generator for hadron emission reations with interfering gluons (inluding

supersymmetri proesses). JHEP, 0101:010, 2001.

[68℄ S. Frixione, P. Nason, and C. Oleari. Mathing NLO QCD omputations with Parton

Shower simulations: the POWHEG method. JHEP, 0711:070, 2007.

[69℄ M. L. Mangano, M. Moretti, F. Piinini, and M. Treani. Mathing matrix elements

and shower evolution for top-quark prodution in hadroni ollisions. JHEP, 0701:013,

2007.

[70℄ B. Andersson. The Lund model. Cambridge University Press, 1998. Cambridge Books

Online.

[71℄ A. Bukley, J. Butterworth, S. Gieseke, D. Grellsheid, S. Hohe, et al. General-purpose

event generators for LHC physis. Phys. Rept., 504:145�233, 2011.

[72℄ D. Amati and G. Veneziano. Preon�nement as a property of perturbative QCD. Phys.

Lett., B83:87, 1979.

[73℄ The CMS Collaboration. Measurement of the Underlying Event Ativity at the LHC

with
√
s = 7TeV and omparison with

√
s = 0.9 TeV. JHEP, 1109:109, 2011.

[74℄ The ATLAS Collaboration. ATLAS tunes of PYTHIA 6 and Pythia 8 for MC11. 2011.

ATL-PHYS-PUB-2011-009.

[75℄ S. Agostinelli et al. GEANT4: A simulation toolkit. Nul. Instrum. Meth., A506:250�

303, 2003.

[76℄ Top Physis Analysis Group. Top PAG referene seletions.

https://twiki.ern.h/twiki/bin/viewauth/CMS/TWikiTopRefEventSel. [Un-

published. Online, aessed 21 Mar. 2014℄.

[77℄ The CMS Collaboration. Partile-�ow event reonstrution in CMS and performane

for jets, taus, and MET. 2009. CMS-PAS-PFT-09-001.

[78℄ The CMS Collaboration. Commissioning of the partile-�ow reonstrution in minimum-

bias and jet events from pp ollisions at 7 TeV. 2010. CMS-PAS-PFT-10-002.

[79℄ R. Fruhwirth, W. Waltenberger, and P. Vanlaer. Adaptive vertex �tting. J. Phys.,

G34:N343, 2007.

[80℄ CMS Physis Validation Group. Estimating systemati errors due to pileup modeling.

https://twiki.ern.h/twiki/bin/viewauth/CMS/PileupSystematiErrors. [Un-

published. Online, aessed 25 June 2014℄.

[81℄ The CMS Collaboration. The performane of the CMS muon detetor in proton-proton

ollisions at sqrt(s) = 7 TeV at the LHC. JINST, 8:P11002, 2013.

[82℄ The CMS Collaboration. Eletron reonstrution and identi�ation at
√
s = 7TeV.

2010. CMS-PAS-EGM-10-004.

165



BIBLIOGRAPHY

[83℄ W. Adam, R. Fruhwirth, A. Strandlie, and T. Todorov. Reonstrution of eletrons with

the Gaussian sum �lter in the CMS traker at LHC. In Proeedings, 13th International

Conferene on Computing in High-Enery and Nulear Physis (CHEP 2003), volume

C0303241, page TULT009, 2003.

[84℄ M. Caiari, G. P. Salam, and G. Soyez. The Anti-k(t) jet lustering algorithm. JHEP,

0804:063, 2008.

[85℄ The Top Quark Physis Objet Group. Top projetions, or avoiding double-ounting.

https://twiki.ern.h/twiki/bin/view/CMSPubli/SWGuidePF2PAT. [Unpublished.

Online, aessed 06 May 2014℄.

[86℄ The CMS Collaboration. Determination of jet energy alibration and transverse mo-

mentum resolution in CMS. JINST, 6:P11002, 2011.

[87℄ K. Goebel, J. Haller, J. Ott, and H. Stadie. Jet transverse momentum resolution mea-

surement using dijet events at
√
s = 8TeV. 2014. [Unpublished℄.

[88℄ The CMS Collaboration. Performane of missing transverse momentum reonstrution

algorithms in proton-proton ollisions at
√
s = 8TeV with the CMS detetor. 2012.

CMS-PAS-JME-12-002.

[89℄ J. M. H. Salfeld-Nebgen. Searh for the Higgs boson deaying into τ -leptons in the

di-eletron hannel. PhD thesis, University of Hamburg. DESY-THESIS-2014-019.

[90℄ The CMS Collaboration. Measurement of the tt̄ prodution ross setion and the top

quark mass in the dilepton hannel in pp ollisions at
√
s = 7TeV. JHEP, 1107:049,

2011.

