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Abstract

A measurement of the tt̄ production cross section at
√
s = 13 TeV is presented us-

ing proton-proton collisions, corresponding to an integrated luminosity of 2.2 fb−1,

collected with the CMS detector at the LHC. Final states with one isolated charged

lepton (electron or muon) and at least one jet are selected and categorized accord-

ing to the accompanying jet multiplicity. From a likelihood �t to the invari-

ant mass distribution of the isolated lepton and a jet identi�ed as coming from

the hadronization of a bottom quark, the cross section is measured to be σ(tt̄

) = 889± 2 (stat)+26
−28 (syst)± 20 (lumi) pb, in agreement with the standard model

prediction. Using the expected dependence of the cross section on the pole mass

of the top quark (mt), the value of mt is found to be 170.6 ± 2.7 GeV.
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Chapter 1

Introduction

The top quark (t) is the heaviest elementry particle known yet. Its discovery

completed the third generation of quarks listed in standard model (SM). The top

quark physics is a rich and still developing �eld. Since the mean lifetime of top

quark (5× 10−25 s) is very small as compared to the hadronization time, therefore

it is the only quark used to study the bare quark properties. At Large Hadron

Collider (LHC), the top quark is mainly produced in pairs via strong interactions.

It can also be produced singly, at a smaller rate, via electroweak interactions.

The precise measurement of the top quark cross section opens the possibility to

perform precision measurements of Parton Distribution Functions (PDFs) and the

extrapolation to top quark pole mass (mt) [1]. Also it provides an opportunity to

search for new physics, the physics beyond the SM and precise measurement of

the strong coupling constant (αS).

As LHC is now running at
√
s = 13 TeV (Run-II), searching for new physics is

particularly relevant. A precise measurement of the tt̄ production cross section

is expected to signal the presence of new physics from a deviation in the ratio of

the cross section at two di�erent center of mass energies of proton-proton (pp)

collision at LHC [2]. Also a deviation in the branching ratios of di�erent �nal

states (lepton universality) [3] and production of supersymmetric t partners [4]

are examples of potential new physics processes.
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In this thesis, the study of a measurement of top quark pair production cross-

section and its extrapolation to pole mass is focused, by using pp collision at the

center-of-mass energy of 13 TeV recorded by the Compact Muon Solenoid (CMS)

detector at the LHC during the year 2015.

The top quark being extremely elusive object, decays most frequently into a bot-

tom quark and a W boson, t → Wb [5] and the W boson can further decay either

to leptons (leptonic decay) or quarks (hadronic decay). Therefore, �nal states are

expected to contain leptons, jets and b-jets. In this measurement, the data events

with an isolated lepton (only muon or electron) and jets in �nal state are chosen,

to study the semileptonic tt̄ decay having a typical signature of two heavy �avored

b-jets, two jets from W boson decay, missing energy and one isolated lepton ( only

muon or electron). The selection, however, is relaxed in order to control the main

backgrounds W+jets, multijet quantum chromodynamics (QCD) and Drell-Yan

(DY) from sidebands. Di�erent techniques are explored to measure the tt̄ mass

and cross-section employing di�erent categories and distributions. A statistical

analysis based on a simultaneous pro�le likelihood �t to the distributions of in-

terest is employed to extract the signal strength. After extrapolating to the full

kinematic phase space, the mass and cross-section is measured.

The thesis is organized as follows: Chapter 2 gives an overview of the physics basics

behind the analysis, including introduction to the SM describing the fundamental

particles and interactions, the role of top quark in the SM and its phenomenology.

The experimental setup, the LHC accelerator and the CMS detector is depicted

in Chapter 3. Chapter 4 is devoted to explain the event generation and detector

simulation procedure. Event reconstruction is detailed in Chapter 5. Event se-

lection, trigger e�ciency and identi�cation and isolation e�ciencies are discussed

in Chapter 6. All the systematice uncertainties are described in Chapter 7. The

measurement of top quark cross-section is described in Chapter 8. The results are

extrapolated to extract pole mass of the top quark in Chapter 9, while the results

are presented in Chapter 10.
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Chapter 2

Theory

The measurement of tt̄ production cross section and mass is the main topic of this

thesis. This chapter is dedicated to describe the SM of elementry particle physics

and some important properties of the top quark. A brief overview of the SM is

highlighted in Section 2.1 while top quark phenomenology, its role in SM and the

characteristics of its production and decay is explained in Section 2.2.

2.1 Standard Model of Particle Physics

The SM is a simple and comprehensive theory that embodies what the matter

is and what holds it together. It was �nalized in early 1970's after experimental

con�rmation of the existance of quarks. Despite the limitations of the SM, the

experiments have established that the SM is a well-tested physics theory over the

time.

2.1.1 The unit system in the SM

Since in particle physics we deal with very small particles so normal System Inter-

national (SI System) units are inconveniently large to use. In high energy physics,

the unit of energy of particles is electron volt (eV), so if an electron is accelerated

through a potential di�erence of 1 volt, the kinetic energy gained by electron is:

1eV = 1.6 × 10−19 joules. The eV is a small unit. Other higher units used by
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particle physicsts are MeV (106 eV), GeV (109 eV) and TeV (1012 eV). This system

of units is referrd to as Natural Units.

In natural units, we set reduced Plank's constant ~ and speed of light c equal to

1. So the relativistic energy-momentum relationship E2 = p2c2 + m2c4 becomes

E2 = p2 + m2. Thus momenta and masses are also expressed in the units of eV.

Similarly the length (~/mc)and time (~/mc2) also have a unit of inverse energy.

Figure 2.1: The fundamental particles of the Standard Model [6].

2.1.2 Basic building blocks of The Standard Model

The fundamental particles of nature can be categorized as fermions and bosons.

The fermions are usually associated with matter while bosons, generally called

force carries, are associated to the forces that govern the interactions between

particles.

The particles with half-intergral spin are called fermions, which have no further

sub-structures. Electrons, protons, neutrons, quarks, neutrinos are all fermions.

Fermions were �rst predicted by Wolfgang Pauli in 1925 [7] and then in 1926,

Enrico Fermi and Paul Dirac independently developed their statistical models to

predict the fermions. They obey pauli exclusion principle and are characterized
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by Fermi-Dirac statistics. According to the SM of Particle Physics, all matter

can be built up from a collection of 12 fermions and their corresponding anti-

particles. The bare quarks do not exist (except top quark which will be explained

in section 2.2) and they form bound states with other quarks. These bound states

are known as Hadrons.

The fermions are categorized in three generations. Each generation consists of

two quarks, a charged lepton and a neutrino associated with it. All ordinary

matter is composed of the �rst generation particles, it may be named as ordinary

generation. In this generation, particles can combine to form hadrons like protons,

neutrons and stable atoms, having e�ectively in�nite life spans. The particles of

the second generation (may be called as exotic particles) and third generation

(may be called as very exotic particles) are unstable, and therefore form unstable

hadrons. They are only produced by cosmic rays in upper atmosphere or in the

collider experiments. The longest-lived hadron containing a second generation

quark is the lambda (λ) particle (made up of up, down and strange quarks). It

has a mean lifetime less than a billionth of a second, which is considered long-

lived for an unstable hadron. In third generation, the bottom quark is not much

stranger than a strange quark but the top quark is so short-lived that it decays

before making any bound state. The neutrinos, so small and precious, are an

important subgroup within the leptons. They have very little mass and interact

so weakly with other particles that they are exceptionally di�cult to detect. To

satisfy the Pauli Exclusion principle, quarks are given color quantum numbers

(red, blue, green) [8�10]. All hadrons are colorless particles, and this is known as

color con�nement.

The Hadrons are further classi�ed into Baryons and Mesons. Baryons are massive

particles and consist of three quarks. Each quark is of di�erent color. Each baryon

has corresponding anti-baryon where quarks are replaced by their corresponding

anti-quarks. Mesons are composed of quark anti-quark pair. Each quark is of

di�erent color but compositly mesons are colorless.

The particles with integer spin are called bosons. Gluons, photons, W, Z and
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Higgs, all are bosons. Gluons, photons, W and Z have spin 1 while Higgs boson

corresponds to a scalar �eld, so it has spin 0. The graviton, not dicovered yet, may

correspond to a tensor �eld that could have spin 2. The statistical rules for bosons

were �rst described by Satyendra Bose and Albert Einstein [7]. Bosons do not

obey Pauli exclusion principle but follow Bose-Einstein statistics. Photon, a force

carrier for electromagnetic force is an example of a massless and chargeless boson.

The W± and Z are massive bosons and carry the weak interactions. The strong

interactions are carried by eight massless gluons. These particles are summarised

in Table 2.1.

Force Boson Symbol Charge Mass (GeV)

Electromagnetic Photon γ 0 Massless

Weak W W± ±1 80.398±0.0025
Weak Z Z0 0 91.188±0.002
Strong 8 gluons g 0 Massless

Table 2.1: The Standard Model Forces with the corresponding bosons and their

properties [11].

2.1.3 Extension of The Standard Model

The SM is one of the most tested theories in physics and is able to explain many

observations in the electroweak and strong sector. Numerous precision measure-

ments have been carried out to test the validity of the SM and so far so good. The

outstanding successes of the SM include determination of the anomalous magnetic

moment of the electron [12], the discovery of a scalar Brout-Englert-Higgs (BEH)-

like boson in 2012 [13] and the prediction of the top quark in 1995 [14,15]. Despite

its great success, the SM has some theoretical and experimental shortcomings. A

few of them are discussed in the following.

Uni�cation of forces

The biggest success of the SM till date is the uni�cation of electromagnetic and

weak forces, so-called electroweak force. In 19th century, electric and magnetic

forces were uni�ed in the theory of electromagnetism by Maxwell. In 20th cen-

tury, a theory was developed to unify electromagnetic and weak forces to the

6



electroweak force but there is no strong theory about the uni�cation of the strong

force. Nevertheless, it is expected that at some very high energy, the forces are

indeed uni�ed and this uni�cation breaks spontaneously at the energy scales where

the forces appear to be distinct.

Gravitational force

The general theory of relativity describing gravity can not be described in SM

because a quantisation of the �eld of gravity leads to non-renormalisable diver-

gences [16]. This is one of the main issues that prevents the SM from becoming

the uni�ed theory explaining all phenomena in the universe.

The hierarchy problem

The famous hierarchy problem relates the large discrepancy between the elec-

troweak energy scale, on the order of 102 GeV and the Plank scale around 1019

GeV where gravity starts playing a crucial role. In this large gap between the two

energy scales no new phenomena are predicted. Therefore the relatively light mass

of the BEH boson induces very large corrections on the parameter of the SM. The

SM does not explain this scienti�c puzzle.

Dark matter

Two di�erent aspects that are observed in our universe and can not be explained

by SM, are dark matter and dark energy. The dark matter does not interact

electromagnetically with matter and it does not absorb, emit or re�ect light. So

it is very di�cult to spot it. In our universe, the speed of rotation of galaxies does

not support the generated gravity. So it is not possible to hold them togather

with that gravity. The scientists believe that some undetectable matter is giving

extra mass to these galaxies, generating the extra gravity to hold them together.

This unkown matter is called as dark matter. It is measured through the e�ect

of weak gravitational lensing, that mass of the galaxies consists of 80% [17] dark

matter and the remaining 20% consists of ordinary matter. Studies of type 1a

supernovae reveals the expanding universe which leads to the need of dark energy.

Approximately 68.3% [18] of the content of universe is made up of dark energy.
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Neutrinos: mixing and masses

The SM does not incorporate neutrino masses and oscillations. SM only contains

left-handed massless neutrinos which are classi�ed into three generations or �a-

vors. So neutrinos can not form Yukawa couplings and thus not obtain their mass

through the BEH mechanism [19].

2.2 Top quark phenomenology

The discovery of the Upsilon as a bound state of a bottom and anti-bottom quark

at Fermilab in 1977 [20], con�rmed the existance of third generation quarks. The

expectations to �nd its generation partner, the top quark, remained alive. The

top quark was �rstly discovered at the Tevatron by the collaborations of CDF

and D� experiments [21,22] in 1995. As the top quark is the heaviest elementry

particle known till date, o�ers very interesting �elds of study. Also the lifetime of

top quark is very small [23] and is given as:

τt =
1

Γt
∼ 0.5× 10−24s <

1

ΛQCD

<
mt

Λ2
QCD

∼ 3× 10−21s, (2.1)

where 1
ΛQCD

is the hadronization time scale and mt

Λ2
QCD

is spin decorrelation time

scale. So the top quark decays before any hadronization or bound state and all

the information concerning the properties of top quark is directly transferred to

its decay products. The study of top quark provides possibilities to observe a

quark largely una�ected by colour-con�nement and these properties are crucial

to test the SM predictions for the behaviour of a free quark or bare quark. The

top quark is likely to be a sensitive probe of the electroweak (EWK) symmetry

breaking [24,25]. In addition, top quark is a major background to many important

searches Beyond the Standard Model (BSM) processes. A precise measurement

of top quark properties is still of particular interest, even after the 20 years of its

discovery.
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2.2.1 Top quark production

At LHC, top quarks are produced by two di�erent mechanisms. Top pairs (tt̄ )

are produced via strong interaction while single tops (either t or t̄) are produced

via weak interactions. The leading-order (LO) diagrams for the production of tt̄

pairs and single top are shown in Figure 2.2 and Figure 2.3, respectively. The LO

pair production modes are either induced by the fusion of two gluons, (gg → tt̄)

or by the annihilation of quark and antiquark (qq̄ → tt̄) [26]. The required energy

to produce a tt̄ pair is at least double the top quark mass. In the LHC, at center-

of-mass energy of 13 TeV and at the corresponding partonic momentum fraction,

the gluon-gluon luminosity is higher than the quark luminosity [27]. Therefore at

LHC, being a proton-proton collider, gluon fusion is the more dominant production

mechanism where ∼ 95% of tt̄ pairs are produced by gluon-gluon fusion [26,27].

Figure 2.2: LO feynman diagrams of the tt̄ pair production (a) via quark anti-

quark annihilation and (b-d) via gluon fusion.

The constituents of a proton play an important role in the production of any

particle. The content of hadrons is usually characterised by the parton distribution

functions (PDFs), which is written as [28]:

σtt̄h1h2(s,mt) =
∑
i,j

∫ 1

0

dx1dx2fi(x1, µF )fj(x2, µF )σ̂ij, (2.2)

where σ̂ij(ŝ = x1x2s,mt, αs(µR)) is the cross section for the partonic process ij → tt̄

(with i, j = g, q, q̄) convolved with the parton distribution functions fi(x, µF ) of
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W

Figure 2.3: LO feynman diagrams of the single top (a) s-channel, (b) t-channel

and (c) for tW-channel.

the proton. At LO, the parton distribution functions describe the probability for

�nding a parton i with momentum fraction x inside proton, at a factorization

scale µF . Like the renormalization scale µR, the factorization scale is set to a

typical scale associated with the process. A suitable choice is µF = µR = mt.

The dependence of the cross section on these arti�cial scales is a remnant of �xed

order perturbation theory. The theory of uncertainty is evaluated by varying the

scales by factors of 1/2 and 2. The uncertainty decreases with the inclusion of

higher order corrections, where the state-of-the-art is next-to-next-to-leading order

(NNLO) [29].

At the LHC, in addition to tt̄ producction, also single top production via elec-

troweak interaction is possible with much smaller cross sections. Based on the way

the W-boson is involved in the reaction, the single-top production can be catego-

rized into three production categories i.e. s-channel, t-channel and tW -associated

production. The t and s-channels have a similar structure with di�erent virtuality

of the mediating W -boson. The s-channel production of the single top has the

smallest cross section while the t-channel has the largest production cross section.

In the tW -channel, the top quark is produced in association with a W -boson, re-

quiring a bottom quark in the initial state. The LO production of the tW, where

σtW < σtt̄, is well de�ned but at NLO, it is very di�cult to separate tW production

from tt̄ production. At NLO, σtW gets huge virtual and real corrections [31] due

to contamination from tt̄ . Figure 2.6 shows the contributions to tW production
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Figure 2.4: Summary of the LHC measurements of tt̄ production cross section at

di�erent center-of-mass energies [30].

at NLO. So at NLO QCD, tW production is expected to interfere with tt̄ pro-

duction because of the similar initial and �nal states of some diagrams [32]. This

interference contribution is large when mbW → mtop.

Figure 2.5: NLO feynman diagrams of the tW production.

Two schemes for de�ning the tW signal and distinguishing it from tt̄ production

have been compared in this thesis [33]. The di�erence between them measures the

tW-tt̄ interference.

In the DR method, all diagrams that enter tt̄ production at the amplitude level

are removed. Thus the interference with LO top pair production is completely

removed. The removal of these diagrams can lead to the violation of electroweak

and QCD gauge invariance.
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In DS method, a gauge-invariant subtraction term modi�es the NLO tW cross

section to locally cancel the contribution from tt̄ . This method is based on the

narrow approximation.

2.2.2 Top quark decay

The life time of top quark is about 20 times shorter than the typical timescale for

the strong interaction [23], so it is the only quark in the SM that can decay through

the weak interaction. Also the large mass of the top quark distinguishes it from

other quarks and results into a rich phenomenology of the top quark decays [34].

As the mass of the top quark exceeds the W -boson mass, it decays weakly via

t → Wq. Due to large value of the Cabibbo-Kobayashi-Maskawa (CKM) matrix

element Vtb [35], the top quark decays mostly to a W -boson and a b-quark [36].

The relative probabilities of the decay modes are given by the squares of the

corresponding elements of the CKM matrix,

BR(t→ dW+) ≈ 1× 10−4,

BR(t→ sW+) ≈ 1.6× 10−3,

BR(t→ bW+) ≈ 0.998.

The subsequent decay of the W -boson can occur in the following decay modes:

BR(W+ → l+ve) = 0.108, l = e, µ, τ ,

BR(W+ → qq̄) = 0.337× |Vqq̄|2.

Depending on the decay modes of the W -boson [37], top quark pair events can be

classi�ed into three event categories where W -boson decays either in zero lepton

(all-jets), one lepton (lepton+jets) or two leptons (dilepton). All-jets �nal state

has the largest branching fraction. It has no "loss" by decays into τ leptons and

over constrained kinematics since no neutrino from W -boson decay is present.

However, it su�ers from the non-resonant multijet background. The dileptonic

�nal state, after suppression of the Drell-Yan background is the cleanest channel

because it is characterized by two isolated leptons with high transverse momentum.

But it also su�ers with small branching ratio and event reconstruction is di�cult

due to the presence of two hard neutrinos. The lepton+jets channel (usually

electron+jets and muon+jets) having large branching fraction, one isolated high
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transverse momentum lepton, at least four jets, two of which are b-quark jets, and

constrained kinematics, makes it a good candidate for experimental analysis [37].

Figure 2.6 shows all categories of the top quark decay.

Figure 2.6: Di�erent channels of top pairs decay.

BR(tt̄)→ bb̄+X) e+ve µ+vµ τ+vτ qq̄

e−v̄e 1/81 1/81 (1/81) 6/81

µ−v̄µ 1/81 1/81 (1/81) 6/81

τ−v̄τ (1/81) (1/81) (1/81) (6/81)

qq̄ 6/81 6/81 (6/81) (36/81)

Table 2.2: Decay modes of tt̄ pairs, depending on the approximate W boson

branching ratio. Decay modes containing τ leptons pose additional experimental

challenges so that they are rarely used in the analysis of top quark properties.

2.2.3 Top quark mass

The top quark mass mt is the most interesting parameter to dsiscuss in top quark

physics. The mass of the top quark is a free and key parameter of the guage theory

and SM. The two well de�ned schemes are the pole mass scheme and MS scheme.

In pole mass (mpole
t ) scheme, also known as long distance mass scheme, the classical

top mass is measured by taking the top quark to at in�nite distance. In this scheme

top mass is measured in isolation, without any external interaction. Therefore this
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scheme is only valid for colorless and stable particles. But all quarks are colored

particles so it has certain theoretical limitations.

In MS scheme, also known as short distance mass scheme, main advantage is the

cancellation of static interquark potential and divergences in the self-enegy. The

perturbative series for inclusive tt̄ cross section withMS converges faster than the

pole mass. Figure 2.7 shows the relationship between pole mass scheme and MS

scheme.

Figure 2.7: Relationship between pole mass scheme and MS scheme. It includes

either QCD or electroweak corrections, or both [38].