[91℄ The CMS Collaboration. Measurement of di�erential top-quark pair prodution ross

setions in pp olisions at
√
s = 7TeV. Eur. Phys. J., C73:2339, 2013.

[92℄ The CMS Collaboration. Measurement of the tt̄ prodution ross setion in the dilepton

hannel in pp ollisions at
√
s = 8TeV. JHEP, 1402:024, 2014.

[93℄ The CMS Collaboration. Performane of b tagging at sqrt(s)=8 TeV in multijet, ttbar

and boosted topology events. 2013. CMS-PAS-BTV-13-001.

[94℄ L. Sonnenshein. Analytial solution of ttbar dilepton equations. Phys. Rev.,

D73:054015, 2006.

[95℄ The CDF Collaboration. Measurement of the top quark mass using template methods

on dilepton events in proton antiproton ollisions at
√
s = 1.96 TeV. Phys. Rev.,

D73:112006, 2006.

[96℄ The CMS Collaboration. Measurement of di�erential top-quark pair prodution ross

setions in the lepton+jets hannel in pp ollisions at 8 TeV. 2013. CMS-PAS-TOP-12-

027.

[97℄ The CMS Collaboration. Measurement of the di�erential top-quark pair prodution

ross setion in the dilepton hannel in pp ollisions at 8 TeV. 2013. CMS-PAS-TOP-

12-028.

166



BIBLIOGRAPHY

[98℄ The CMS Collaboration. Measurement of the tt̄ harge asymmetry with lepton+jets

events at 8 TeV. 2013. CMS-PAS-TOP-12-033.

[99℄ N. Bartosik. [Private ommuniation℄.

[100℄ A. Ferroglia, B. D. Pejak, and L. L. Yang. Top-quark pair prodution at high invariant

mass: an NNLO soft plus virtual approximation. JHEP, 1309:032, 2013.

[101℄ H. T. Li, C. S. Li, D. Y. Shao, L. L. Yang, and H. X. Zhu. Top quark pair prodution

at small transverse momentum in hadroni ollisions. Phys. Rev., D88:074004, 2013.

[102℄ V. Blobel. A survey of unfolding methods for partile physis.

https://www.wiki.terasale.de/images/a/a8/Blobel_Unfold_Note_20100524.pdf,

2010. Terasale Statistis Tools Shool Spring 2010. [Online, aessed 5 Sep. 2014℄.

[103℄ A. Hoker and V. Kartvelishvili. SVD approah to data unfolding. Nul. Instrum.

Meth., A372:469�481, 1996.

[104℄ K. Takmann, A. Hoeker, and H. Laker. TSVDUnfold software pakage.

http://root.ern.h/root/html/TSVDUnfold.html. [Online, aessed 5 Sep. 2014℄.

[105℄ D.-J. Fisher. Inlusive neutral urrent ep ross setions with HERA II and two-

dimensional unfolding. PhD thesis, University of Hamburg. DESY-THESIS-2011-020.

[106℄ V. Blobel. An unfolding method for high-energy physis experiments. In Advaned

statistial tehniques in partile physis, pages 258�267, 2002.

[107℄ O. Behnke, K. Kröninger, G. Shott, and T. Shörner-Sadenius. Data analysis in high

energy physis: A pratial guide to statistial methods. Wiley, 2013.

[108℄ V. Blobel. Some omments on χ2 minimization appliations. In Statistial problems

in partile physis, astrophysis and osmology. Proeedings, PHYSTAT 2003, volume

C030908, page MOET002, 2003.

[109℄ C. Diez Pardos and J. Kieseler. Dilepton trigger and lepton identi�ation e�ienies

for the top quark pair prodution ross setion measurements at 8 TeV in the dilepton

deay hannel. 2013. CMS AN-2012/389.

[110℄ ATLAS Collaboration, CDF Collaboration, CMS Collaboration and D0 Collabora-

tion. First ombination of Tevatron and LHC measurements of the top-quark mass.

arxiv:1403.4427, 2014.

[111℄ J. Rojo. Top quark prodution at the LHC as a gluon luminometer.

https://indio.ern.h/event/217721/session/1/ontribution/12. TOP LHC

WG Meeting. [Online, aessed 20 Ot. 2014℄.

[112℄ M. Görner. Di�erential ross setions for top-quark-pair prodution in the e/µ+jets
�nal state at

√
s = 8TeV in CMS. PhD thesis, University of Hamburg. DESY-THESIS-

2014-023.

[113℄ The CMS Collaboration. Searh for eletroweak prodution of higgsinos in hannels

with two Higgs bosons deaying to b quarks in pp ollisions at 8 TeV. 2014. CMS-PAS-

SUS-13-022.