2.2.4 Other top quark properties

A very short life time and the heaviest elementry particle known today, top quark

is believed to play crucial role in electroweak symmetry breaking, serves as a

window to access new physics beyond the SM and provides a unique environment

to observe a free or bare quark. Few important parameters and physics searches

related directly and indirectlyto the top quark study are following:

• top quark mass
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• top anti-top mass di�erence

• tt̄ forward backward charge asymmetry

• tt̄ spin correlations

• ratio of branching fractions

• W helicity and anomalous couplings

• color �ow in tt̄ events

• search for �avor changing neutral currents (FCNC)

2.2.5 Top quark as calibration tool

As discussed earlier, top quarks are produced in millions at the LHC, so LHC can

be considered as a factory of the top quark. The production of top quark pairs

can be used to calibrate the LHC detectors in complex event-topologies. Large

statistics samples of the top quark pair events are used to infer corrections to

detector and reconstruction e�ects. Assuming the SM prediction BR(t→ bW ) =

1, several techniques have been developed to calibrate the e�ciency of b-tagging

algorithms [39, 40] in both the l+jets and di-leptonic decay channels, which are

used to estimate the light jet energy scale, missing energy, leptons and trigger in

the l+jets channel.
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Chapter 3

The Machine

The Standard Model (SM) as discussed in detail in previous chapter, has several

shortcomings and limitations. Di�erent theories have been developed to extend

the Standrad Model but to test these theories experimently, we need high energy

particle accelerators. A series of particle accelerators i.e. Stanford Linear Ac-

celerator Center (SLAC), Tevatron, D0, Large Electron-Positron Collidor (LEP),

Large Hadron Collidor (LHC) [41] were built to verify these theories. Currently

the LHCis the world's biggest and most powerful machine where scientists, engi-

neers and students from all over the world are involved in di�erent experiments

to study the SM and to explore Physics beyond The Standard Model.

In this chapter, Section 3.1 describes brie�y the introduction of Large Hadron Col-

lidor, its important parameters and the experiments. In section 3.2, The Compact

Muon Solenoid (CMS) experiment [42] is explained in detail since all the study

presented in this thesis is carried out on the data recorded by CMS during year

2015.

3.1 The Large Hadron Collidor (LHC)

The Large Hadron Collidor is the most powerful and complex particle collider ever

made by mankind. It was designed to carry out proton-proton collisions at the

center-of-mass energy of 14 TeV with the maximum luminosity of 1034 cm2 s−1.

So each beam of protons have an energy of 7 TeV which is nearly 7 times more

16



than the previous world's most energetic detector, Tevatron accelerator [43] which

collides proton-anitproton at center-of-mass energy of 1.96 TeV. Although LHC is

a proton-proton collidor but in some weeks of the year heavy ions (lead ions) are

also collided for heavy ion physics.

The LHC was built by the European Organization for Nuclear Research, CERN,

near the Swiss-French border at Geneva, Switzerland. The LHC tunnel which

had a circumference of 26.7 km and is 175 meters under the surface of earth,

was excavated in the 1980's for the installation of LEP. The LEP was shutdown

in 2000 and the installation of LHC started in the same tunnel. The First ever

proton-proton collisions at 7 TeV center-of-mass energy started in March 2010.

The detector was shut down in March 2012 after achieving center-of-mass energy

of 8 TeV and reopened in June 2015 for its Run-II with much higher energy ever

attained by any particle accelerator of 13 TeV.

Figure 3.1: The injection chain of the LHC accelerator complex [44].
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3.1.1 Design Parameters of LHC

Protons are obtained by stripping o� the orbital electrons from hydrogen atoms.

The protons are accelerated in several steps before being inserted to the LHC

as is shown in Figure 3.1. These protons start their tour and are accelerated to

�rst linar accelarator (LINAC 2) via a grid with constant negative charge. In

LINAC 2, protons gain an energy of 50 MeV. From LINAC 2, protons are directed

to a synchrotron, the proton synchrotron booster (PSB), where the protons are

squeezed into bunches and their accelerating energy reaches to 1.4 GeV. From

PSB, the beam is directed to a circular accelerator, Proton Synchrotron (PS). The

circumference of PS is about 628.3 m. Here the beam gets its bunch structure and

every bunch is spaced by 25 ns from the previous. In PS the protons are accelerated

upto 26 GeV. After leaving PS, the protons enter super proton synchrotron (SPS)

which is a 6 km long accelerator. In SPS, the protons are accelerated upto 450

GeV and the bunches �nally enters the �nal LHC ring where they are accelerated

to their projected center-of-mass energy , 14 TeV with in just 20 minutes.

For heavy-ion collisions, lead ions are produced using a source of vaporized lead.

Then these ions are sent to linear accelerator (LINAC 3). After LINAC 3, ions

are transferred to Low Energy Ion Ring (LEIR) and take the same route as the

protons from the PS accelerator to the LHC �nal ring.

In LHC, protons are "bunched" togather rather than to have a continuous beam

of particles while �lling the LHC machine, a bunch seperation of 25 ns (for 2011

data taking period bunch seperation was 75 and 50 ns while it was 50 ns for 2012)

is maintained with trains of 72 occupied and 12 empty bunches. Out of the 3564

bunch spaces available during each cycle, 2808 are �lled. So each of the two beams

of LHC, moving in opposite directions consists of upto 2808 bunches of proton with

upto 1.7× 1011 particles per bunch. During the circulation of the bunches in LHC

machine, the �lling is suspended. The beams remain in the machine to provide

collisions for 10-15 hours and when the luminosity of beams is degraded, these are

dumped and machine is re�lled.

In order to keep protons on track and accelerate them to nearly speed of light,
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LHC uses di�erent kinds of superconducting cavities (SC) and magnets (dipoles,

quadropoles, sextopoles, decapoles etc) along the ring. Each of the two beams of

LHC having the particles of the same charge need two opposite magnetic �elds

along their paths. The width of the tunnel is not su�cient to set up two di�erent

accelerators, so a special twin-bore magnet system was designed to generate the

dipole �eld. Figure 3.2 shows the cross section of main LHC double bore magnet

where two coils are integrated in one cryostat.

Figure 3.2: Cross section of the LHC double bore magnet [45].

The LHC consists of 1232 superconducting dipole magnets, 15 meter long and

weighing over 27 tonnes each. These magnets produce a �eld of upto 8.36 Tesla

for 7 TeV beams and are cooled by 37 million kilograms of super�uid helium

to a temperature of 1.9 K to achieve superconductivity for the Niobium-Titanium

windings of the magnets. Few quadrupole and sextupole magnets are also installed

at several points along the ring to focus the beam and for orbital corrections.

3.1.2 The experiments at LHC

At the Large Hadron Collidor, the two beams travelling in opposite directions,

collide with each other at four di�erent places. At these places the curved shape

of LHC tunnel is changed to a straight section. Along these interaction points
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Parameter Designed value

circumference [Km] 26.7

injection energy [TeV] 0.45

peak dipole �eld [T] 8.33

center-of-mass energy [TeV] 14

peak luminosity [cm2s−1] 1034

circulating beam current [A] 0.58

number of bunches 2808

bunch population 1.1× 1011

bunch spacing [ns] 25

transverse normalized emittance [µm] 3.75

full crossing angle [µrad] 300

stored beam energy [MJ] 360

stored magnets energy [GJ] 11

energy loss per turn [KeV] 6.7

dipole perating temperature [K] 1.9

Table 3.1: The designed parameters of the LHC accelerator [46].

four detectors are installed. These all four detectors are di�erent from each other

depending on their speci�c physics programme.

A Toroidal LHC Appratus (ATLAS)

ATLAS [47, 48] is the largest detector of LHC with 46 meters long, 25 meters in

diameter and 7000 tonnes weight. The volume of ATLAS is about twice of the

CMS. It is a multi-layered experiment consisting of four sub-detectors. ATLAS

has diverse physics programme. The purpose of this experiment is to search new

physics, extra dimensions, supersymmetry (SUSY), precise study of the properties

and characteristics of already discovered particles and cross check the results of

Compact Muon Solenoid detector.

Compact Muon Solenoid Detector (CMS)

CMS [49,50] also has a vast physics programme. The main responsibilities of CMS

is to probe the physics beyond standard model, precise and improved study of the

known particles, search out the constituents of dark matter, extra dimensions, and

verify and cross check the ATLAS results. A dtailed explanation of CMS is given

in section 3.2.
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A Large Ion Collider Experiment (ALICE)

Along with two huge general purpose detectors at LHC, there are some speci�c

purpose experiments installed. ALICE [51,52] is also a speci�c purpose experiment

that focuses on the study of quark-gluon plasma (QGP). The QGP is produced by

heavy ion collisions. Along with proton-proton (pp) studies, main focus of ALICE

is to study lead-lead and proton-lead collisions. Usually in November every year,

LHC is switched to heavy ions (lead ions) instead of protons.

LHCb

This is also a speci�c purpose experiment which is designed to focus on heavy

�avour physics, b-quark sector and CP violation that helps to investigate the

di�erences between matter and antimatter. So the main physics objective of LHCb

is to investigate the presence of antimatter in the universe. LHCb [53] experiment

consists of a series of discrete detectors to detect particles in the range between

10 mrad to 300 mrad. collaboration does not cover the whole spatial range but

it acts as a one-arm spectrometer which only focuses on the study of charm and

beauty mesons which are predominantly produced in the forward and backword

directions with small angles to the beam line.

LHCf

It is the smallest detector of LHC which is about 460 feet in front of the ATLAS

collision point [54]. It is designed to perform precision measurements of the par-

ticles that are produced in the forward region to improve the understanding and

stimulate the ultra high energetic cosmic rays in laboratory conditions.

Total Cross Section, Elastic Scattering and and Di�raction Dissociation

Measurement (TOTEM)

It is installed close to the CMS interaction region and focuses on the forward

particles that are produced in proton-proton collisions in CMS. TOTEM is spe-

cially designed to measure elastic proton scattering and total proton-proton cross-

secion [55].
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3.2 Compact Muon Solenoid (CMS)

CMS is located in 100 meters underground cavern near village Cessy, France. As

mentioned earlier, it has a 4π geometry with diverse physics programme. The key

feature of CMS is superconducting magnets that provide a magnetic �eld of 3.8

T. The CMS detector has multi-layered onion like structure where each layer is

designed to measure the momentum and energy of speci�c particles. The layers

inner tracking system, the electromagnetic calorimeter and hadron calorimeter

are hosted inside the bore of superconducting magnet [42]. Muon detector system

is located out side the magnet. It is compact in the sense that as compared to

ATLAS detector, CMS having cylindrical shape, is only 22 meters long with overall

diameter of 15 meters. But the weight of the CMS is 15 thousand tons.

Figure 3.3: The CMS detector, a longitudinal view. The tracking system is located

very close to the beam pipe which is surrounded by electromagnetic and hadronic

calorimeters. The muon detection system is located out side the magnet [42].

3.2.1 Coordinate system

In order to locate a certain particle in the detector, a coordinate system is used

by the CMS which is centered at the collision point. The x -axis is directed from

origin to the center of the LHC while the y-axis upwards to ground surface and

the z -axis is set perpendicular to x and y axis.
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Figure 3.4: A slice of the Compact Muon Solenoid detector [42].

To locate the particles in detector, we normally use the azimuthal angle φ, the

polar angle θ and radial coordinate `r '. Azimuthal angle φ, is the angle between

object and x -axis, and is measured in the x -y plane. It ranges from 0�2π. The

polar angle θ (most oftenly used pseudorapidity instead of θ) is measured from

the positive z -axis [?, 56]. The pseudorapidity is given as:

η = − ln |tan(
θ

2
)| (3.1)

3.2.2 Tracker

The CMS tracker is the innermost part of the detector and is closest to the beam

pipe around the interaction point, receiving a very high particle �ux. The length

of this cylinderical shape detector is 5.8 meters and its diameter is 2.6 meters. The

whole tracking system is immersed in a magnetic �eld of 3.8 T [57]. The tracking

system is designed to provide an e�cient and precise momentum resolution of

the charged particles. Identi�cation of primary and secondary vertices and recon-

struction e�ciency of charged particles, produced during high energy collisions is

also performed by CMS traker system. The curvature of the tracks produced by

charged particles is used to measure the momentum of the particles.

The CMS tracker system consists of two main detector technologies, the pixel
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detector and the silicon strip detector covering the pseudorapidity range |η| < 2.5.

Figure 3.5: Schematic overview of the CMS pixel detector [58].

The pixel detector, as shown in Figure 3.5, is the �rst layer of the tracker and is

located closest to the beam pipe at a radius of less than 10 cm from the beam

axis. The pixel detector consists of three barrel layers installed at radius of 4.4 cm,

7.3 cm and 10.2 cm respectively and two disks on each side of the barrel are located

at distances of ±32.5 cm and ±46.5 cm from the collision point. The cell size of

the pixel detector is 100 × 150 µm2. The pixel detector is organized in 1440

modules with 66 million hybrid pixel sensors.

The pixel detector is surrounded by silicon strip tracker where the particle density

decreases. Figure 3.6 displays the CMS silicon strip detector. The silicon strip

tracker consists of 9.6 million silicon strip sensors. It is 5.8 m long and ranges from

20 cm to 116 cm in radius. The silicon strip detector consists of several modules.

The Tracker Inner Barrel (TIB) consists of four layers. The length of these layers

ranges from 20 cm to 55 cm and covers the range |z| < 65 cm. Each side of TIB is

complemented with three additional disks, the Tracker Inner Disks (TID) in the

region of 65 cm < |z| < 110 cm. Tracker Outer Barrel (TOB) surrounds the inner

part. TOB consists of six layers of silicon strip detectors which extend from 55 cm
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to 116 cm and is in a range of |z| < 118 cm. At each side of TOB, nine end cap

disks are installed. These disks are called Tracker Endcap disks (TEC) and they

range from 124 cm < |z| < 282 cm at a radius of 22.5 cm to 113.5 cm. The coverage

of silicon strip tracker ranges up to |η| < 2.5. The inner part (TIB) provides the

resolution for a single hit of 23 to 35 µm, while the outer barrel (TOB) provides

the resolution of single hit between 35-53 µm. The details of the tracker system

are listed at [57]

Figure 3.6: Cross section of the CMS tracker detector [59].

3.2.3 Calorimeters

The CMS calorimeter system consists of two di�erent subsystems, the electro-

magnetic calorimeter (ECAL) and hadronic calorimeter (HCAL). The calorimeter

system is responsible to measure the energies of electromagnetically interacting

particles (ECAL) and neutral or charged hadrons (HCAL).

Electromagnetic Calorimeter

The electromagnetic calorimeter is made up of very dense tungstate (PbWO4)

scintillating crystals. It is a homogeneous and nearly hermetic detector. The

radiation length (X0) of lead tungstate crystals is very short X0 = 0.89 cm, so

the ECAL can stop high energetic electrons while still remaining relatively com-

pact. About 80% of light is emitted in 25 ns time window so it has a very fast

response time. In the barrel region, this scintillation light is ampli�ed by two
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silicon avalanche photodiods (APDs) and in the endcaps by vacuum phototriodes

(VPTs) [60]. The general parametrization of the ECAL energy resolution is given

by [?],

(
σ

E

)2

=

(
S√
E

)2

⊕
(
N

E

)2

⊕ C , (3.2)

where S stands for the stochastic term, N stands for the noise term and C is the

constant. Using Equation 3.2, CMS ECAL is designed to provide excellent energy

resolution of photons and electrons [61] by,

(
σ

E

)2

=

(
2.8%√
E

)2

⊕
(

12%

E

)2

⊕
(

0.3%

)2

, (3.3)

where the energy E is measured in GeV. The electromagnetic calorimeter is seg-

mented into three regions, The ECAL Barrel (EB), The Endcaps (EE) and The

Preshower (ES).

Figure 3.7: Cross section of a quarter of the ECAL [42].

The ECAL Barrel region (|η| < 1.5) is composed by 61200 scintillating crystals

with inner radius of 129 cm. The length of barrel crystals is 230 mm and are

mounted towards the nominal interaction point (IP) with a tilt of 3◦. The crystals

cover a front area of 22 × 22 mm2 and thus cover 0.0174 in ∆φ and in ∆η for

η ≈ 0.
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The endcap calorimeter (EE) are placed 3.4 meters far from the interaction point

(IP) in each side of the barrel. The endcap ECAL extends the pseudorapidity

range to 1.479 < |η| < 3.0. Each endcap contains 7324 crystals with surface size

of 28.62× 28.62 mm2 which is slightly larger than the barrel ECAL crystals.The

length of EE ceystals is 220 mm.

The last part of the ECAL is the preshower detectors (ES), installed infront of the

endcaps. The coverage of ES is upto 1.653 < |η| < 2.6. This cylinderical shape

detector is 0.18 meters long with a total weight of 1850 Kg. The ES detector

consists of two lead radiators to initiate electromagnetic cascades interleaved with

silicon sensors of dimensions 6.3 cm × 6.3 cm. The silicon sensors are divided into

32 strips which form a circular shape covering the crystal endcap. The major pur-

pose of the preshower detectors is to distinguish between photons and π◦ mesons.

The preshower has very �ne granularity than ECAL and can separate the photons

in high η region.

Hadronic Calorimeter

The hadronic calorimeter is designed to provide good resolution for dijet events

and it plays vital role in the measurement of the missing transverse momentum.

Alternating layers of brass with a thickness of 5 cm are used as absorber material

while plastic scintillator of thickness 0.37 cm is used active material. The scin-

tillation light is converted by wavelength-shifting �bres and channeled to hybrid

photodiodes (HPDs) via clear �bres. The HCAL can also be segmented into two

parts, the Hadron Barrel (HB) and Hadron Endcap (HE) [63].

The barrel HCAL (HB) contains 15 brass plates and covers pseudorapidity range

of |η| < 1.4. It is divided into 2304 segments ("towers"), each covering 0.087 in ∆φ

and ∆η. As barrel HCAL is contained between ECAL and magnet, maximization

of absorber material is crucial to catch the complete hadronic showers and leackage

can occur. Therefore an extra scintillator layer is added just outside the magnet

coil, called the hadron out calorimeter (HO) [64] which increases the thickness

of the calorimeter system to about 10 hadronic interaction lengths and covers a

pseudorapidity region of −1.26 < |η| < 1.26.
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The endcap hadronic calorimeter (HE) on both sides of the barrel, cover the region

1.3 < |η| < 3.0 partially over lapping the barrel detector and are composed of 2304

towers. The tower size in HE is the same as for HB upro |η| < 1.74. Beyond this

region, the tower sizes are incrementally enlarged to a maximal ∆η ×∆φ size of

0.350× 0.174.

Figure 3.8: Detailed view of a quarter of the HCAL in rη-plane [42].

Finally the system is complemented with forward HCAL system (HF), installed

at 3.0 < |η| < 5.0 and at a distance of 11.2 m from the interaction point along

the z-axis. Steel is used as an absorber and has a total depth of 1.65 m. Quartz

�bres are inserted as active material. The particles emit Cerenkov light that is

detected by HPDs. In total, the two HF modules contain 900 towers, having a

segmentation in η of 0.1-0.3 and 10◦-20◦ in φ. Each HF tower has two readout

channels at di�erent depths (8.2 and 9.5 hadronic interaction lengths) allowing for

a separation of the electromagnetic and hadronic shower components.

(
σ2
E

E

)2

≈

(
100%.

√
E√

E

)2

⊕ (5%)2 (3.4)
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3.2.4 Superconducting magnet

One of the most prominent feature of CMS detector is the superconducting magnet

which produces a magnetic �eld of 4T. The magnet is build of 50 km of supercon-

ducting coil of NbTi with a cross section of 64 × 22mm2 in 2168 windings. It is

12.9 m long with internal diameter of 5.9 m. The tracker and the calorimeters are

located within the coil while the muon detectors are located within the iron return

yoke. The magnetic return �ux in the iron yoke has a �eld strength of 2T, bending

the path of muons into the opposite direction. The magnet produces a uniform

magnetic �eld around the interaction point when it is operated with a current of

19.5 kA, storing a total energy of 2.7 GJ and momentum resolution [65]:

δp

p
≈ 10% at p = 1 TeV (3.5)

3.2.5 Muon system

The muon system is the most outer part of CMS which provides a high muon

identi�cation e�ciency and charge determination upto momenta of 1 TeV. Since

muon is the least interacting and massive particle, it penetrates almost all layers

of the CMS detector. Therefore, detection of muons is a key task of the CMS.

The muon system is responsible for a precise reconstruction of the muons comple-

menting the inner tracker and the calorimeter. Three di�erent gas detectors are

included in muon system, Drift tubes (DT), Cathode Strip Chambers (CSC), and

Resistive Plate Chambers (RPC).

There are four DT layers, consisting of 172000 delicate wires and are placed 4.0,

4.9, 5.9 and 7.0 meters along the beam pipe in barrel region. 250 aluminum DT

chambers are �lled with 85% Ar and 15% CO2 and covers the pseudorapidity

range of |η| < 1.2. In this range, the neutron �ux and muon rate is very low. The

dimensions of drift tubes varies from 1990 × 290 × 2536 mm to 5966 × 290 ×

2536 mm. Each DT station has a very good single-hit spatial resolution of around

100 µm and an angular resolution of 1 mrad.
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The CSC chambers are located in the end cap region of CMS where the magnetic

�eld is not uniform and muon �ux is large. CSC's covers the pseudorapidity

range (|η|) of 0.9 to 2.4. There are 486 cathode strip chambers �lled with 30%

Ar, 50% CO2 and 20% CF4. Cathode strip chambers have fast response time

and high radiation resistance. The CSC's are optimized to large neutron-induced

background. Spatial resolution of 486 CSC is 100-200 µm while angular resolution

is of 10 mrad.

The resistive plate chambers are accompanied both by DT in barrel region and

by CSC in end cap region. Each RPC has a double-gap backelite chamber with a

gap width of 2 mm and operating in avalanche mode. These are �lled with 95.5%

of freon (C2H2F4), 3.8% of isobutane (C4H10) and 0.3% of SF6. These detectors

provide very fast response and a good time resolution to assign a muon to the

correct bunch crossing. The �rst two barrel layers of the DT system are sandwiched

between two layers of RPC while the other DT layers have one accompanying

RPC layer. The RPC's accopanying the CSC's in the endcap regions only cover

the pseudorapidity range upto |η| < 1.6.

Figure 3.9: A slice of one quadrant of muon system in Compact Muon Solenoid

experiment.
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In total, the muon system covers an active area of 25 000 m2 and has one million

readout channels. The time resoluution for all muon subdetector systems is around

3 ns, providing excellent trigger capabilities. In combination with the inner tracker,

the muon system improves the momentum resolution in the barrel for muons with

pT > 200 GeV.

3.2.6 Trigger

During nominall operation of LHC, at the design luminosity of 1034cm2s−1 and

25 ns of bunch spacing, collisions rate reaches upto 40 MHz. It is not possible

to store and access such high rate of data. Therefore a trigger system needs to

be implemented that can select the potentially interesting events to be stored on

tape. The CMS trigger system works in two steps, hardware triggers, also called

Level-1 (L1) [66] and software triggers, called High Level Triggers (HLT) [67].

Level 1 trigger, a specialised electronics trigger, installed in the underground ser-

vice cavern (USC). Figure 3.10 shows the structure of L1 trigger. As the LHC

delivers collisions every 25 ns and this time frame is very short for full detector

reconstruction, a bu�er memory is installed next to the detector to host 128 col-

lisions. L1 trigger is very fast and and decides to keep or reject an event in ≈

1 µs. The L1 trigger takes crude information from the muon stations and the

calorimeters. The L1 tigger reduces the data rate to 100 kHz.

The events that are passed L1 triggers are shipped to the High Level Trigger farm

(HLT) which is running on large number of computers, restricting the output rate

to no more than 100 Hz. The HLT uses a series of consecutive �lters to reduce

the data rate.

3.2.7 The LHC computing grid

In order to process and store the recorded or simulated data, LHC has designed a

hierarchial structure of computing centers. The Worldwide Large Hadron Collider

GRID (WLCG) makes all the collected data available to the students and scientists
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Figure 3.10: A schematic view of the L1 Trigger [68].

all over the world. The WLCG groups togather GRID systems from smaller

geographical areas like the EGEE (Europe) and the OSG (United states). The

WLCG consists of four types of layers or "Tiers" and allows for real-time data

access. There are four Tiers in total ranging from 0 to 3. Consisting of several

computer centers, each tier is designed to perform a speci�c set of services.

All data processed from HLT is passed through tier-0, which is located at the

CERN Data Center at CERN Meyrin site. The raw data is reconstructed at tier-

0. There are 13 Tier-1 centers located across the Europe, the USA and Asia.

All these centers use the reconstructed data distributed by tier-0. Tier-1 centers

provide round-the-clock support to grid. They are also responsible for staging the

simulated samples, reprocessing the data and storage of the output. Tier-1 and

Tier 0 are connected by optical �bers allowing for downloading speeds of 10 Gb/s.

Tier-2 clusters are usually universities and scienti�c institutes. Nearly 155 tier-2

sites are located around the world. Tier-3 are small scale, local resources. Tier-

3 consists of local university clusters or individual computers dedicated to user

activity and analysis tasks [69].
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3.2.8 2015 data recorded by CMS

Figure 3.11: Data recorded by CMS as a function of time during the year 2015

(right) and the year 2016 (left) proton-proton collisions of the LHC at
√
s = 13TeV.

The experiments at LHC start recording data when the LHC machine is �lled by

proton beams and starts collisions. As discussed earlier, CMS is a complex ma-

chine, so recording data is not so easy task. There is a crew of experts continuously

present at CMS control room and monitoring the data taking process. The team

of experts include shift leader, incharge of Data Acquisition system (DAQ), trig-

ger expert, Data Quality Monitoring (DQM) expert and Detector Control System

(DCS) expert. They all monitor performance of their respective sub-detectors.

Sometimes run is stopped by any �aw of any subdetector of CMS. When the issue

is �xed, all activities are resumed. During this period, LHC is providing collisions

but CMS is not recording them. So the integrated luminosity recorded by CMS is

always less than delivered by the LHC as shown in Figure 3.11 [70].
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Chapter 4

Event generation and simulation

Event generation and detector simulation are the earliest steps in the event pro-

cessing chain that leads to producing Monte Carlo (MC) samples suitable for

physics analysis. MC event generation enables us to simulate the physics process

of our interest. By comparing this simulated data with the real data of the LHC

collisions, a deeper understading of the detector and the data cab be established.

In this chapter, the event generation and simulation chain are brie�y described

with important steps. Section 4.1 brie�y explains about the most popular event

generators used at the CMS and section 4.2 o�ers a walk-through the simulation

process.

4.1 Event generators

In CMS, a variety of event generators are available by the theory community.

They include several general and some speci�c purpose generators. The complex

procedure to generate pp → X events consists of several steps [71, 72]. As LHC

is a pp collider, the protons as a whole do not enter in the physical process to be

generated but rather the partons that make up the protons. A schematic view of

a pp interaction down to the decays of long-lived particles in experiment is shown

in Figure 4.1. The most commonly used event generators are brie�y described in

the next section.
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Figure 4.1: pp collision simulation. Matrix element generators simulate `hard'

part of scattering (red). Parton showers produce Bremsstrahlung (blue). Multi-

ple interaction models simulate `secondary' interactions (purple). Fragmentation

models `hadronize' QCD partons (green). Hadron decay packages simulate unsta-

ble hadron decay (dark green). Generators produce QED Bremsstrahlung (yellow).

Figure shows how the partons of hadrons contribute to an interaction for some

hard process in hadron-hadron collisions. [73].

4.1.1 MadGraph and aMC@NLO

MadGraph is a LO matrix element generator [74] which is able to generate the

events for leading order Feynman diagram for any given process based on the SM

or any other user de�ned model. MadGraph uses MadEvent package to generate

events according to SM and BSM processes at the parton level. It automatically

calculates the amplitudes for di�erent processes and then mapping is performed

for the integration over the phase space. The events generated byMadGraph are

stored in Les Houches Event Files (LHEF) format. These �les are then passed to

pythia [75] or herwig ++ [76] for hadronization or showering. Recently Mad-

Graph has been merged with an automated NLO generator aMC@NLO [77],
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which enables the production of events with NLO precision and by means of elab-

orated matching or merging techniques [78].

4.1.2 powheg and aMC@NLO

powheg (POsitive-Weight Hardest Emission Generator) [79] and aMC@NLO [80,

81] include a complete next-to-leading (NLO) order calculation including the vir-

tual loop diagrams that are neglected in leading order approach likeMadGraph.

Since NLO calculations only calculate diagrams up to 1 additional parton [82�84],

these generators have to be interfaced with a Parton Shower program to gener-

ate additional radiation. Where MadGraph produces real corrections to the LO

calculation for any amount of additional partons, the NLO generators fall back

to the Parton Shower approximation beyond 1 additional parton. The problem

of double counting of partons when interfacing the NLO hard scattering process

with leading order showering is e�ciently solved by powheg method using the

positive event technique.

4.1.3 COMPHEP

The main idea in COMPHEP [85] is to calculate cross sections and various dis-

tributions directly from Lagrangian. Unlike other generators, COMPHEP starts

from the level of Feynman rules for a guage model Lagrangian and calculates sym-

bolically the matrix element for any process de�ned by a user. So one can refer

COMPHEP as "generator of generators".

4.1.4 pythia

pythia [75] is the most senior and established general purpose generator and most

commonly used in high energy physics. It can be used as a standalone package

both for the event generation of a physics process and also interfaced with other

packages for the showering and hadronization. pythia uses lund string model [86]

for hadronization.
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4.1.5 herwig ++

herwig ++ (Hadron Emission Reactions With Interfering Gluons) [87] is also a

general purpose MC generator. In herwig ++, cluster fragmentation model is

utilized for hadronization. The main di�erence between pythia and herwig ++

is that in herwig ++ spin correlations between particles is conserved while in

pythia is destroyed.

4.1.6 SHERPA

SHERPA (Simulation of High-Energy Reactions of PArticles) [88] utilizes cluster

model for hadronization. Parton showering is based on pT -ordering and is im-

proved to a dipole shower. It is a more recent tool included in matrix-element

generators.

4.2 Event simulation

The events generated by the event generators are then passed through the de-

tector simulation. The CMS detector simulation is based on an object-oriented

framework geant 4 [89]. Detector geometry and the interaction of generated par-

ticles with the detector material, various magnetic �eld models and energy range

of initial particlles can be controllled by the user. Multiple scattering, hadronic

interactions, bremsstrahlung and electromagnetic interactions are taken into ac-

count during the process of detector simulation. The core of event simulation is

the matrix-element calculation of the process under interest. For obtaining ob-

servable hadrons and passing them to a detector simulation, parton shower and

hadronization models are needed.

4.2.1 Parton density functions

All the processes discussed in this thesis are induced by the interaction between

high energetic proton beams. Each proton consists of three valence quarks (two
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up quarks and one down quark), which de�nes the quantum numbers of the pro-

ton. Moreover quarks and gluons can appear from quantum �uctuations inside the

proton, violating four-momentum conservation. This can be de�ned by Heisen-

berg's uncertainty principle (but for very short interval of time) ∆t∆E ≥ }/2

called partons. In LO scenario, the parton density function (pdf) can be de�ned

as the probability to �nd a certain parton with the momentum fraction x. At

low momentum transfer (Q2 = 10 GeV 2), three valence quarks become more and

more dominant in the nucleon. At high Q2, there are more and more quark and

anit-quark pairs which carry a low momentum fraction. The PDFs are obtained

from measurements on deep-inelastic scattering events using electron-proton col-

lisions at SLAC, ZEUS and HERA, muon-proton collisions at NA4 (CERN) and

neutrino-proton collisions at Fermilab.

Figure 4.2: The CT14 parton distribution functions at Q = 2 GeV and Q = 100

GeV for u, ū, d, d̄, s = s̄ and g [90].

The DGLAP equations [91�93] are used for extrapolation between measurements

at di�erent Q2, whcih are based on evolution kernels that contain the matrix ele-

ments for gluon radiation and splitting. In this thesis, the main parton distribution

function (PDF) set used for pythia MC is the CT14NNLO PDF set. The PDF

for the particular Q2 scale within CT14NNLO are shown in Figure 4.1.
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4.2.2 Hard matrix element

In the CMS, as discussed earlier, di�erent matrix element generators are available

which generate events at the hard-process level with di�erent orders of the pertur-

bation theory. The user can specify the process to generate, the total number of

events and the center-of-mass energy at which the process should take place. In

perturbation theory, the di�erential cross section of any �nal state F is given by:

dσF =

legs∑
k=0

dΦF+k|
loops∑
l

= 0M
(l)
F+k|

2, (4.1)

where ΦF+k is a speci�c momentum con�guration, M
(l)
F+k denotes the matrix el-

ement for the �nal state F, k is additional outgoing partons (legs) and l are the

loops in the corresponding diagram. At LO simulation, no loop or additional

quark or gluon is required. The general purpose generators like pythia [75] and

herwig [87] are usually implemented by tree level matrix element with k = l =

0. For k > 0, the matrix element contains an accurate description of additional

quarks and gluons (or photons) in the �nal state. Currently, about k ≈ 5 ad-

ditional partons can be calculated. The highest-multiplicity matrix elements are

implemented in ALPGEN with k = 6 additional partons. MadGraph [74] and

SHERPA [88] can automatically calculate the matrix elements for k = 3 or k =

4 for tt̄ .

At NLO matrix elements, typically de�ned as k + l = 1, include one additional

loop and one additional real emission. The KLN theorem [94, 95] states that due

to unitarity the infrared (IR) divergences of the loop amplitudes cancel against

those from the soft and collinear real emissions for constant k + l as the singularity

structure is similar. The NLO cross section can thus be rewritten with process-

independent functions (Catany-Seymour dipole [96] or antenna [97] functions)

that contain the singularities. These singularities are subtracted from the real

emission but they are added to the loop integral calculation. The latest versions of

MadGraph and SHERPA contain (interfaces to) loop amplitude generators [98�
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100] so that matrix elements with multiple emissions can be evaluated at the 1-

loop level. For more than one additional parton, the infrared divergences are not

fully canceled, they are regulated by using kinematic cuts.

4.2.3 Parton Shower

The color charged particles are produced by the matrix-element generator in-

volving large momentum transfers and have violently accelerated partons mostly.

These color charged gluons and quarks, both in initial and �nal state, radiate

further gluons and quarks leading to a parton shower. The former is called Initial

State Radiation (ISR) and the latter is called Final State Radiation (FSR). This

leads to the production of large number of particles.

Therefore, the simulation of this step has to rely on statistical models based on

approximations. It is typically formulated by performing successive branches on

the partons from high to low scales in which the partons are con�ned into hadrons

(≈ 1 GeV). There are three di�erent possible branches, a quark radiating a gluon

(q → qg), a gluon emitting second gluon (g → gg) and a gluon spliting into qq̄

(g → qq̄).

In case of well-seperated and hard enough parton, matrix element calculation can

be used to describe the radiations. However, when the radiated parton is at small

angle with the mother parton (collinear divergence) or when the energy of one of

the partons vanishes (soft or infrared divergence), then parton shower approach

is applied. The evolution of the parton shower from the hard interaction energy

scale Q2 down to a lower scale, can be described by DGLAP equations [91�93].

If a parton a splits into two partons b and c, and the energy fraction z =
Eb
Ea

is

carried by parton b, the parton c is left with energy fraction 1-z. The branching

probability can be written as:

dPa→bc =
αs

2π
Pa→bc(z)dtdz =

αs

2π

dQ2

Q2
Pa→bc(z)dz, (4.2)

where Pa→bc(z) are called the splitting functions. The splitting functions for
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above three equations can be written as:

Pq→qg(z) = CF
1 + z2

1− z
,

Pg→gg(z) = NF
(1− z(1− z))2

z(1− z)
,

Pg→qq̄(z) =
nf
2

(z2 + (1− z)2),

(4.3)

where CF = 4
3
is the color factor, NC = 3 is the number of colors and nf is the

number of quark �avors.

Above two equations indicate that in case of soft divergence (z → 0) or collinear

divergence (Q2 → 0), the branching probability diverges. This divergence is re-

moved by applying a cuto� scale Q2
min of the order of 1 GeV 2. The divergence

problem is resolved but the branching probability still remains larger than 1. A

Sudakov factor [101] is added in equation 4.2 to cancel this e�ect. The branching

probability now becomes:

dPa→bc =
αs

2π

dQ2

Q2
Pa→bc(z)dz exp

(
−
∑
b,c

Q2
max∫

Q2

dQ
′2

Q′2

∫
αs

2π
Pa→bc(z

′
)(dz

′
)

)
︸ ︷︷ ︸

Sudakovfactor

,

(4.4)

here the sum runs over all possible branchings. The parton showers are imple-

mented as iterative Markov chains. Sudakov factor for a random number between

0 and 1 is solved to �nd the radiation scale Q2 while the starting scale of the hard

process being Q1. In the case of FSR, the process is iterated, starting from a hard

interaction scale Q2 down to a lower cuto� scale Q0.

The ISR is more complex, as the incoming protons have a structure. The incoming

parton momenta is �xed by the hard process, so that backwards evolution is

necessary to generate the initial state shower. The Sudakov factor then contains

the ratio of the PDFs at the di�erent scales, the backwards evolution is suppressed

when no matching �mother� partons are available in the PDF.
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4.2.4 Matching matrix element and parton shower

Matrix element generators like MadGraph generate LO Feynman diagrams for

any given process based on the SM or any user de�ned model. They produce

hard and wide angle emissions. The parton shower programs, on the other hand,

produce soft and collinear emissions. They are computationally cheap and has

no constraint on parton multiplicities. Hence, both the approaches should not be

treated as alternatives, rather they should be merged to give the optimal descrip-

tion of the data. This merging of matrix element and parton shower is faciliated

in the Les Houches Accord [102]. The Les Houches Accord format is used to in-

troduce a generic format to encode parton level information to be used as input

to any general purpose generator. By merging parton showers with higher order

matrix elements, the double counting of radiation might occur. For example, a

tt̄ event generated by MadGraph is accompanied by two jets. When this event

is passed to pythia for parton showering and hadronzation steps, no further jets

are emitted. In any other event, if MadGraph generates only one further jet and

then pythia also provokes the emission of one further jet. Then these two events

have the same emission multiplicity, and cause double counting. This problem is

corrected at NLO. The MLM Matrix Element-Parton Shower (ME-PS) matching

technique can be used to cancel any double counting. aMC@NLO and powheg

have their own treatment to match NLO to the parton shower.

The three methods used for matching are outlined here. In aMC@NLOmethod [80,

103], full NLO matrix element computation is performed including n+1 parton

real and virtual corrections. Then it is calculated analytically how a �rst branch-

ing in the shower evolution of a `n' parton event would populate the n+1 parton

phase space. The result can be considered as a correction term to the n+1 par-

ton matrix element calculation. The remaining two event population, n and n+1

partons, are passed to parton shower programme and are then added. In this

approach, there is no guarantee the the ME is always above the PS in the phase

space even though both converge in the collinear and soft region. So where the

shower approximation is larger than the exact matrix element, this approach yields
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negative weights. Thus statistical accuracy of the generated sample is degraded

by 20�60%.

In the powheg technique [83], after performing full NLO computation, the parton

shower evolution is performed. This approach contains the hardest emission and

positive virtual corrections so that no negative weights occur. The basic idea

of this technique is to swap the hardest emission in the parton shower evolution

with the NLO emission generated by powheg. The parton shower evolution is

performed only starting from the pT scale of the emission of the extra parton in

the matrix element.

In MLMmatchning approach [104,105], the basic idea is to veto the parton showers

that lead to the same multi-parton �nal states as described by the matrix element

itself. In this method, parton shower programme is run through the events from

the matrix element computation that pass a number of acceptance cuts. The

partons produced in the parton shower are clustered using a jet cone size R and

are labeled as �jets�. The matrix element parton is matched to the jet untill all

partons have been matched.

4.2.5 Hadronization

After the evolution of parton shower down to a cut-o� scale ΛQCD in the order of 1

GeV, we enter the low-momentum transfer and long distance in which perturbative

approach breaks down and the colored partons created in the parton shower and

the hard interaction start to group into colour neutral hadrons. This is called

hadronization.

The �rst step of hadronization process is fragmentation which is goverened by

non-perturbative QCD. In pythia, this process is implemented following the lund

string model [86,106]. According to this model, a color-connected quark-antiquark

pair (qq̄) from the parton shower spans a color string with a tension κ ≈ 1 GeV/fm.