167



BIBLIOGRAPHY

[114℄ P. Nason. Issues on the top pt distribution in ME+PS and NLO+PS interfaed to Her-

wig. https://indio.ern.h/event/301787/session/10/ontribution/23. Top

LHC Working Group meeting. [Online, aessed 10 Ot. 2014℄.

[115℄ Top Physis Analysis Group. pt(top-quark) based reweighting of tt̄ MC.

https://twiki.ern.h/twiki/bin/viewauth/CMS/TopPtReweighting. [Unpub-

lished. Online, aessed 08 Aug. 2014℄.

[116℄ G. D. La�erty and T. R. Wyatt. Where to stik your data points: The treatment of

measurements within wide bins. Nul. Instrum. Meth., A355:541�547, 1995.

[117℄ N. Kidonakis. Di�erential and total ross setions for top pair and single top prodution.

In Proeedings, 20th International Workshop on Deep-Inelasti Sattering and Related

Subjets (DIS 2012), pages 831�834, 2012.

[118℄ The ATLAS Collaboration. Measurements of normalized di�erential ross-setions for

tt̄ prodution in pp ollisions at
√
s = 7TeV using the ATLAS detetor. Phys. Rev.,

D90:072004, 2014.

[119℄ M. Czakon and A. Mitov. Top++: A program for the alulation of the top-pair ross-

setion at hadron olliders. Comput.Phys.Commun., 185:2930, 2014.

[120℄ A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt. Parton distributions for the

LHC. Eur. Phys. J., C63:189�285, 2009.

[121℄ A. D. Martin, W. J. Stirling, R. S. Thorne, and G. Watt. Unertainties on αs in global

PDF analyses and impliations for predited hadroni ross setions. Eur. Phys. J.,

C64:653�680, 2009.

[122℄ The CMS and ATLAS Collaborations. Combination of ATLAS and CMS top quark

pair ross setion measurements in the eµ �nal state using proton-proton ollisions at 8

TeV. 2014. CMS-PAS-TOP-14-016, ATLAS-CONF-2014-054.

[123℄ The ATLAS Collaboration. Measurement of the tt̄ prodution ross-setion using eµ
events with b-tagged jets in pp ollisions at

√
s = 7TeV and 8 TeV with the ATLAS

detetor. arxiv:1406.5375, 2014.

[124℄ The CMS Collaboration. Measurement of the di�erential top-quark pair prodution

ross setions in pp ollisions at
√
s = 8TeV. In preparation.

[125℄ Top Physis LHC Working Group (TOPLHCWG). TOPLHCWG - Top physis LHC

working group. https://twiki.ern.h/twiki/bin/view/LHCPhysis/TopLHCWG.

[Online, aessed 30 September 2014℄.

[126℄ M. Czakon. Latest developments in generators and NNLO omputations.

https://indio.in2p3.fr/event/10114/session/2/ontribution/2. Top 2014: 7th

International Workshop on Top-Quark Physis. [Online, aessed 10 Ot. 2014℄.

[127℄ The CMS Collaboration. Searh for Higgs boson prodution in assoiation with a top-

quark pair and deaying to bottom quarks or tau leptons. CMS-PAS-HIG-13-019.

[128℄ The CMS Collaboration. Searh for the prodution of dark matter in assoiation with

top quark pairs in the di-lepton �nal state in pp ollisions at
√
s = 8TeV. CMS-PAS-

B2G-13-004.

168



BIBLIOGRAPHY

[129℄ The CMS Collaboration. Searh for third generation salar leptoquarks deaying to top

quark - tau lepton pairs in pp ollisions. CMS-PAS-EXO-13-010.

[130℄ J. M. Campbell and R. K. Ellis. tt̄ W± prodution and deay at NLO. JHEP, 1207:052,

2012.

[131℄ M. V. Garzelli, A. Kardos, C. G. Papadopoulos, and Z. Trosanyi. tt̄ W± and tt̄ Z

hadroprodution at NLO auray in QCD with parton shower and hadronization ef-

fets. JHEP, 1211:056, 2012.

[132℄ J. M. Campbell and R. K. Ellis. An update on vetor boson pair prodution at hadron

olliders. Phys. Rev., D60:113006, 1999.

[133℄ K. Melnikov, M. Shulze, and A. Sharf. QCD orretions to top quark pair prodution

in assoiation with a photon at hadron olliders. Phys. Rev., D83:074013, 2011.

[134℄ J. M. Campbell, R. K. Ellis, and C. Williams. Vetor boson pair prodution at the

LHC. JHEP, 1107:018, 2011.

169