When these two color-connected partons seperate from each other, the potential

energy stored in the �eld between them increases and the string can break at some

point creating a new qq̄ string, with a probability proportional to exp(−πm2/κ). If
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the invariant mass of either of these two strings is still large enough further string

breaking might occur untill on-shell hadrons remain. The momentum transverse

to the string direction is measured by a Gaussiann distribution with σ ≈ 0.3 GeV.

For light quark �avors, the symmetric lund fragmentation function is given by

f(z) ∝ 1

z
(1− z)aexp

(
−bm2

⊥
z

)
, (4.5)

where the Lund parameters have default values (but are tunable) of a = 0.3 and

b = 0.58 GeV −2 and m2
⊥ = E2− p2

z is the transverse mass of the new hadron. For

heavy �avor quarkks, charm and beauty, lund fragmentation function is modi�ed

as [107]:

f(z) ∝ 1

z1+r.bm2
⊥

(1− z)aexp

(
−bm2

⊥
z

)
(4.6)

the parameter `r' has a value between 0 and 1 and can be set for charm (rc) and

bottom (rb) fragmentation seperately.

The cluster model, with di�erent implementations in herwig and SHERPA,

starts with forcing g → qq̄ branchings. After that, color singlet clusters are formed.

If the cluster mass is above some threshold, it decays to two lighter clusters, untill

all clusters are decayed to a pair of hadrons.

4.2.6 Underlying event

The underlying events (UE) at CMS is de�ned as the activity that is not part

of the �nal-state activity originating from the most energetic parton scattering of

collision [108]. Since the proton is composed of several valence quarks and sea

quarks plus gluons and only one parton from each proton is resolved to produce

the hard interaction while the other coloured remnants of the protons continue in

almost the same direction as the initial proton. These coloured remnants interact

with each other, hadronize and produce other particles. So the UE activity consists

of hadrons coming from the initial and �nal state radiations (ISR,FSR), multiple
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parton interactions (MPI) possibly with their own initial and �nal radiation and

proton remnants concentrated along the beam direction.

4.2.7 Color reconnection

Although color reconnection (CR) is well established from B → J/ψ but it is

hard to imagine its prominent role in a high energy pp collision. Color recon-

nection models allow non-perturbative changes in the color con�guration of the

event before the hadronization stage, typically reducing the total potential energy

between QCD color changes [109]. New CR models for pp collisions into pythia

8 [110] are implemented to o�er a broader spectrum of possibillites, partly to add

further physics aspects, such as space-time and color structure to provide more

realistic scenarios. Still, neither of the current models provide a satisfactory de-

scription of the individual pT spectra for the identi�ed hadrons. An example of

color reconnection is explained in Figure 4.3.

Figure 4.3: An example for a color reconnection that is likely to alter the kinemat-

ics of the bottom jet in a top-quark pair event. For simplicity, the color connections

are attached to large-scale partons. In the real model, their ends are sitting at

low-scale branchings further down the parton shower evolution.
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Chapter 5

Event reconstruction

This chapter describes the o�ine reconstruction of physics objects. In order to

analyze the data, it is important to translate the digital signals recorded by the

CMS detector to the physical quantities. The information collected from all sub-

detectors [111] of the CMS is used to reconstruct these objects with an o�-line

software. The ParticleFlow algorithm (PF) [112, 113] is used to reconstruct the

main physics objects like muons, electrons, taus, jets, missing transverse energy

(MET) and photons.

5.1 Vertex Reconstruction

A sample of fully reconstructed charged particle tracks originating from the in-

teraction point [114] are selected. The selection is based on the distance between

track and beam spot at closest approach (impact parameter signi�cance) below

5σ, pT of the tracks and their �t quality. The Deterministic Algorithm [115] is

used to cluster the tracks togather in vertex candidates based on the z -coordinate

of their impact parameter. The primary interaction vertices are reconstructed by

selecting high quality tracks with atleast �ve hits in the inner tracking system,

with atleast two hits in the pixel tracker and a normalized χ2 < 20.

A vertex candidate is �tted using the Adaptive Vertex Fitter [114, 116]. In this

iterative �t, the algorithm �nds as many vertices as possible without splitting

true vertices. It also assigns a weight w between 0 and 1 to each connection
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between a track and a vertex candidate, based on their positions on z -axis along

with corresponding uncertainties. A minimal weight of 0.5 is required for each

connection, and atleast two tracks of a candidate vertex must be incompatible

(w < 0.5) with other vertices. The number of degrees of freedom for a �tted

vertex is de�ned as [114]:

ndof = −3 + 2
tacks∑
i=1

wi, (5.1)

where wi is the weight of track i and is calculated as:

wi(χ
2
i ) =

exp(−χ2
i /2T )

exp(−χ2
i /2T ) + exp(−χ2

c/2T )
, (5.2)

with χ2
i the compatibility of the track i with the vertex, χ2

c is the threshold where

the weight equals 0.5 and T is a shape parameter. For each event, the vertex with

the highest
∑
p2
T of the associated tracks is regarded as the primary interaction

vertex. It is required to be within 24 cm in longitudinal and 2 cm in transverse

direction from the nominal interaction point, and to have ndof > 4.

5.2 Particle �ow reconstruction algorithim

The default reconstruction technique used in the CMS experiment is the PF al-

gorithm [112]. It combines the information from all the CMS sub-detectors [111]

to identify and reconstruct individual objects. The particles that can be reliably

resolved in the detector are identi�ed as charged hadron, neutral hadron, muon,

electron and photon candidates. An overview of these particles and their signa-

tures are illustrated in Figure 5.1.

By taking advantage of the high granularity of the ECAL, a highly e�cient track-

ing algorithm and a good clustering algorithm have been developed for the PF

event reconstruction [111]. The particle �ow algorithm works in two steps. First,

pairs of elements are grouped into blocks by the linking algorithm. Second, the

linked blocks are fed to a particle reconstruction and identi�cation step that gen-

erates the �nal list of particles in the event. Figure 5.1 shows that muons are

traversing the whole detector, leaving signals in the inner tracker and the muon
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system. The linking is performed between the tracks and the muon chambers.

The typical energy deposit in the ECAL is 0.5 GeV and in the HCAL is 3 GeV.

The reconstructed tracks are known as PF muon candidates. If the global �t be-

tween the inner track and the muon track results in an acceptable χ2, the result

is considered as a global muon and if muon track can be �t to a multiple tracks,

the global muon with the lowest χ2 is retained [112].

Figure 5.1: The concept of particle �ow reconstruction [117].

Electrons are identi�ed by their tracks in the tracker and an energy deposit in

the ECAL. Whereas photons being neutral particles, don't leave tracks in the

tracker and are identi�ed by their energy deposits in the ECAL. The momentum

of charged hadrons can accurately be measured in the tracker, and their energy

is mainly deposited in the calorimeters. The neutral hadrons deposit their energy

only in the calorimeters.

If the track momentum and the associated energy deposit in the calorimeters

are compatible, the tracks are reconstructed as charged hadrons. If the energy of

connected calorimeter cluster exceeds the track momentum signi�cantly, the excess

is attributed to an overlapping neutral hadron in the HCAL and to a photon in

the ECAL.

5.3 Lepton Reconstruction

In this analysis, exactly one high energy electron or muon is considered. τ -lepton

is not considered due to special constraints on its reconstruction.
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Muons

Generally, muons are reconstructed using the track information from the silicon

tracker and the muon systems, which are so-called global muons. Global muons are

reconstructed by extrapolating the tracks [118] in both the systems with valid hits,

at least 5 in tracker layers, one in pixel layer, and at least one in the muon systems.

The track segments are reconstructed by a linear �t by using hits in each DT or

CSC chamber seperately. Then RPC information is used to reconstruct muon

trajectories using a Kalman Filter technique [119]. The reconstructed Particle

Flow muon collection still contains signi�cant amount of mis-identi�ed charged

hadrons and other particles punching through the calorimetric system. To purify

the collection, the impact parameter |dB| with respect to the beam spot is required

to be less than 0.02 cm and the distance to the primary vertex in z -direction needs

to be smaller than 0.5 cm. In tt̄ semi-leptonic decay, the muon from the W -boson

decay is expected to be well-isolated from all other �nal state objects. To identify

this type of muons, the particle �ow isolation I with in a cone of radius R is de�ned

as:

I(R) =

∑
ch(R)

pT +max

∑
nh(R)

pT +
∑
γ(R)

pT −
1

2

∑
chPU(R)

pT , 0


 /p`T , (5.3)

where ch(R) represents all charged hadrons in a cone of radius R around the

lepton direction, nh denotes all neutral hadrons, γ stands for the photons, chPU

for the charged hadrons coming from other vertices and p`T represnts the transverse

momentum of the lepton. The above expression reduces the e�ect of pileup events

by assuming that the contribution from neutral pileup particles is approximately

half of that from the charged pileup.

The resolution of muons is measured from the J/ψ and Z -boson resonances in the

range 20 < pT < 100 GeV with a precision of 0.2%. The relative muon momentum

resolution is in the range of 1.3�2% in the barrel and better than 5% in the endcap

and has been validated in data. Further details of the muon reconstruction can

49



be found in Ref. [120,121].

Electrons

The procedure for the electron reconstruction is generally much more complicated

than that of muon reconstruction. Whenever electrons travel through the tracker

material in a strong magnetic �eld, they radiate a signi�cant amount of their

energy by radiating bremsstrahlung photons even before reaching the calorimeters.

About 35% of all electrons looses upto 70% of their energy in the tracker and

roughly 10% looses even upto 95% of their energy in the tracker material [122].

In the barrel, a supercluster is formed because the bremsstrahlung yields an ad-

ditional energy deposit in φ direction. Whereas in the endcaps, the superluster is

built from 5×5 clusters around the seed crystal in a range of ±0.07 rad in η and

±0.3 rad in φ. The energy deposits from the preshower are added in a range of

up to ±0.45 rad in φ and a range of ±0.15 rad in η.

There are two procedures for electron reconstruction; tracker-driven seeding [123]

and ECAL-driven seeding [124, 125]. The tracker-driven seeding provides good

seeding e�ciency for low pT electrons and electrons within the jets [126]. Electron

tracks require some additional reconstruction requirements due to non-Gaussian

energy losses. The tracks which are not pre-identi�ed as electrons, are rejected.

The energy loses due to bremsstrahlung lead to a change in curvature as the elec-

tron travels into the outer-tracker region and the Kalman Filter track (KF) [118,

119] can not be �tted very well. The Gaussian Sum Filter (GSF) [127] is a non-

linear generalization of the KF. The bene�t of using GSF track is that it allows for

a better extrapolation of the electron track to the ECAL and is able to consider

the change in curvature. The GSF is also used to improve poorly �tted KF tracks.

The ECAL-driven seeding works best for electrons with pT larger than 5 GeV/c.

The energy-weighted average position of the calorimeter cluster is propagated

through the magnetic �eld to the most inner layer of the pixel detector to identify

the �rst hit. If this layer does not yield any hit, the next layer is looked to

over-come pixel seeding in-e�ciencies. This pre-identi�cation is then performed

by Boosted Decision Tree (BDT) [128] that uses information of the quality of
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the track-to-cluster matching, the shower shape, additional HCAL deposits, and

the di�erence between the KF and GSF-�tted tracks. Further details on electron

reconstruction can be found in Ref. [125].

5.4 Jet Reconstruction

The quarks and gluons produced in an event carry a color charge. QCD con�ne-

ment dictates these fragments and hadronise them. A spray of hadrons, leptons

and photons is observed in the detector, which is referred as a jet. Jets are ex-

perimental signatures of the partonic quarks and gluons. They are composed

of charged hadrons, neutral hadrons, isolated and non-isolated particles. Their

energies are corrected by applying di�erent jet energy corrections for additional

particles from pileup and detector e�ects. The jets stemming from the bottom

quarks are identi�ed by applying b-tag algorithms.

Jet Clustering

This study is based on semi-leptonic decay channel of tt̄ pairs, at the leading

order. In this decay mode, at least four jets are produced, two light jets from

W -boson decay and two b-jets from the tt̄ decay. To fully reconstruct the tt̄ event

topology, jet clustring algorithms are the most impotant tools. Several jet clustring

algorithms are developed but at the CMS experiment the default algorithm used is

the anti-kT algorithm [129,130] with R = 0.5. The main advantage of the anti-kT

is that it belongs to a class of infrared and collinear safe (IRC) jet algorithims. An

infrared-safe clustering algorithm means that the resulting jets are unchanged by

any soft gluon emission and it is collinear-safe when an input particle splits into

two particles with nearly the same direction without changing the result. For the

clustering algorithms following distance parameters can be used:

dij = min(p2k
T,i, p

2k
T,j)

∆2
ij

R2
, (5.4)

diB = p2k
T,i, (5.5)

where dij is the distance between two particles i and j and diB is the distance

between particle i and the beam. ∆2
ij = (yi + yj)

2 + (φi + φj)
2 is the distance in
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η−φ space, k steers the behaviour of the algorithm and R is the radius parameter

of the algorithm. Two particles i and j are clustered together when dij < diB

and when diB < dij particle i is considered as a jet and removed from further

clustering. The clustering stops when no particles are left.

When parameter k = 1, the Durham kT algorithm [131] is reproduced and when k

= 0, the Equation 5.4 turns into the Cambridge-Aachen (CA) algorithim [132,133].

If k = -1, the Equation 5.4 yields the anti-kT algorithm. Di�erent jet shapes

produced by these algorithims are shown in Figure 5.2.

Figure 5.2: The graphical representation of the sensitivity of di�erent jet cluster

algorithms to soft radiation for the same event [130].

Charged particles originating from pile-up interactions and isolated leptons are

excluded from clustering. Fake jets are suppressed by applying additional re-

quirements on their energy. Only those jets are retained whose energy is purely

attributed to either neutral hadrons or photons. Jet candidates are required to

have an energy fraction between 0.0 and 0.99 from charged hadrons, an energy

fraction smaller than 0.99 from both photons and neutral hadrons. Each jet is

required to consist of at least two particles, where at least one is required to be a

charged hadron, and a muon or an electron.
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Jet Energy Corrections

There can be large discrepancies between the energy (or rather the transverse

momentum) of the reconstructed particle-�ow jets and true-particle jets [134]. A

true-particle jet is de�ned as GenJet at the hadron level, accessible in simulated

events, excluding neutrinos and pileup contributions. The Jet Energy Scale Cor-

rections (JES or JEC) are calibrated to relate the energy of reconstructed jet to

the energy of a corresponding GenJet. The corrections are factorized as shown in

Figure 5.3.

The �rst correction (so-called L1 correction) is applied to remove the electronic

noise or pileup induced responses in the detector [134]. The pileup correction

consists of rejecting tracks that stem from other vertices than the selected pri-

mary one. Therefore an absolute o�set correction factor, COffset as [135, 136] is

introduced,

pCorrT = pUncorrT − COffset (5.6)

The L1 pileup o�set correction factor depends on the jet transverse momentum

pT , the jet pseudorapidity η, the o�set momentum density ρ calculated from kT

jets with R = 0.6 [134] and the e�ective jet area A. It can be found using an

extension of the hybrid jet area method [129,137].

Figure 5.3: The steps involved in the CMS jet energy correction scheme [134].

After applying the L1 o�set correction, the response is independent of the primary

vertex multiplicity but due to non-uniform and non-linear behaviour of the ECAL,

we still need to apply pT and η dependent corrections. In these corrections, named

as L2L3, the energy of the reconstructed jet is calibrated to the true-particle jet

using simulation. These corrections are veri�ed in the data using Z+jet, γ+jet

and dijet events.
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Figure 5.4: L1 pileup correction in dependence of the number of interaction vertices

and the jet η (left), L2L3 MC truth correction in dependence of the jet pT and η

(right) [140].

In order to correct the data and monte carlo simulation di�erences, the resid-

ual/absolute energy corrections (L2L3Res) are applied to the data only. The

relative residual correction (L2 Residual) is determined from dijet events using

the Missing ET Proection Fraction (MPF) method [138]. It corrects for the η-

dependance (|η| < 1.3), binned in pT . The absolute residual correction (L3 Residual)

is determined by the pT balance [139] and MPF methods in 30 < pT < 700 GeV

from γ+jets and Z+ets events.

There are several other corrections available to calibratethe reconstructed jet en-

ergy. These corrections are not the default corrections for each physics analysis

but are used to calibrate the reconstructed jet energy back to the parton level.

The L4 correction improves the jet resolution and ensures that the jet response

is uniform with respect to the jet resolution. The L5 corrections are determined

relative to the default �avour-mixing and are therefore dependent on the sample

i.e. QCD multijet or top quark pair events.

Jet Energy Resolution

After applying jet energy corrections, there is still slight di�erence in the width of

the corrected jet pT distributions between the data and simulation. As compared

to the simulation, the resolution in the data is found to be worse by about 7�

20% on average, and upto 40% atmost [134], depending on the pseudorapidity
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of the jet as shown in Figure 5.5. An η-dependent scale factor is applied to

transverse momentum of the simulated jet [141] to obtain a jet energy resolution

that improves agreement with the data.
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Figure 5.5: Corrections for the jet energy resolution in dependency of pseudora-

pidity η (left) and of transverse momentum pT (right) [140].

The Jet Energy Resolution (JER) uncertainty sources include the pT imbalance [142]

caused by particle-level e�ects such as fragmentation, and an overall bias between

the measurement of simulated and the true jet resolutions. The JER uncertainty

varies from 3�5% in the tracker region.

B-tagging

The jets that are produced from the hadronization of b-quarks are called b-jets.

The b-jets are produced in many physics processes like tt̄ decay, the Higgs boson

and various supersymmetric models [143]. Identi�cation of b-jets is very critical

feature for seperating signal from the background processes. In tt̄ decay, two light

jets are expected from a W-boson decay while two b-jets are expected from the

two top quark decays. This is a unique characteristic of tt̄ decay topology.

The CMS detector is able to resolve the secondary vertices of B-hadron decays

using the pixel tracker. Several algorithms are developed to identify jets origi-

nating from a b-quark. The algorithm itself is called a tagger. These algorithms

exploit the unique properties of B-hadrons i.e. a mass of B -hadron (mB ≈ 5 GeV),
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Figure 5.6: Secondary vertex displaced with a distance of Lxy in x-y plane with

respect to the primary vertex [144].

lifetime τB ≈ 10−12 sec, the �ight distance (γBβBτB ≈ 7 mm) with the relativis-

tic Lorentz factor (βBγB ≈ 0.4 mt

mB
) to identify quarks coming from the decay of

B -hadron [145]. Typical observables used for b-tagging are the �ight distance (or

its signi�cance) to the secondary vertices, or reconstructed invariant mass of all

charged particles associated to the secondary vertex, which is of ordermB/2 [146].

The fraction of reconstructed jets that are identi�ed as b-jets is called b-tagging

e�ciency, while the fraction of wrongly identi�ed light jets as b-jets, is referred

as mistag probability. There are usually three di�erent working points for these

algorithms that require di�erent minimal discriminator values. The loose working

point has 10% mistag probability and 80% of b-tagging e�ciency, medium working

point having 1% mistag uncertainty and 65% b-tagging e�ciency, and the tight

working point has 0.1% mistag uncertainty with 50% b-tagging e�ciency [145].

Thus a tighter working point corresponds to a lower b-tagging e�ciency, but also

a reduced probability of mistakenly tagging a light jet as a b-jet. The Track

Counting High Purity (TCHP), the Track Counting High E�ciency (TCHE), Jet

Probability (JP) and Combined Secondary Vertex (CSV) are available algorithms

for
√
s = 13 TeV analyses in the CMS collboration. A complete description of

these algorithims can be found in [143].
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5.5 Missing Transverse Momentum

In the semi-leptonic tt̄ decay, one of the W -bosons decays into a lepton (electron

or muon) and its associated neutrinos and other decays into two light jets. The

neutrinos interact only weakly and leave the detector unnoticed. Using conserva-

tion of momentum of all other objects in the transverse plane, the neutrino energy

can be estimated [147]. The imbalance

E→missT = −
∑

iεparticles

p→T , i (5.7)

Figure 5.7: Schematic diagram of missing transverse energy [148].

is called the missing transverse momentum or energy (��ET ) [149]. The moments

of the uncalibrated jets in the above expression are replaced with the momenta of

the corresponding calibrated jets if their pT is larger than 10 GeV. Since jets are

used to calculate the��ET , the corrections to the jet energy scale (so-called Type-I

corrections) play an important role in its determination.

As ��ET is one of the most important signature in many searches beyond the stan-

dard model, such as supersymmetry and extradimensions, therefore, the ��ET per-

formance of the CMS has been carefully validated [150]. In this analysis, no

selection requirements are imposed on ��ET since other selection criteria already

yield a very clean sample of tt̄ events.
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Chapter 6

Event selection

In previous chapter, the object reconstruction and identi�cation criteria used in

the CMS experiment were discussed. The purpose of this identi�cation criteria is

to separate a real reconstructed object like a muon or an electron from charged

hadrons that are misidenti�ed. In this chapter, the selection criteria to select only

those events that are likely to contain pp → tt̄ will be discussed. An additional

criteria is also used to obtain a very pure tt̄ sample (electron+jets or muon+jets)

with a large enough signal e�ciency.

Section 6.1 describes the datasets and corresponding simulations used in this study.

Section 6.2 is dedicated to event selection and selection e�ciencies while in sec-

tion 6.3, stability of the selection criteria during the whole data taking period is

discussed. Finally, the results of event selection are shown in section 6.5.

6.1 Datasets

The 2015 CMS data analyzed in this study corresponds to an integrated luminosity

of 2.2 fb−1 [151] for both the electron and muon channels. The datasets are listed

in Table 6.1.

Monte Carlo Simulations

The data is compared to Monte Carlo (MC) simulated events. The list of simulated
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Table 6.1: The �rst version (v1) of primary datasets corresponding to 2015

datataking periods C and D, for pp collisions at 13 TeV with a proton bunch

spacing of 25 ns, for muon and electron channels.

Primary dataset Integrated Luminosity

SingleMuon/Run2015C_25ns-16Dec2015-v1

SingleElectron/Run2015C_25ns-16Dec2015-v1
2.2 fb−1

SingleMuon/Run2015D-16Dec2015-v1

SingleElectron/Run2015D-16Dec2015-v1

events along with cross section [152�154] can be found in Table 6.2. At next-to-

next-to-leading-order (NNLO) the expected tt̄ cross section is 832+20
−29 (scale) ±

35 (PDF+αS) pb [155]. In this study, the NNLO is used as reference to normalize

all the tt̄ samples.

As MC samples are also partially used to predict the main backgrounds, there-

fore, they are well-tuned with the data [156]. The single top processes are nor-

malised with respect to approximate NNLO prediction [157], W+jets and Drell-

Yan (DY) to the NNLO prediction computed with FEWZ [158] and di-bosons to

the NLO prediction predicted by mcfm [159, 160]. The tt̄ signal is modeled with

powheg v2 [83, 84] and matched to pythia v8.205 [161, 162]. The NNPDF3.0

NLO [163] parton distribution functions (PDF) and the CUETP8M1 [77,164] un-

derlying event tune are used in the MC samples. To evaluate systematic uncertain-

ties, the simulations with the QCD scale choice at parton shower level is varied by a

factor of 2 or 1/2. The two matrix element generators,MG5_aMC@NLO v5_2.2.2

[165] andMadspin [166], are compared for both the pythia 8 and herwig++ v2.7.1

[167] hadronizers. In addition, the samples used for systematic uncertainties are

listed in Table 6.3. The tt̄ cross section is measured in this analysis, and the

theoratical value for mt = 172.5 GeV, computed at NNLO+NNLL (next-to-

next leading log): σNNLO+NNLL
tt̄ = 832+20

−29 (scale) ± 35 (PDF + αs)pb computed

with TOP++ [168] is used as a reference. The W+jets process is simulated at

NLO withMG5_aMC@NLO. A higher statistics Born-levelMadGraph v5.1.3.30 [74]

including up to four extra partons emitted at matrix element level is used for the

derivation of the shapes.
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All the simulations include an emulation of response for the CMS detector using

Geant4 v.9.4p03 [169]. The real data e�ects induced by multiple pp collisions

are considered for the same and neighbouring beam crossings (within 25 ns) and

added to the generated hard interaction for pile-up e�ects.

6.1.1 Corrections applied to the simulation

Di�erent types of corrections are applied to the simulated events, which are brie�y

described below.

Pileup re-weighting

All generated samples are passed through a full simulation of the CMS detector

based on geant 4 [89] and include additional minimum bias interactions superim-

posed in order to account the e�ect of in-time and out-of-time pileup in the events.

At generator level, the number of extra interactions are reweighted to match the

one estimated in the data. A minimum bias cross section of 69 mb is used to

estimate the pileup distribution following the standard recommendations [170]. A

5% uncertainty assigned to the minimum bias cross section is assumed. Figure 6.1

shows the distribution of the data compared to expectations in the number of

primary vertices reconstructed in events, showing a fair agreement.

Trigger e�ciency

The di�erences in performance for the trigger paths used in the data and sim-

ulation are corrected by applying recommended pT and η-dependent scale fac-

tors [171,172] which are also cross-checked for this study (see section 6.2.2).

Lepton identi�cation and isolation e�ciency

The di�erence in performance for the lepton identi�cation and isolation between

the data and simulation is also corrected by applying pT and η-dependent scale fac-

tors. The scale factors are derived using the tag-and-probe method, (section 6.2.2)

and also cross-checked with the recommended values [171,172]. The leptons in this

study are identi�ed on the basis of tight muons [173] and tight electrons [174] cri-

terion.
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Figure 6.1: Distributions of the number of primary vertices in the combined `+jets

events. From left to right events with 1, 2, 3 or at least 4 jets are shown.
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Jet energy scale and resolution

Recommended jet energy scale corrections are applied [175]. In simulation the

nominal jet energy resolution is smeared using a pT and η-dependent parame-

terization [176]. In both cases alternative scenarios generated by shifting the

corrections according to their uncertainties are considered and shall be discussed

in detail in section 7.1.

b-tagging e�ciency

The di�erence in performance of the b-tagging algorithm used in the analysis is

accounted for by applying a pT dependent scale factor. The scale factors are used

to correct a-posteriori the b-tagging decision in the simulation [177]. The medium

working point of the Combined Secondary Vertex (v2) algorithm is used (sec-

tion 6.2.1).

Generator level weights

The simulated processes are scaled according to their e�ective integrated luminos-

ity which can be computed from the sum of the per-event weights. The general

formula applied to determine the number of events expected for a given process

(N̂), is:

N̂ = L · σ ·
∑Nsel

i=1 wi∑Ngen

i=1 wi
, (6.1)

where L is the integrated luminosity, σ is a theory predicted inclusive cross section

and wi are the per-event generator level weights.

6.2 Event selection

The event selection is based on the decay topology of tt̄ , where one of the W

bosons decays to either muon or electron while the other decays in jets. The par-

ticle �ow PF algorithm is used for reconstruction of �nal state objects [113]. This

algorithm combines signals from all sub-detectors to enhance the reconstruction
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performance and allows to identify muons, electrons, photons, charged hadrons

and neutral hadrons produced in a pp collision.

6.2.1 Object selection

Trigger and Vertex

As a �rst step, events are required to pass a trigger selection criteria. The trigger

path stores events during the online event reconstruction; atleast one isolated

muon (electron) with a transverse momentum of 22 GeV (30 GeV) within pseudo-

rapidity of |η| < 2.1 for this analysis. The data selected by this trigger is the part

of SingleMuon (SingleElectron) primary dataset having events with at least one

muon (electron). At least one primary vertex (PV) is required to be reconstructed

from at least four tracks, with longitudinal (radial) distance of less than 24 cm

from the center of the detector. Among all, the primary vertices in the event with

the largest scalar sum of associated particle transverse momenta are selected.

Muons

Muons are reconstructed using the track information from the silicon tracker and

the muon system. In this analysis, the reconstruction of a track in the muon

system that is compatible with a silicon tracker track is considered. In order

to increase the purity of muons originating from the primary interaction and to

suppress misidenti�ed muons or muons from the decay-in-�ight process, additional

selection criteria are applied [173]. The �rst candidate muon passing the tight

identi�cation (tight ID) criteria is additionally required to have pT > 30 GeV and

|η| < 2.1. Then no additional muon, passing the medium ID with pT > 15 GeV

and |η| < 2.5 must be found in the event. Muon isolation is based on the sum

of the pT of the charged and neutral hadrons as well as photons reconstructed in

a cone R = 0.4 around the muon momentum. The sum of the pT of the charged

hadrons associated to other vertices than the PV, is used to correct the pileup

contamination in the total �ux of neutrals, found in the muon isolation cone. A

factor of β = 0.5 is used to scale this contribution as,
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Iµ =
1

pT

·
∑
R<0.4

[
pchT + max(pγT + pnhT − 0.5 · ppu ch

T , 0)
]

(6.2)

where pchT , stands for the transverse energy deposition of charged hadrons in a cone

size of ∆R =
√

(∆η)2 + (∆φ)2 = 0.4 across the direction of muon. Similarly, pγT

and pnhT are the energy deposits of photons and neutral hadrons in the same cone

size. ppu ch
T is the transverse momentum of tracks which are associated with non

leading vertices. In order to estimate the contribution of neutral particles from

pile-up events, a multiplicative factor of 0.5 is applied to ppu ch
T . A tight muon

must verify Iµ < 0.15 while a medium muon must verify Iµ < 0.25. For tight

muons, the signi�cance of the 3D impact parameter (SIP3d), rejecting events for

which the muon has SIP3d>4, is used. This e�ectively reduces the contamination

from heavy-�avour leptonic decays while keeping a high e�ciency for the signal.

A similar cut is used in tt̄ +V analyses [178,179].

Electrons

The electron candidates are reconstructed from a combination of the track mo-

mentum at the main interaction vertex and the corresponding energy deposition in

the ECAL. This analysis uses the electron selection criteria speci�ed in Ref. [174].

The candidate electron must pass the tight identi�cation and isolation require-

ments in addition to pT > 30 GeV and |η| < 2.1. Electrons reconstructed in the

ECAL barrel to endcap transition (1.4442 < |η| < 1.5660) are not considered in

the analysis. Similar to the muon case, the �rst leading electron is also required

to pass tight ID and SIP3d>4. No additional electron, passing the loose identi�-

cation and isolation requirements with pT > 15 GeV and |η| < 2.5 must be found

in the event.

Jets

In this analysis, jets are reconstructed by clustering the particle�ow candidates

using the anti-kT clustring algorithm [129, 130] with a distance parameter of 0.4.

The charged particle candidates closer along the z -axis to any vertex other than

the main primary vertex, are ignored. Pile-up interaction energy in the jet cone,
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is extrapolated by energy �ow in the detector which is neither clustered in jets

nor reconstructed as leptons and resulting jet energy is updated. Jets that orig-

inate from the hadronization of b-quark are identi�ed by a combined secondary-

vertex algorithm (CSV). This b-tagging discriminant combines information from

secondary vertices with information from track-based lifetime estimations. The

medium working point is used [180].

6.2.2 Lepton selection e�ciency

The lepton selection e�ciency is measured in the data and compared to the ex-

pectations from simulation, using Z → `` events. The results are used to derive a

data-to-simulation scale factor, which is then applied on an event-by-event basis

to correct the MC expectations, as described in section 6.1.1. These scale factor

measurements are further used to evaluate possible alternative selections which

may increase the purity of the sample. In addition, it is interesting to test these

measurements in a high jet multiplicity environment such as the one expected in

a tt̄ event.

Muon e�ciencies

By using tag-and-probe method for muons, the tagged muon is required to be

matched with the trigger object and it should be reconstructed o�ine with pT > 25

GeV, |η| < 2.5 and Irel(∆β,R = 0.4) < 0.2. The �ts are perfomed using a Voigtian

function [181] for signal and Chebyshev polynomials [182] for the background. The

results obtained with these functional form have also been compared to those using

a sum of Crystal-ball functions for the signal and the same background model. The

results are found to be fully compatible with each other. Other alternatives have

also been tried, but the the two above methods describe better the Z -line shape

in the data and MC, in both the pass and fail categories used for the extraction

of the e�ciency.

Appendix-A shows the �t results for trigger e�ciency for di�erent jet multiplicies

in the data and simulation correspondingly.
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Figure 6.2: Muon trigger e�ciencies as function of (a) muon pT , (b) muon η, (c)

vertex multiplicity and (d) jet multiplicity. The top panels display the measured

(expected e�ciencies) while the bottom panels display the data-to-simulation scale

factors. The error bars represent the statistical uncertainty.
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Figure 6.3: Muon identi�cation and isolation e�ciencies as function of (a) muon pT
, (b) muon η, (c) vertex multiplicity and (d) jet multiplicity. The top panels display

the measured (expected e�ciencies) while the bottom panels display the data-to-

simulation scale factors. The error bars represent the statistical uncertainty.
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Figure 6.2 shows the results obtained for the muon trigger e�ciency as a function

of di�erent variables. A �at dependency is observed for the e�ciency scale fac-

tors as a function of pT and the vertex multiplicity, and the main variations are

observed in e�ciency as a function of η. The behavior as a function of the vertex

multiplicity is found to be stable, within 2%, which is assigned as an uncertainty.

The behavior of the identi�cation and isolation criteria is signi�cantly more stable,

as shown in Figure 6.3. A cross check has been performed for a tighter isolation

working point Iµ < 0.06, which could potentially bene�t the analysis in terms of

multijets rejection. However this tighter selection induces a dependency on the jet

multiplicity, which is avoided.

Electron e�ciencies

Similar to muons, the tagged electron is required to be matched to the trig-

ger object and the o�ine medium working point criteria, having pT > 25 GeV,

|η(SC)| < 2.5 (excluding the barrel to endcap transition). The �ts are perfomed

using a Voigtian function for the signal and a Chebychev polynomial for the back-

ground.

Figure 6.4 reports the results obtained for the electron trigger e�ciency as function

of di�erent variables. A �at dependency of the e�ciency scale factor is observed.

The behavior of the identi�cation and isolation criteria is signi�cantly more stable

as shown in Figure 6.5.

6.3 Event Rate Cross Check

The �rst step towards measuring the cross section is verifying how stable the

event rate is throughout the data taking period. This will ultimately determine

which data runs should be considered to attain maximum precision. The rate of

selected events (trigger+o�ine) is measured on a run-by-run level and divided by

the estimated integrated luminosity of that run. The median of the rate observed

after each jet multiplicity requirement is reported in Fig. 6.6 (left). The asymmetry
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Figure 6.4: Electron trigger e�ciencies as function of (a) electron pT , (b) elec-

tron η, (c) vertex multiplicity and (d) jet multiplicity. The top panels display

the measured (expected e�ciencies) while the bottom panels display the data-to-

simulation scale factors. The inner error bars represent the statistical uncertainty.

The outer error bars report the di�erences obtained with respect to the central

value by using a di�erent �t model.
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Figure 6.5: Electron identi�cation and isolation e�ciencies as function of (a) elec-

tron pT , (b) electron η, (c) vertex multiplicity and (d) jet multiplicity. The top

panels display the measured (expected e�ciencies) while the bottom panels dis-

play the data-to-simulation scale factors. The error bars represent the statistical

uncertainty.
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in yields in the +/- channel tends to be diluted with more jets in the event as

expected. The rates between electrons and muons di�er slightly due to di�erent

background composition and tighter selection applied on electrons. Fig. 6.6 (right)

shows the relative rate variation at 68% and 90% con�dence levels, de�ned from

intervals corresponding to the 68% and 90% quantiles of the rates, divided by the

median of the rate. For events with more than 2 jets, the dispersion starts being

too large: the cross section starts competing with the integrated luminosity of the

runs leading to a very large dispersion, in particular for shorter runs. However,

the relative rate variation for events with one or two jets is very instructive. At

68% CL, the dispersion is estimated to be at the level of 3% in both the electron

and muon channels, positively or negatively charged. This indicates the ball-park

of the limit reachable in precision in this dataset with the single lepton �nal states,

due to the uncertainty in the integrated luminosity, trigger and o�ine selection

e�ciencies.
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Figure 6.6: Left: Median rate per run in the 2015 dataset for di�erent lepton

�avours and charges and as function of the number of jets required in the event.

The error bars indicate the 68% and 90% con�dence intervals derived from the

quantiles of the distribution of rates in each sample. Right: Relative variaton of

the rate per run at 68% and 90% con�dence levels as function of the number of

jets required in the event.

Figures 6.7 and (6.8) show the rate of events in the µ+ and µ− (e+ and e−) samples

correspondingly.
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Figure 6.7: Observed rate per run after the selection of one positively (left) or

negatively (right) charged muon and 1 (a/b), 2 (c/d), 3 (e/f) or at least 4 (g/h)

jets. Run numbers are ploted along x-axis.
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Figure 6.8: Observed rate per run after the selection of one positively (left) or

negatively (right) charged electron and 1 (a/b), 2 (c/d), 3 (e/f) or at least 4 (g/h)

jets. Run numbers are ploted along x-axis.
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6.4 Signal discriminating variables

The main characteristics expected of the signal are the following:

High jet and b jet multiplicity

Two jets are expected from aW -boson decay while two b jets are expected from the

two top quark decays, which is a unique characteristic of tt̄ . Low jet multiplicities

(less than 4 jets) and low b-jet multiplcities (less than 2 b-tag jets) are expected for

all the backgrounds, making the categorization of the analysis in these variables

relevant to constrain the main backgrounds while isolating the signal.

Production of a neutrino in the �nal state through a W → `ν` decay

The emitted neutrino will generate genuine��ET in the event, in constrast to QCD

multijet background. Therefore, this distribution can be to constrain the normal-

ization of these backgrounds in events with low b jet multiplicity.

Resonant production of a b and isolated lepton from a t→ Wb decay

If correctly paired to the top quark decay, the b + ` system is expected to have

a characteristic distribution with an endpoint which is related to the W and t

masses, as maxM`,b =
√
m2
t −m2

W . This distribution can be used to further

isolate the signal contribution while exploring the sensitivity to the top quark

mass at the same time [183].

The pre�t distributions for the M(`, b) and minM(`, b) are shown in Figures 6.10

and 6.11. The M(`, b) variable is computed from events having at least one b-

tagged jet. In case of more than one b-tagged jet, the two leading tagged jets are

considered and the ` + b system with lowest invariant mass, which is de�ned as

minM(`, b), is used. A fair agreement is observed for all categories of jets. In

some case the QCD estimate tends to over predict pairs at very low mass, this is

however mostly covered by the normalization of the QCD multijets.

76



6.5 Pre-�t distributions

Appendix C contains kinematic distributions of the selected objects. Figures 6.9

and 6.10 show the inclusive distributions prior to the �t. A moderate excess is

visible for events with 3 jets and 2 b tags. As it will become clear later (section 8.3),

this slight excess is expected to be within 1σ of the total uncertainty.
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Figure 6.9: Event yields from data and the expected tt̄ signal and backgrounds

for each of the 11 independent categories, depending on combination of light and

b-jets. Distributions are combined for the two lepton charges and �avors. The

bins represent the measured number of jets (j) and b-tagged jets (b). The bot-

tom panel shows the ratio between the data and the expectations. The relative

uncertainty owing to the statistical uncertainty in the simulations, the system-

atic uncertainty in the total integrated luminosity and in the normalization of the

multijet background is represented as a shaded band.
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Figure 6.10: Distributions in the observables used to �t the data with the con-

tributions from all leptons and charges combined. Panels on the left show the

distributions in M(`, b), and on the right in minM(`, b), for events with one and

two b-tagged jets, respectively. From top to bottom, the events correspond to

those with 2 and 3 jets. The lower plot in each panel shows the ratio between

the data and expectations. The relative uncertainty owing to the statistical un-

certainty in the simulations, the systematic uncertainty in the total integrated

luminosity and in the normalization of the multijet background is represented as

a shaded band.
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Figure 6.11: Distributions in the observables used to �t the data with the con-

tributions from all leptons and charges combined. Panels on the left show the

distributions in M(`, b), and on the right in minM(`, b), for events with one and

two b-tagged jets, respectively. From top to bottom, the events correspond to

those with 1 and at least 4 jets. The lower plot in each panel shows the ratio be-

tween the data and expectations. The relative uncertainty owing to the statistical

uncertainty in the simulations, the systematic uncertainty in the total integrated

luminosity and in the normalization of the multijet background is represented as

a shaded band.
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Chapter 7

Systematic uncertainties

This chapter is dedicated to the systematic uncertainties that are relevant for this

study and the methods used to evaluate them. Section 7.1 explains the experi-

mental uncertainties while theoratical uncertainties are described in section 7.2.

7.1 Experimental uncertainties

The Pro�le likelihood ratio �t (PLR) is used (section 8.3) to extract tt̄ production

cross section. The uncertainties involved in this analysis are used as the input to

�t to extract the best-�t value. The experimental uncertainties including, pileup,

trigger and selection e�ciency, lepton and jet energy scales, jet energy resolution,

unclustered ��ET and QCD multijet normalization are constrained by log-normal

distributions. Also any variation in the lepton energy scale, jet energy scale and

jet energy resolution would result into recalculation of the ��ET . The following

experimental uncertainties are involved in this study.

Pileup

Although pileup is included in the simulation, but also there is an intrinsic un-

certainty involved on how to model it appropriately. To estimate the e�ect of

mismodelling in the pileup, the average pileup scenario is varried through the

choice of the minimum bias cross section parameter by 5% with respect to its

initial estimate.
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Trigger and selection e�ciency

The uncertainties on trigger e�ciency, lepton identi�cation and isolation e�ciency

scale factors are propagated by re-weighting the simulation after shifting the nom-

inal values 1σ up and down. The scale factors are determined by using the tag-

and-probe method, as discussed in section 6.2.2.

Lepton energy scale

A variation of 0.5% of the muon pT scale is used to estimate this uncertainty. For

electrons, the energy scale is varried using a pT and η dependent function [184].

The electron energy scale is typically varied between 1% (at low pT in the endcap)

and 0.1% (at high pT in the barrel).

Jet energy scale

A pT and η dependent parameterization of the jet energy scale is used to vary

the calibration of the jets in the simulation [185]. The full breakup of the 29 jet

energy scale uncertainty sources is considered in this analysis.

Jet energy resolution

According to jet energy resolution uncertainties [176], each jet is further smeared

up or down depending on its pT and η with respect to the central value measured

in data. The JER is expected to impact mostly the ��ET shapes and to have a

negligible impact on the M(`, b) distributions.

b-tagging and misidenti�cation e�ciencies

The nominal e�ciency expected in the simulation is corrected by the pT -dependent

scale factors [186]. Depending on the �avour of each jet the b-tagging decision

is updated according to the measured scale factor. The scale factor is also varied

according to its uncertainty. In the �t, the e�ciency for tagging b, c and other

jets (light quarks, gluons or unmatched) are separately quanti�ed. Both nuisances

are constrained by log-normal distributions. The expected e�ect on the signal

shapes is depicted in Figure 7.1. The b-tagging e�ciency is expected to have the

largest impact on the signal shapes.
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Figure 7.1: Distributions for signal shapes with the b-tagging related uncertainties

superimposed in µ++4 jet events with 0 (a), 1 (b) or at least 2 (c) b-tags.

Unclustered ��ET

The scale for the contribution to the energy �ow in the detector is neither clustered

in jets, nor reconstructed as leptons, is varied by 10% up and down and added back

to the clustered component of the ��ET . This estimates the residual uncertainty

on the��ET energy scale, which is not covered by the jet energy scale/resolution or

lepton energy scale uncertainties. This has an e�ect only if the��ET distribution is

used in the �t.

QCD multijet normalization

A lepton channel and jet multiplicity dependent uncertainty on the initial nor-

malization of the QCD multijet background is considered in the �tting model (see

Table 8.1). In each jet multiplicity category, the nuisance parameter a�ecting the

initial normalization is assumed to be distributed as a log-uniform distribution.

QCD multijet shape

The uncertainty in the amount of non-QCD processes subtracted in the side band

is propagated to the analysis by deriving two alternative QCD shapes. A 30%

variation on the expected yields for the non-QCD processes is used to generate

the shape uncertainty envelope.
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Integrated luminosity

The integrated luminosity has an uncertainty of 2.3% [187]. This uncertainty is

included as a nuisance parameter in the �t, as it a�ects the predition for the

yields of MC-based processes. In the extrapolation to the full phase space, the

uncertainty is externalized again, and there is an ambiguity in the extrapolation

due to the estimate of the integrated luminosity.

7.2 Theory uncertainties

Similar to experimental uncertainties, the theory uncertainties like QCD scale

choices, matrix element (ME) generator, hadronizer choice and parton shower scale

are also assumed to be log-normal distributed. In simulation, for hadronizer choice

and parton shower scale, the b-tagging e�ciency in the herwig ++ is corrected

to match the expected one for the pythia 8 simulation for which the data/MC

scale factors are derived. The following theory uncertainties are considered in this

analysis:

Top quark mass

The variation of the shape induced by the top quark mass in simulation is pa-

rameterized by using two alternative samples with masses 166.5 GeV and 178.5

GeV. The MC top mass parameter is thus constrained in the �t. The variations

expected are depicted in Figure 7.2. The extrapolation to the full phase space

results into variation of acceptance values, and hence the top mass, which will be

described in section 8.4.

QCD scale choices

The independent variations of the factorization and renormalization scales (µR/µF )

in the tt̄ and W+jets, by factors of 0.5 and 2, are considered. These variations

are saved in the simulated events as alternative sets of weights and used in the

evaluation of this systematic. In the �t these uncertainties are not correlated for

di�erent processes. The e�ect on the signal shapes is very small for the signal,
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as depicted in Figure 7.2. The e�ect on the normalization is externalized and as-

signed separately as an extrapolation uncertainty. This shall be discussed in more

detail in section 8.4. Figure 7.3 shows the impact of the QCD scale choice for

the W process. In this case the impact is large. For tW, the considered variation

is simultaneous and obtained from alternative powheg (v1) samples where the

scale has been varied. See Figure 7.5 for the e�ect induced on the tW sample.
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Figure 7.2: Distributions for the signal shapes with the QCD-scale choice related

uncertainties and a ∆mt± 6 GeV variation superimposed in µ++4 jet events with

0 (a), 1 (b) or at least 2 (c) b-tags.
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Figure 7.3: Distributions for theW+jets shapes with the QCD-scale choice related

uncertainties superimposed in µ++4 jet events with 0 (a), 1 (b) or at least 2 (c)

b-tags.

Top pT

The uncertainty due to the modelling of the top quark pT distribution in simulation

is evaluated by applying a re-weighting at the generator level [188]. The variations

induced by this re-weighting are depicted in Figure 7.4.
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ME generator

The default simulation is based on powheg, which is compared withMG5_aMC@NLO+

pythia 8-based simulation and an uncertainty is assigned to it. The variations

found in the shapes are mirrored. The variations expected are depicted in Fig-

ure 7.4.

Hadronizer choice

Alternative predictions obtained with powheg +herwig ++ are used to estimate

the uncertainty in modelling the fragmentation and hadronization of jets, as well

as the modelling of the underlying event. The variation is symmetrized at each

bin. The variations expected are depicted in Figure 7.4.

Parton shower scale

Alternative powheg +pythia 8 samples, where the parton shower scale choice is

varied by a factor of 0.5 and 2, are used in the analysis. This a�ects the fragmen-

tation and hadronization of the jets initiated by the matrix element calculation

as well as the emmission of extra jets by the hadronizer. The e�ect on the signal

shapes is depicted in Figure 7.4.
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Figure 7.4: Distributions for the signal shapes with the parton shower scale,

hadronization, NLO generator choice, and top pT uncertainties superimposed in

µ++4 jet events with 0 (a), 1 (b) or at least 2 (c) b-tags.

85



PDFs

The impact on the shapes is expected to be small and thus this uncertainty is

externalized. The RMS of 100 replicas of the NNPDF3.0 set [163] is computed

and in added in quadrature to 2 extra variations corresponding to di�erent choices

of αS.

tW/tt̄ interference

As at NLO QCD, tW production is expected to interfere with tt̄ production, given

the similar initial and �nal states of some diagrams [32,189,190], two schemes for

de�ning the tW signal, distinguishing it from tt̄ production have been compared

in this analysis: the diagram removal (DR) [32], in which all doubly resonant NLO

diagrams are removed, and the diagram subtraction (DS) [32,33], where a gauge-

invariant subtraction term modi�es the NLO tW cross section to locally cancel

the contribution from tt̄ . Figure 7.5 illustrates the expected e�ect on the shape

and normalization of tW.
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Figure 7.5: Distributions for tW shapes with the QCD-scale choice and tW/tt̄ -

related uncertainties superimposed in µ++4 jet events with 0 (a), 1 (b) or at least

2 (c) b-tags.

Background normalization (non multijet QCD)

The theory uncertainty on the cross sections for the backgrounds are included as

nuisance parameters.

86



Chapter 8

Measurement of the Top-Quark Pair

Production Cross Section

This chapter describes the measurement of the tt̄ production cross section σtt̄ at

13 TeV center-of-mass energy of pp collisions. The precise σtt̄ measurement is

performed by using semileptonic decay mode along with further corrections in

addition to pileup re-weighting, jet energy scale and resolution, trigger and lepton

e�ciencies etc. section 6.1.1.

In this chapter, section 8.1 describes the strategy adopted in this thesis, section 8.2

is dedicated to explain how major backgrounds in this study are estimated. Sec-

tion 8.3 is about the statistical methods used in the analysis. Section 8.4 describes

the acceptance measurement and �nally section 8.5 describes the extration of cross

section in �ducial region and extrapolation to full phase space.

8.1 Strategy

The �ducial phase space is de�ned as the kinematic region of the decay products

of any system that can be measured by the detector. The tt̄ production cross

section σtt̄ in �ducial phase space is de�ned as:

σ(tt̄)fid =
N obs −N bkg

L εtot
, (8.1)
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where N obs are the total number of observed events, N bkg are the background

events, L is the integrated luminosity and εtot is the total e�ciency of the recon-

structed and selected tt̄ events.

In the semileptonic (lepton+jets) �nal state, the strategy is to explore the heavy

�avor content of the events. Di�erent categories of events are de�ned on the basis

of number of jets and number of b-jets. In semileptonic �nal state, two heavy

b-jets are produced from the tt̄ decay and two light jets are produced from the

decay of W -boson. The categories with number of light jets less than four and

b-jets less than two, are termed as low jet multiplicities in this study. On the

other hand, the category with at least four jets two of which are b-jets, is termed

as high jet or b-jet multiplicity. This high jet multiplicity is de�ned as the signal

region of tt̄ decay in this analysis. Low jet multiplicity categories are used to

constrain the backgrounds while high jet multiplicity category is used to �t the

signal. A pro�le likelihood ratio �t is used (section 8.4) to establish the signal

strength in the �ducial phase space and the result is extrapolated to the full phase

space through a generator-based acceptance model.

As W+jets is one of the major background in this analysis and due to charge

asymmetric nature of this process [191], the analysis is also divided according to

lepton charge. Since tt̄ is assumed to be charge symmetric [192], this division is

used to estimate the W+jets contamination. The analysis is started from one jet

with 0 b-jet category (1j0t) and proceeded to 4 jets with two b-tagged jets (4j2t)

category, which is the signal region. W+jets, which is a dominant background in

1j0t category is well modelled in 4j2t category as shown in Figure 8.1.

8.2 Background estimations

QCD multijet and W+jets are the main backgrounds in the semi-leptonic decay

channel. In the next sections two strategies are discussed to model and normalize

these two processes. All the background processes are estimated from simulation,

with the exception of QCD. The usage of di�erent categories in the analysis will

allow to derive in-situ corrections to the simulated predictions of these background

88



Figure 8.1: The probability of MC simulations of W+jets and tt̄ for di�erent

categories having di�erent combinations of light and b-tagged jets. For example,

in 1j,=0b represents one light jet and no b-tagged jet.

processes. Nevertheless, a particular attention is given to theW+jets background,

which will be described later.

8.2.1 QCD multijet estimation

Multijet QCD background can mimic the semi-leptonic tt̄ process through semilep-

tonic decay of heavy �avour jets and fake leptons in the �nal state.

Semi-leptonic decay of heavy �avour jets

Long-lived charmed and beauty hadrons give rise to non-prompt and less isolated

leptons that are contained within a jet. These are the true leptons which can

acquire a signi�cant pT given that charm or beauty hadrons tend to carry most of

the energy of a jet due to the fragmentation and hadronization of the initial c or

b quark.
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Fake leptons

Fake leptons either from punch-through hadrons or jets with a high electromag-

netic fraction are not absorbed in the hadronic calorimeter and can generate tracks

in the muon system.

The signi�cance of impact parameter in 3 dimensions (SIP3d) with respect to the

primary vertex variable can be used to �ag the �rst source of leptons as long-

lived heavy �avoured hadrons yielding displaced vertices. Figure 8.2 shows the

distribution of the SIP3d variable for events with di�erent jet multiplicities in the

non-isolated (the region in which isolation criteria of the lepton is inverted due to

which leptons are not well-isolated) and isolated (the region in which leptons are

well-isolated) muon and electron regions. In the analysis, the criteria required for

SIP3d is 4σ above background, given there is some mismodelling of the alignment.

This does not impact signi�cantly the uncertainty in the lepton selection e�ciency.

The variable removes a considerable amount of non-prompt leptons from the QCD

background. For electrons the gain from this cut is not as pronounced as for the

muons, as the electron track reconstruction has poorer resolution than the muon

case. Nevertheless the same cut in both channels is applied.

The simulated MC samples can not reproduce the shape and size of the QCD

multijet background because of the well-isolated and hard leptons requirements.

Therefore, this background is estimated from data-driven technique. Assuming

that the kinematic properties of the multijet events in selected phase space are

independent of the lepton isolation in the event, a control region is de�ned where

the isolation criteria is reversed. This control region (CR) is enriched with multijet

background events and has low contamination from other processes (tt̄ included).

The CR is chosen by inverting the isolation requirement used for the lepton while

all other cuts remain unchanged. The relative isolation, I`(∆β) > 0.4, is required

in both cases. The I`(∆β) value is chosen as a tradeo� between the statistics

and the expected contamination of the CR by signal and W+jets events. Such

impurities are still there, and potentially biase the obtained shape of the multijet

background, especially in high jet multiplicity. The expected contribution from
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Figure 8.2: Distributions for the SIP3d variable for at least 4 jets events in the

non-isolated region (top), isolated µ (center) and isolated e (bottom). From left

to right events with minus and plus lepton charge. The bottom pannel shows ratio

of the data to MC simulations (shown in top pannel).
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non-QCD processes is subtracted from the data in the CR by assigning a 30%

uncertainty to it, as shape uncertainty (explained in section 7.1).

In order to normalize the QCD in the signal region (SR), the ��ET distribution is

used. Low ��ET events are expected to be enriched by processes with no neutrinos

where reconstruction e�ects and pileup dominate the��ET resolution. The number

of events with ��ET <20 GeV in the signal and control regions are counted. After

subtracting the expected contribution from non-QCD processes, the ratio of the

number of events observed in the CR with respect to the number of events observed

in the SR is used as the transfer factor to be used to re-scale the number of QCD

events, i.e.

NSR(QCD) = [NCR(QCD)] · N
Emiss

T <20

SR (obs)−NEmiss
T <20

SR (non−QCD)

N
Emiss

T <20

CR (obs)−NEmiss
T <20

CR (non−QCD)
, (8.2)

where NCR(QCD) = [NCR(obs) − NCR(non − QCD)], SR(CR) refers to signal

(control) region, obs refers to the observed data and non-QCD refers to the esti-

mate of non-QCD processes. An uncertainty is assigned to the initial estimate of

QCD events in the SR, as provided by Equation 8.2. This is done by applying a

variation of 30% on the non-QCD subtracted events in the SR and CR and taking

into account the statistic uncertainty associated to the counting of the data in the

SR and CR. The envelope of the variations is used to assign the initial uncertainty

on the normalization for QCD.

The determination of the scale factor is performed using di�erent requirements. A

large fraction of QCD events is expected from the bb̄. Thus for events with one or

two jets, the scale factors are estimated from events with one b-tag. However, for

events with at least three jets, tt̄ starts contaminating more e�ectively this region,

therefore, no b-tag is required to avoid signal lost.

Table 8.1 summarizes the scale factors to be applied to the CR distributions for

QCD to normalize them in the SR. The uncertainty assigned to the normalization

is also mentioned. Overall the scaling factors are similar accross the di�erent

jet multiplicity categories and tend to increase for higher jet multiplicities. It
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is noticed that the uncertainty is higher in the positively charged lepton sample

as a consequence of charge asymmetry in W+jets, i.e. more prompt positively

charged leptons have to be subtracted in the sideband. All scale factors are close to

two, which is related to the fact that data is triggered by isolated lepton triggers,

in practice only a portion of non-isolated leptons is captured o�ine. A �tting

procedure will be used, to improve the intial estimate of this background (see

section 8.3).

Table 8.1: Scale factors applied to the data-based estimate of the QCD multijet

backgrounds in the non-isolated lepton control region. The uncertainty on the

scale factor (or �nal normalization) is shown in percentage.

Category =1 jet =2 jets =3 jets ≥4 jets

µ+ 1.89± 0.09 1.63± 0.14 2.77± 0.24 2.17± 0.23

µ− 1.59± 0.05 1.19± 0.05 2.64± 0.22 2.01± 0.15

e+ 2.71± 0.09 2.29± 0.10 2.60± 0.13 2.14± 0.30

e− 2.50± 0.12 2.06± 0.05 2.56± 0.13 2.03± 0.10

Figure 8.3 shows the ��ET distributions in the muon and electron channels in the

CR and SR (including the re-scaled shape obtained from the CR for QCD for

an indicative case of four jets). No b-tagging requirement is made, and a fair

agreement is observed for all categories.

8.2.2 Controlling W+jets contamination

The expected contribution from W+jets is modelled from simulation. In each

lepton channel, the analysis is subdivided according to the lepton charge. While tt̄

production is expected to be symmetric with respect to the charge, W production

is expected to be asymmetric due to the PDF composition of the protons [191]. The

charge asymmetry is expected to depend on the jet multiplicity, as well as on the

�avour of the jets [193] in the event. The asymmetries predicted by simulation are

assumed, and the corresponding uncertainties from the choice of the QCD scales

and PDFs are assigned. The �t to be performed (see section 8.3) will �ne tune

the initial predictions.
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Figure 8.3: Distributions for the��ET variable for at least 4 jets events in the non-

isolated region (top), isolated µ (center) and isolated e (bottom). From left to

right events with minus and plus lepton charge. The bottom pannel shows ratio

of the data to MC simulations (shown in top pannel).
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The probability distribution functions for di�erent observables are currently de-

rived from the W+jets MG5_aMC@NLO [165] sample, despite the large frac-

tion of events with negative weights, the sample has su�cient statistics to pro-

vide a fairly smooth template. However this sample is compared with the Mad-

Graph [74] one. A di�erence in normalization between the two, in the di�er-

ent categories, is observed. But the shape of the distributions is fairly similar.

The normalization di�erence attributed to the NLO corrections included in the

MG5_aMC@NLO sample. Figures 8.4 and 8.5 summarize the results obtained

for each category and distribution to be used in the analysis, for��ET , M(`, b) and

minM(`, b) three and four jets.
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Figure 8.4: Distributions for the��ET variable with 3j0b-tagged jets (left) and 4j0b-

tagged jets (right).

Table 8.2 shows the ratio of the events predicted by MG5_aMC@NLO with

respect to the MadGraph simulation. Overall, more events are expected in the

NLO simulation, except when at least four jets are present in the event. In that

case, the tendency is to obtain a lower normalization by ≈3-4%.

As a consequence of the previous observation, the expected charge asymmetry

de�ned as Ac = (N+ − N−)/(N+ + N−) is di�erent. The QCD scale variations

are also assigned an uncertainty. These are expected to cover the di�erences

in yields (charge asymmetry) between the MadGraph and MG5_aMC@NLO

predictions, although the latter are expected to be more accurate as higher order

QCD corrections are included in the computation.
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Figure 8.5: Distributions for theM(`, b) varible events with 4j1b-tagged jets (left)

and minM(`, b) for 4j2b-tagged jets (right).

Table 8.2: NLO/LO scale factors for W+jets derived from MadGraph and

MG5_aMC@NLO samples for the di�erent categories used in the analysis.

Category =1 jet =2 jets =3 jets ≥4 jets

µ+ 1.112±0.002 1.184±0.006 1.20±0.01 0.96±0.02
µ− 1.095±0.003 1.170±0.006 1.19±0.01 0.97±0.02
e+ 1.102±0.003 1.196±0.007 1.21±0.02 0.96±0.02
e− 1.288±0.004 1.38±0.008 1.40±0.02 1.09±0.03

8.3 Method used for the statistical analysis

The cross section for tt̄ production is extracted after performing a pro�le likelihood

ratio �t (PLR) to the number of events counted in the di�erent categories. In this

case, a distribution is used in a given category and the �t is naturally extended

to include the di�erent bins of the variable of interest. The PLR �t takes into

account the expectations for the di�erent background processes as well as the

signal. The expectations for the signal and a background process in a category

can be estimated as depending on the simulation or from a data-driven method

(ŝ or b̂ for signal and background correspondingly), and nuisance parameters (θi)

that can parametrize the e�ect of the systematic uncertainties associated to the

estimate of these expectations.

The nuisance parameters can be expressed as multiplicative factors, which a�ect
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the nominal prediction of the event yields of each process i.e. for a given expected

rate-x, it is a�ected by x→ x(1 + σiθi) where the θi is distributed according to a

pre-de�ned probability distribution function, and the σi are the relative variation

in the yields induced by the i-th source of uncertainty. The nature and values

of the nuisances are discussed in the next sections, as well as the probability

distributions assigned in the �t. The constraints allow the nuisances to �oat in

the neighbourhood of its expected value enabling a �ne adjustment of their initial

values using the observed data. For the signal, further a multiplicative factor is

considered which is the ratio of the cross section to be measured in the data to

expected theoretical value, i.e. the signal strength µ = σ/σth. For each category

(or observation bin), the total number of expected events are written as:

N̂k(µ, θi) = N̂ s
k(µ, θi) + N̂ b

k(θi) = µ · ŝk ·
∏
i

(1 +σsi θi) +
∑
b∈bkg

b̂k ·
∏
i

(1 +σbi θi) (8.3)

Using Equation 8.3, the likelihood is written as a product of Poisson distributions

and nuisance constraints:

L (µ, θi) =
∏
k

Poisson

[
Nk|N̂k(µ, θi)

]
·
∏
i

pdf(θ̄i = 0, θi, 1) (8.4)

In Equation 8.4, Nk is the number of events observed in the k-th category. Based

on the likelihood expressed in Equation 8.4 the PLR-test statistics are de�ned as:

λ(µ) =
L (µ,

ˆ̂
θi)

L (µ̂, θ̂i)
(8.5)

The quantities
ˆ̂
θ corresponds to the value of θ which maximise the likelihood for the

speci�ed signal strength (also known as conditional likelihood). The denominator

L (µ̂, θ̂i), is called the un-conditional likelihood function depending on estimators

µ̂ and θ̂. This approach allows to cover the e�ect of the systematic uncertainties

in the �t; in the presence of the nuisance parameters the likelihood as function

of µ tends to be broader with respect to the one obtained for �xed values. This
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re�ects the loss of information in µ due to systematic e�ects. More details can be

found in [194].

For the computation of the PLR described in Equation 8.5, RooStats [195] frame-

work is used through the Higgs combination tool [196].

8.3.1 Fit setup

In order to improve the precision of the measurement, a good decorrelation of the

post�t uncertainties is required. This section describes the techniques to handle

nuisances for achieving a better decorrelation.

Factorize rate and shape uncertainties

For each source of uncertainty the contribution to rate and shape is factorized

separately. Rate uncertainties are assigned a log-normal PDF, while shape uncer-

tainties are assigned a gaussian PDF and its e�ect on the shape is parametrized

linearly (quadratically) inside (outside) the 1-σ range.

Finite statistics in the MC

Most of simulations employed have enough statistics and this a�ects to the back-

grounds in the highest jet or b-jet multiplicities, such as Drell-Yan and tW. For

each multiplicity, more than 30% relative variation is found, an alternative shape

is instantiated where the bin is allowed to vary independent of the others.

QCD multijet shape

The uncertainty on the QCD multijet shape is derived by changing the amount

of non QCD multijet, processes which is subtracted in the isolation sideband. In

this analysis bin-by-bin variations are used.

QCD multijets normalization

In some cases (most notably for the electron channel), it is identi�ed that the

prescription to assign at least 30% uncertainty on the initial normalization of this

background is being followed exactly.
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Lepton e�ciencies

Besides applying the rate and shape factorization (duplicating the number) of

nuisances associated to trigger and o�ine selection e�ciencies the prescribed rec-

ommendation to add 0.5% in quadrature to the muon trigger e�ciency [197] is

also considered.

W QCD scales

W QCD scales have been uncorrelated among categories. This is maximally con-

servative as it limits the capability of the �t to constrain these variations by

correlating di�erent categories.

DY background

DY contribution has been uncorrelated among categories.

Integrated luminosity

The integrated luminosity and associated uncertainty are updated according to [198].

The total integrated luminosity decreases by 2.7% and the total uncertainty as-

signed is 2.3%.

Beam energy uncertainty -

The uncertainty on the beam energy is used as 0.1% [199]. This translates to an

almost negligible uncertainty on the theory prediction for the tt̄ cross section of

0.23%.

The so-calledMigrad algorithm with strategy 2, as implemented inMinuit2 [200]

is adopted to compute the impacts of the nuisances. This algorithm is strongly

dependent on derivatives, but if the computation of the derivatives is numerically

stable, it is expected to have the best performance comparatively to other meth-

ods. In order to separate the rate and shape systematics, it is expected that overall

performance of Migrad is stable. The datacards used in this study are available

in [201].
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8.3.2 Expected performance

The �t is performed in two di�erent strategies, cut-in-categories or count analysis

and shape or distribution analysis. The results obtained applying the �t procedure

in these analysis strategies are compared in this section.

Cut-in-categories or Count analysis

The data events are counted in di�erent categories containing di�erent levels of tt̄

purity. Since the categories are de�ned by the jet and b-tagged jet multiplicities

and the lepton charge, so a total of 2×2×11 = 44 categories are used in the

analysis. The expected evolution of the counts in the categories is correlated and

anti-correlated according to the expected e�ect of each systematic. With this

approach the �t is expected to constrain some of the experimental systematic

uncertainties and also some of the theory uncertainties pertaining the modelling

in the �ducial volume. A simpli�ed version using only events with 4 jets (a total

of 2×2×3 = 12 categories) was also considered.

In Table 8.3 the expected and observed results of the �ts in the individual chan-

nels and after di�erent combinations are reported. The results are in agreement

between the di�erent channels and the �nal combination. The combination of the

electron and muon channels and of the +/- lepton charge categories does help

in improving the �nal uncertainty at both the expectation and observation lev-

els. The handling of the QCD multijet background in the electron channel is

signi�cantly good and in agreement with the muon results.

Figure 8.6 compares the data with the post-�t distributions for an indicative case

of four jets used in the cut-in-categories analysis. For each plot, the distortion

induced by the �t in the shapes of the signal and background is shown and com-

pare the data to the pre�t and post�t models. The agreement with the post�t

model is signi�cantly improved with respect to the pre�t one. The changes in

the signal shape are mild, and evolve with b-tagging multiplicity. The changes

in the background shape are most notorious in the low b-tagging categories in

the electron channel (due to adjustment of the QCD contribution) and in the
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Table 8.3: Expected and observed �t results for di�erent categories and combina-

tions in the cut-in-categories analysis. The uncertainties are the total uncertainties

(statistical+systematic) in the �ducial phase space.

Category Expected Observed

µ+ 1.000+0.048
−0.046 1.081+0.051

−0.052

µ− 1.000+0.049
−0.048 1.068+0.052

−0.051

µ 1.000+0.043
−0.043 1.074+0.047

−0.045

e+ 1.000+0.062
−0.058 1.033+0.062

−0.059

e− 1.000+0.058
−0.055 1.022+0.060

−0.057

e 1.000+0.056
−0.053 1.030+0.057

−0.053

+ 1.000+0.042
−0.041 1.067+0.045

−0.043

- 1.000+0.041
−0.040 1.039+0.045

−0.043

≥2j 1.000+0.039
−0.038 1.055+0.047

−0.041

≥3j 1.000+0.040
−0.039 1.049+0.043

−0.041

≥4j 1.000+0.063
−0.059 1.016+0.064

−0.060

combined 1.000+0.038
−0.038 1.054+0.043

−0.041

high jet/b-tagging multiplicity bins. In both cases (signal/background) shapes

are changed by 10%.

The change of the shapes (rates) re�ects changes in the post-�t values of the

shape (rate) nuisances. To assess the impact of each nuisance in the �ts, the �ts

are repeated by �xing one nuisance at the time at its ±1σ post-�t uncertainty.

The deviation induced in the signal strength is called the impact. The impact

of the di�erent sources of uncertainties in the �t is shown in Figures 8.7 and 8.8

for the inclusive �t. Table 8.4 summarizes the estimated impact and correlations

of di�erent nuisances with the signal strength. In the �ts, no nuisance is pulled

by > 1σ and the post-�t uncertainties are very similar to the ones expected from

the Asimov datasets. The uncertainties due to luminosity, trigger and selection

e�ciencies are neither constrained in the �t, nor pulled signi�cantly from their

initial estimate. The larger impacts are due to the W modelling (renormalization

scale), DY and QCD multijet through their contribution to the 3 jets category.

The uncertainties in the integrated luminosity, trigger and selection e�ciency are

also among the ones with highest impact. Their apparent impact is mitigated

by correlations with the other nuisances when the �ts are repeated. All other
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Figure 8.6: Comparison of the post-�t distributions for at least 4 jets category with

the data for e channel (top) and for µ channel (bottom). Negatively (positively)

charged distributions are shown on left (right). The top panels show the stacked

distributions of signal and background processes and the observed data. A shaded

band represents the post-�t uncertainty. The middle panels show the ratio of the

post-�t to pre-�t distributions for the signal and background sum. The bottom

panel shows the data to signal plus background expectations, prior and after the

�t. The error bar in the points is the statistics in data. A shaded band represents

the relative post�t and pre�t uncertainties.
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nuisances are estimated to have an impact less than 1% even if at pre-�t level

they may be larger in magnitude.
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Figure 8.7: Summary of the �t results to the Asimov dataset using the cut-in-

categories analysis. The left panel shows the post-�t pull (value and uncertainty)

of each nuisance, while the right panel displays the estimated impact on the �t for

the tt̄ signal strength. Only the �rst 30 nuisances are displayed and their name is

shown at each row of the plots.

The distribution of the post-�t correlations of the nuisances with higher impact

and the signal strength with each other are shown in Figure 8.9. Although both

distribution peak at 0, they have a ≈10% RMS. The correlation matrix for this

set of nuisances is also shown in Figure 8.10. Given the non-negligible correlations

between nuisances, the quadratic sum of the impacts is neither expected to yield

back the total uncertainty of the �t, nor expected to re�ect the direct impact of

the nuisance if it had been externalised in the �t. In addition, smaller impact

in the �t can't be interpreted as a reduction of the uncertainty associated to a

nuisance.
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Figure 8.8: Summary of the �t results for data using the cut-in-categories analysis.

The left panel shows the post-�t pull (value and uncertainty) of each nuisance,

while the right panel displays the estimated impact on the �t for the tt̄ signal

strength. Only the �rst 30 nuisances are displayed and their name is shown at

each row of the plots.
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Table 8.4: List of nuisances with their impact on the �t in the cut-in-categories

analysis. The middle column shows the estimated impact, while the right-most

column shows the correlation with the signal strength in the �t.

Source ∆µ ρ(µ)

Integrated luminosity 0.026 -0.05

Trigger/selection e�ciency

e trigger 0.011 -0.02

µ trigger 0.010 -0.05

µ e�. 0.012 -0.05

e e�. 0.009 -0.03

QCD modeling

µ− + 3j normalization 0.009 -0.09

µ+ + 3j normalization 0.007 -0.09

µ+ + 2j normalization 0.006 -0.04

µ− + 4j 2b tag 0.007 -0.16

µ+ + 4j 1b tag 0.007 -0.15

µ− + 3j 1b tag 0.005 -0.13

e− + 4j 1b tag 0.008 -0.19

e+ + 4j 1b tag 0.006 -0.21

e+ + 2j normalization 0.008 0.03

e− + 3j normalization 0.008 -0.06

e− + 2j normalization 0.007 -0.16

e+ + 3j normalization 0.007 -0.06

tt̄ /tW modeling

tt̄ /tW interference 0.009 -0.32

Hadronizer (herwig++ vs pythia 8) 0.004 0.14

Experimental

Misidenti�cation probability (shape) 0.008 -0.11

c identi�cation probability (shape) 0.008 -0.00

b identi�cation probability (shape) 0.005 -0.10

µ scale (rate) 0.010 0.04

JES Pileup (rate) 0.005 0.03
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signal strength and nuisances. Only nuisances with an impact > 0.005 are shown.
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Shape or Distribution analysis

The other strategy of this analysis is shape analysis. In this strategy, the events are

looked into �ner detail by using a di�erential distribution which allows to seperate

further the signal from the background. For events without any b-tagged jet the

missing transverse energy distribution is used as it provides a handle on seperating

the non-resonant QCD multijet background from the W+jets background, while

constraining at the same time the normalization of the latter. For the categories

with at least 1b-tagged jet, the M(`, b) while in case of more than 1b-tagged jets,

minM(`, b) is examined.

The results of the �ts are reported in Table 8.5. Figure 8.11 explains the com-

parison of the post-�t distributions for 4 jets and at least 2 b-tagged jets, both

for electron and muon channels. Figures 8.12 and 8.13 show the impact of the

di�erent sources of uncertainties in the �t for shape analysis. Finally, Figure 8.14

explains the post-�t correlations of the nuisances with higher impact and signal

strength and Figure 8.15 shows the correlation of matrix of the nuisances.

Table 8.5: Expected and observed �t results for di�erent categories and com-

binations in the shape analysis. The uncertainties are the total uncertainties

(statistical+systematic) in the �ducial phase space.

Category Expected Observed

µ+ 1.000+0.043
−0.043 1.054+0.044

−0.043

µ− 1.000+0.042
−0.041 1.061+0.044

−0.042

µ 1.000+0.039
−0.037 1.054+0.040

−0.038

e+ 1.000+0.060
−0.057 1.036+0.061

−0.059

e− 1.000+0.058
−0.055 1.059+0.065

−0.056

e 1.000+0.054
−0.052 1.062+0.056

−0.052

+ 1.000+0.039
−0.039 1.053+0.041

−0.040

- 1.000+0.038
−0.037 1.067+0.039

−0.038

≥2j 1.000+0.036
−0.035 1.072+0.038

−0.037

≥3j 1.000+0.038
−0.037 1.060+0.039

−0.038

≥4j 1.000+0.058
−0.056 1.024+0.061

−0.063

combined 1.000+0.035
−0.034 1.067+0.037

−0.035
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Figure 8.11: Comparison of the post-�t distributions with the data with events

4jets and at least 2 b-tagged jets for the e-channel (top) and for µ-channel (bot-

tom). Negatively (positively) charged distributions are shown on left (right). The

top panels show the stacked distributions of signal and background processes and

the observed data. A shaded band represents the post-�t uncertainty. The mid-

dle panels show the ratio of the post-�t to pre-�t distributions for the signal and

background sum. The bottom panel shows the data to signal plus background

expectations, prior and after the �t. The error bar in the points is the statistics

in data. A shaded band represents the relative post�t and pre�t uncertainties.
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Figure 8.12: Summary of the �t results to the Asimov dataset using the shape

analysis. The left panel shows the post-�t pull (value and uncertainty) of each

nuisance, while the right panel displays the estimated impact on the �t for the tt̄

signal strength. Only the �rst 30 nuisances are displayed and their name is shown

at each row of the plots.
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Figure 8.13: Summary of the �t results for data using the shape analysis. The

left panel shows the post-�t pull (value and uncertainty) of each nuisance, while

the right panel displays the estimated impact on the �t for the tt̄ signal strength.

Only the �rst 30 nuisances are displayed and their name is shown at each row of

the plots.
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Figure 8.14: Distribution of the inter-nuisances correlation and correlation of the

signal strength and nuisances using shape analysis. Only nuisances with an impact

> 0.005 are shown.
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Table 8.6: List of nuisances with larger impact on the �t in the shape analysis. The

middle column shows the estimated impact, while the right-most column shows

the correlation with the signal strength in the �t.

Source ∆µ ρ(µ)

Integrated luminosity 0.024 -0.03

Trigger/selection e�ciency

e trigger 0.010 -0.03

µ trigger 0.010 -0.04

µ e�. 0.012 -0.04

e e�. 0.007 -0.02

Background modelling

W+jets (norm.) 0.017 0.09

DY→ µµ+1j (norm.) 0.01 0.03

DY→ ee+1j (norm.) 0.005 0.01

Multijets µ−+3j,1t 0.005 -0.17

Multijets µ−+4j,1t 0.005 -0.18

Multijets µ++4j,1t 0.004 -0.14

Multijets µ−+4j,1t 0.004 -0.14

Multijets µ++3j,1t 0.004 -0.13

Multijets e−+3j,0t 0.004 0.01

tt̄ modeling

top pT 0.006 -0.11

Hadronizer (shape) 0.005 0.08

Experimental

µ scale 0.009 0.01

b identi�cation probability (rate) 0.014 0.53

JES Pileup PtRef (rate) 0.005 0.06

Gluon response (rate) 0.004 0.04
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8.4 Extrapolation to full phase space

The PLR �t is used to extract the number of tt̄ signal events in the �ducial phase

space region. However, the measurement of inclusive cross section requires an ex-

trapolation, from the �ducial to the full phase space regions. De�ning acceptance

as:

Afid =
Nfid

Ngen

(8.6)

where Nfid = L · ε · σfid is the number of events in the �ducial region and

Ngen = L ·σtot the number of generated events in the full fase space. The relation

between the �ducial and full phase space cross sections is written as:

σ(tt̄) =
σ(tt̄)fid
Afid

, (8.7)

and the total cross section written as:

σ(tt̄) =
Nfid

Afid · ε ·L
, (8.8)

In the Equation 8.8 Nfid, the numbar of events in �ducial region and selection e�-

ciency ε, are determined experimentally. The ε comprises trigger, lepton, jet, b-jet

selection e�ciencies and is determined from control regions (tag-and-probe, QCD

multijet samples) and further constrained in-situ in the �t. The L is determined

independently [187] and incorporated into the �t as an uncertainty, which is also

taken into account for the MC-based predictions. Also its e�ect needs to be ex-

ternalized while determining the total signal cross section. Finally the acceptance

is taken from MC and therefore studied in simulation.

In order to check the variation of acceptance against di�erent choices of QCD scales

and PDFs, di�erent MC generator samples are studied. In the study, the event-

based generator level weights of di�erent MC samples are used as an alternative

weight in the tt̄ simulations. The number of events that pass a pre-selection

criteria are counted. Given o�ine, one isolated lepton and one jet is required, the
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same requirements is replicated at generator level by requiring one pT >25 GeV

�nal state lepton and at least one generator level jet (anti kT , R=0.4) with pT

>25 GeV. Both objects are required to have |η| < 2.5. Table 8.7 summarizes the

uncertainties which are considered in the extrapolation to the full phase space.

Table 8.7: Summary of the uncertainties considered in the extrapolation to the

full phase space.

Uncertainty Procedure

PDF+αS RMS of the 100 NNPDF3.0 variations added in quadra-

ture with PDF set with ∆αS = ±0.001

QCD scale Envelope of the variations (µR, µF ) =

[(1/2, 1), (2, 1/2), (1, 1/2), (1, 2), (1/2, 1/2), (2, 2)]

PS scale Di�erence between nominal PS scale powheg +pythia

8 and 2,1/2 variations

Hadronizer Di�erence between PYTHIA8 and herwig ++

MC generator Di�erence between powheg and MG5_aMC@NLO

both interfaced to pythia 8

Integrated lumi-

nosity

2.7%

In this study, the branching ratios in the MG5_aMC@NLO and MadGraph

samples are also corrected. As W decays to leptons with branching ratio of

0.1086 [202], this is used to re-scale the geometric branching ratio assumed in

bothMG5_aMC@NLO andMadGraph of 1/9. Similar procedure applies toW

hadronic decays which are expected to occur with a branching ratio of 0.6741 [202]

whileMG5_aMC@NLO andMadGraph assume 2/3. The correction applied is

therefore [0.1086/(1/9)]·[0.6741/(2/3)] = 0.9883 for the semi-leptonic channel. Af-

ter applying this correction both powheg, MG5_aMC@NLO and MadGraph

are found to be in agreement with respect to the acceptance prediction for this

analysis.

Table 8.8 shows the evolution of the acceptance for di�erent (inclusive) jet mul-

tiplicity requirements. The mass dependence of the acceptance is 0.00023/GeV

(0.00065/GeV) after the requirement of at least 1 (4) jets. The variation of the

QCD scale at parton shower level has no e�ect except for events with at least 4

jets. The �uctation of +0.003/-0.006 is expected from the up/down variation of
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the scale. The di�erence of hadronization between pythia 8 and herwig ++

seems to be stable for MG5_aMC@NLO samples at the level of 1%.

Table 8.9 and Figure 8.16 summarize the evolution of the acceptance as function

of the inclusive jet multiplicity.

8.4.1 Major uncertainties

The sources of uncertainties include PDF, αs and QCD scales. For the PDF, the

root mean square (RMS) of the 100 replicas of NNPDF30_nlo_as_0118 while for

αs, the envelope of the di�erence with respect to NNPDF30_nlo_as_0117 and

NNPDF30_nlo_as_0119 is assigned as an uncertainty. For the QCD scales, the

envelope of the individual variations of µR/µF by factors of 0.5 and 2 and the

combined variation of both scales by a factor of 0.5 and 2.

The dominant source of uncertainty is expected to be due to PDFs. The total

estimated uncertainty (adding linearly the sources) is expected to be O(0.37%)

(O(0.78%)) for events with at least 1 (4) jets.
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Figure 8.16: Acceptance as function of the inclusive jet multiplicity, as estimated

with the tt̄ powheg +pythia 8 (reference simulation).

In this study, the acceptance is estimated to be 0.2972±0.0001 (stat)±0.0043 (syst),

being the systematic uncertainty estimated by varying the QCD scale at ma-

trix element (±0.0017), by taking the dispersion of the NNPDF3.0 PDF replicas
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(±0.0006), and by varying the parton shower used to interface the matrix ele-

ment generator, i.e. pythia 8 vs herwig++, (±0.0039). The total uncertainty

associated to the extrapolation is therefore estimated to be 1.5%.
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Table 8.9: The acceptance and uncertainties on acceptance, QCD scales, PDF and

αs for powheg +pythia 8 (reference simulation).

1 jet 2 jets 3 jets 4 jets

Acceptance 0.2972±0.0001 0.2959±0.0001 0.2886±0.0001 0.2593±0.0001
QCD scales 0.0017 0.0016 0.0011 0.0005

PDF 0.0005 0.0006 0.0008 0.001

αS 0.0003 0.0003 0.0003 0.0004
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8.5 Cross section extraction

Figure 8.17 summarizes the results on signal strength as discussed in the previous

sections, and Figure 8.18 summarizes the expected and observed impacts of the

nuisances employed in the �t in the visible phase space region.
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Figure 8.17: (a) The observed (solid curve) and expected (dashed curve) variation

of the likelihood as a function of the signal strength µ for the distribution-based

analysis. The expected curve is obtained by performing the �t using simulated

events with mt = 172.5 GeV . For comparison, the corresponding curves for the

counting cross-check analysis are also shown. The two horizontal lines represent

the values in the PLR that are used to determine the 68% and 95% con�dence level

(CL) intervals for the signal strength. (b) Comparison of the values of the signal

strength extracted for di�erent combinations of events for the distribution-based

default analysis (solid circles) and the cross-check counting analysis (open circles).

The horizontal bars represent the total uncertainties, except the beam energy

uncertainty. The shaded bands represent the uncertainty in the �nal combined

signal strength obtained from the distribution-based and cross-check analyses.

The total (�ducial) cross section is measured by multiplying the signal strength

and the theory cross section (and the estimated acceptance). The uncertainties

in the acceptance are added in quadrature to the total cross section, which is

extrapolation to the full phase space.
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Figure 8.18: Summary of the impact of the most relevant nuisance parameters

in the count (a) and analysis of distributions (b). The observed (hollow bars)

impacts are compared to the expected (gray bars).
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Chapter 9

Top quark mass measurement

As the tt̄ cross section also depends on the top quark pole mass [203], therefore,

it can be re-interpreted to measure this pole mass. The TOP++ (v2.0) program

[168] and the CT14 NNLO PDF [204] set are used to parameterize the dependance

of the cross section on the mass. The parametrization used is:

σ(mt) = σ(mref )×
(
mref

mt

)4

×
[
1 + a1(

mt

mref

− 1) + a2(
mt

mref

− 1)2

]
, (9.1)

where mref = 172.5 GeV is the mass used as reference, mt is the pole mass to

determine, a1 and a2 are coe�cients determined after performing the calculations

with various mt hypotheses. The e�ects induced by the choice of factorization and

renormalization scales µR/µF, the uncertainty in the PDF+αS, and uncertainties

in the beam energy are evaluated by recomputing the cross section after �uctuating

these parameters within their uncertainties. The resulting typical uncertainties in

σ(mt) amounts to +2.5%
−3.7%,

+4.3%
−4.4%, and ±0.23%, respectively. The latter re�ects a 0.1%

uncertainty in the beam energy at which the data used in this analysis has been

collected [205]. Figure 9.1 shows the result of the parameterization of Equation 9.1

compared to the theory predictions obtained with TOP++.

To measure the pole mass, the likelihood function is re-parametrized, µ is trans-

formed into a functional form depending on the top quark pole mass, as
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Figure 9.1: Evolution of the tt̄ cross section at NNLO+NNLL with the top quark

mass, using the CT14 NNLO PDF.

µ(mt) =
σ(mt)

σth
· δA

A(mt)
(9.2)

where the last factor ( δA
A(mt)

), is a mass-dependent correction to the acceptance

A. Using simulated tt̄ samples with di�erent top quark masses, the acceptance is

estimated to vary by 0.08% per ∆mt = 1 GeV. Figure 9.2 compares the parame-

terisation of Equation 9.2 and the acceptance correction. The uncertainties in the

extrapolation, as well as the theoretical uncertainties that a�ect the cross section

as a function of mt due to the choices of µR/µF, PDF, αS, and beam energy, are

added as extra nuisance parameters in the �t for the pole mass. With the excep-

tion of µR/µF, which is de�ned through a log-uniform probability distribution, the

remaining uncertainties are assigned a log-normal function [206]. After repeating

the maximum-likelihood �t, the pole mass extracted is:

mt = 170.6 +2.7
−2.7 GeV ,

where the quoted uncertainty contains both the statistical and systematic con-

tributions. The result agrees with that obtained using the NNPDF3.0 NNLO
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Figure 9.2: Model used for the extraction of mt from the cross section measure-

ment.

PDF [207]: mt = 170.3 +2.6
−2.7 GeV. The latter is only used as a cross-check, as

the NNPDF3.0 PDF includes top-quark-related data in the determination of the

proton PDFs. In both cases, the best-�t value is chosen by �xing the nuisance

parameter associated with the choice of the µR and µF ratio to its post-�t value,

and repeating the scan of the likelihood. This procedure is adopted to resolve the

almost degenerate behavior of the likelihood induced through the use of a log-

uniform parton distribution function (pdf) assigned to the choice of the µR and

µF ratio.

Figure 9.3 shows the variation of the likelihood as a function of the top quark pole

mass. For comparison, the expected likelihood from the Asimov set of nuisance

parameters at mt = 172.5 GeV is shown. Figure 9.4 compares di�erent PDF sets,

and the cut-in-categories with the shape analysis.

The shape analysis innovates by constraining in-situ the MC top mass and treating

it as a nuisance, as proposed in [1]. Figure 9.5 depicts the improved sensitivity of

the shape analysis to the MC mass with respect to a simple counting experiment.

In both cases, the post-�t is observed to be in perfect agreement with the pre-�t.

The (-1,1)-values of the nuisance correspond to a ±3 GeV variation in the pole

mass. The interpolation of the shape is based on a vertical morphing algorithm

and the function used is non-linear, in particular for values in the [-1,1] range.

125



Top quark pole mass [GeV]
164 166 168 170 172 174 176 178

 ln
 (

L)
∆

-2
 

0

1

2

3

4

5

6

7

8

9

10

observed

expected

68% CL

95% CL

CMS
 (13 TeV)-12.2 fb

Figure 9.3: Dependence of the likelihood on the top quark pole mass (solid curve).

The expected dependence from the simulation, using the a priori set of nuisance

parameters with their expected values atmt = 172.5 GeV, is shown for comparison

as the dotted curve. The changes in the likelihood corresponding to the 68% and

95% con�dence levels (CL) are shown by the dashed lines.
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Figure 9.4: Dependence of the likelihood on the top quark pole mass (solid curve).

The expected dependence from the simulation, using the a priori set of nuisance

parameters with their expected values atmt = 172.5 GeV, is shown for comparison

as the dotted curve. The changes in the likelihood corresponding to the 68% and

95% con�dence levels (CL) are shown by the dashed lines. Di�erent PDF sets are

compared (a) with the cut-in-categories and shape analysis (b).
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Figure 9.5: Two dimensional contours of the PLR corresponding to 2∆ lnL = 2.30

(68% CL for a 2D �t) in the top quark pole mass versus MC mass nuisance plane.

The expected (for mt = 172.5 GeV ) and observed, using the CT14 PDF set, are

compared for the analysis of the distributions (a) and the cut-in-categories and

analysis (b).

The impact of each source of systematic uncertainty in the values corresponding

to the �t is estimated using a similar procedure to the one described above for the

cross section measurement. Table 9.1 summarizes the estimated uncertainties in

the determination of mt from the measured cross section.

Table 9.1: The source and value of the systematic uncertainties in the measurement

of the pole mass of top quark (mt).

Source ∆mt [GeV ]

Uncertainties from the �t in the �ducial region −2.21 /+2.45

Extrapolation to the full phase space −0.69 /+1.09

Beam energy −0.08 /+0.12

µR/µF and PDF+αS −0.89 /+1.09

Total +2.7 /−2.7
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Conclusion

This chapter is dedicated to the results for tt̄ production corss section, measured

at
√
s = 13 TeV in the semi-leptonic �nal state containing one isolated lepton

(electron or muon) and at least one jet. The total integrated luminosity used for

this study is 2.2 fb−1 for both the electron and muon channels. In addition, the

pole mass is extracted at NNLO using the CT14 PDF set [90].

The alternative possibilities to measure the tt̄ cross section have also been stud-

ied, including a complete assessment of the main systematic uncertainties. By per-

forming a simultaneous �t to event distributions in 44 independent categories (sec-

tion 8.3.2), the strength of the tt̄ signal relative to the NNLO+NNLL [168] com-

putation is measured. The signal strength is measured in a region of phase-space

where the lepton has pT > 30 GeV and |η| < 2.1, and at least one jet has pT > 30

GeV and |η| < 2.5. The resulting visible tt̄ cross section in this phase-space region

is determined with an overall 3.6% relative uncertainty, a summary of results is

shown in Table 9.2.

Table 9.2: Summary of the cross sections measured in this analysis.

Phase space Analysis Cross section [pb]

Fiducial
Count 205.6 ± 0.4 (stat.) +6.9

−6.4 (syst.) ± 4.7 (lumi.)

Distr. 208.2 ± 0.4 (stat.) +5.5
−4.9 (syst.) ± 4.8 (lumi.)

The extrapolation to the full phase space is performed by using the acceptance es-

timated from the tt̄ simulation. Using powheg [79], the acceptance is measured

to be 0.2345 ± 0.0001 (stat)+0.0044
−0.0043 (syst) GeV, where the systematic uncertainty

is due to change in µR/µF (±0.0017), with the CT14 PDF and αS uncertainties

(+0.0009
−0.0007) GeV [204] and also changing the parton shower algorithm results into
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(±0.0039)% uncertainty. The total uncertainty associated with the extrapolation

is estimated to be 1.6%. This uncertainty is added in quadrature to the system-

atic uncertainty obtained in the �tted �ducial region where the measurement is

extrapolated to the full phase-space.

Summing the statistical (0.3%), systematic (2.7%), and integrated luminosity

(2.3%) uncertainties in quadrature, a total relative uncertainty in the tt̄ cross

section of 3.9% is obtained. The �nal results are summarized in Table 9.3, the

results measured for the muon and electron channels from the 13 TeV data are in

agreement with the predictions of NNLO+NNLL [168,208].

Table 9.3: Summary of the cross sections measured in this analysis [209].

Phase space Analysis Cross section [pb]

Full
Count 876.9 ± 1.7 (stat.) +29.5

−27.5 (syst.) ± 16.1 (extr.) ± 20.2 (lumi.)

Distr. 887.7 ± 1.7 (stat.) +23.0
−20.7 (syst.) ± 16.3 (extr.) ± 20.4 (lumi.)

Figure 9.6 shows the comparison of this study with the other CMS measurements

in dilepton channel and all jets channel.
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Figure 9.6: Summary of top quark pair production cross section [210].

The tt̄ cross section σtt̄ can be reinterpreted to extract the pole mass mt of the
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top quark by using the dependence of the σtt̄ on this parameter. The TOP++

program [168] and the CT14 NNLO PDF [204] is used to parametrize this de-

pendence. After repeating the maximum-likelihood �t, the pole mass extracted is

as [209],

mt = 170.6 +2.5
−2.9 GeV ,

where the quoted uncertainty contains both the statistical and systematic con-

tributions. The result is in agreement with that obtained using the NNPDF3.0

NNLO PDF [163], i.e. mt = 172.3 +2.4
−2.7 GeV. The latter is only used as a cross-

check, as the NNPDF3.0 PDF includes top-quark-related data in the determina-

tion of the proton PDFs. In both cases, the best-�t value is determined by �xing

the nuisance parameter associated with the choice of the µR and µF ratio to its

post-�t value, and repeating the scan of the likelihood. This procedure is adopted

to resolve the almost degenerate behavior of the likelihood, induced through the

use of a log-uniform pdf assigned to the choice of the µR and µF ratio.
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Figure 9.7: Summary of top quark pole mass [210].

The results obtained from this analysis are amongst the most precise measurements

of the top quark cross section and can be used as a base line for many precise

measurements i.e. extraction of the strong coupling constant αs, ratio of the cross
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section at di�erent center-of-mass energies, precise measurement of PDFs etc. The

results can also be used in supersymmetry (SUSY) to study the supersymmetric

top quark partner (stop). The precision of the results presented here, can further

be improved for new LHC data by improving the techniques to constrain the lepton

trigger, identi�cation and isolation uncertainties.
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Appendix A

Fit results for trigger e�ciency

Appendix-A shows the �t results for trigger e�ciency for di�erent jet multiplicies

in data and simulation correspondingly. The �ts in the inclusive and pass regions

describe fairly well the data, however in the fail region the radiative tail in the

Z → ee peak is not being fully captured. This re�ects in the results being obtained

as a cross-check of the e�ciencies which are shown 6.2.2.
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Figure A.1: Tag and probe �ts in data Z → µµ plus (a) =1 jet, (b) =2 jets, (c)

=3 jets and (d) ≥ 4 jets events.
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Figure A.2: Tag and probe �ts in simulated Z → µµ plus (a) =1 jet, (b) =2 jets,

(c) =3 jets and (d) ≥ 4 jets events.
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Figure A.3: Tag and probe �ts in data Z → ee plus (a) =1 jet, (b) =2 jets, (c)

=3 jets and (d) ≥ 4 jets events.
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Figure A.4: Tag and probe �ts in simulated Z → ee plus (a) =1 jet, (b) =2 jets,

(c) =3 jets and (d) ≥ 4 jets events.
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Appendix B

HT distributions in the W+jets

simulation

Figure B.1 shows the e�ect of the main theory uncertainties on the W+jets simu-

lation with aMC@NLO. Di�erent QCD scale choices are expected to induce both

shape and rate variations on the HT distribution which can be at the level of 10%.

At very high HT , and low jet multiplicity, the statistical uncertainty of the sample

can be > 30%.
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Figure B.1: Distributions for the HT variable for e+ events in the W+jets

aMC@NLO simulation. Events with 1 (a), 2 (b), 3 (c) or at least 4 (d) jets

are shown. The bottom panels show the ratio of the distributions with varied

QCD scale at matrix-element level, with respect to the nominal scale choice. The

shaded band represents the intrinsic relative statistical uncertainty of the simu-

lated prediction in each bin.
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Appendix C

Control distributions

This section describes the pre-�t control distributions for di�erent variables in

events with 1, 2, 3 or at least 4 jets. The lepton pT and η are displayed in

Figures C.1, C.2, C.3 and C.4. The shapes of the distributions are overall fairly

reproduced as well as the rates prior to any �t. The QCD background model is able

to capture the electron fakes generated mostly in the barrel to endcap transition

of the ECAL, as well as in the forward ECAL region. The largest disagreement is

found in the e+1j region due to electrons in the endcap.

The sum pT of the selected jets (HT ) and the invariant mass of the tt̄ system

(M(tt̄ )) are shown in Figures C.5, C.6, C.7 and C.8. A slight trend can be

observed towards softer HT in data, with respect to predictions. The trend is

expected, however to be covered by QCD scale choices in the W+jets simulation

and at very high HT by the statistical uncertainty of the MC itself. Figure B.1

in Section B show the breakdown of each one of these e�ects. Fair agreement is

observed for M(tt̄ ), in particular in the signal region.

The b-tagging discriminator (CSV) is shown in Figures C.9 and C.10. Fair agree-

ment is observed between data and simulation in all categories.

The ��ET distributions are shown in Figures C.11 and C.12. Fair agreement is

observed between data and predictions.

The b-jet multiplicity are shown in Figure C.13. A good agreement is found

between data and expectations. A slight excess is common in both channels for
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Figure C.1: Distributions for the lepton pt variable for µ events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.2: Distributions for the lepton pt variable for e events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.3: Distributions for the lepton eta variable for µ events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.4: Distributions for the lepton eta variable for e events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.5: Distributions for the HT variable for µ events. Events with 1 (a), 2

(b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.6: Distributions for the HT variable for e events. Events with 1 (a), 2

(b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.7: Distributions for the M(tt̄ ) variable for µ events. Events with 1 (a),

2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.8: Distributions for the M(tt̄ ) variable for e events. Events with 1 (a),

2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.9: Distributions for the CSV discriminator for µ events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.10: Distributions for the CSV discriminator for e events. Events with 1

(a), 2 (b), 3 (c) or at least 4 (d) jets are shown.
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Figure C.11: Distributions for the ��ET in µ events. Events with 1 (a), 2 (b), 3 (c)

or at least 4 (d) jets are shown.
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Figure C.12: Distributions for the ��ET in e events. Events with 1 (a), 2 (b), 3 (c)

or at least 4 (d) jets are shown.
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events with 3 or 4 jets and 2 b-tags.
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Figure C.13: Distributions for the number of b tags in µ (top) and e (bottom)

events.

The pre�t distributions for the M(`b) and minM(`, b) are shown in Figures C.14,

C.15, C.16 and C.17 correspondingly. Fair agreement is observed for all categories.

In some case the QCD estimate tends to over predict pairs at very low mass, this

is however covered by the normalization of the QCD multijets, and it a�ects only

a handful of events.

Figures C.18, C.19, C.20 and C.21 show extra control distributions for the ∆R

variable computed between the lepton and the b-jet candidate chosen to compute

the M(`, b) variables shown before. One can observe that in muon+1b-tag events

the QCDmultijet prediction obtained from the control region tends to have slightly
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Figure C.14: Distributions for the M(`b) variable in µ events. From left to right

events with 1,2,3 or at least 4 jets and one b-tag.
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Figure C.15: Distributions for the M(`b) variable in e events. From left to right

events with 1,2,3 or at least 4 jets and one b-tag.
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Figure C.16: Distributions for the minM(`b) variable in µ events. From left to

right events with 2, 3 or at least 4 jets and at least two b-tags.
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Figure C.17: Distributions for the minM(`b) variable in e events. From left to

right events with 2, 3 or at least 4 jets and at least two b-tags.
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higher contamination from close by lepton-b-tagged jet pairs. Nevertheless, as

this is expected to a�ect only a small portion of the events, and it is expected to

be covered by the normalization and shape uncertainties for the QCD multijets

background, we don't apply an extra cut or re-weighting of the QCD template.
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Figure C.18: Distributions for the ∆R(`b) variable in µ events. From left to right

events with 1, 2, 3 or at least 4 jets and one b-tag.
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Figure C.19: Distributions for the ∆R(`b) variable in e events. From left to right

events with 1,2,3 or at least 4 jets and one b-tag.
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Figure C.20: Distributions for the ∆R(`b) variable in µ events. From left to right

events with 2, 3 or at least 4 jets and at least two b-tags.
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Figure C.21: Distributions for the ∆R(`b) variable in e events. From left to right

events with 2, 3 or at least 4 jets and at least two b-tags.
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