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Abstract

The top quark, the heaviest fundamental particle discovered to date, is one of the

most peculiar particles that were discovered so far. It plays a crucial role in consis-

tency checks of the Standard Model and in searches for new physics, e.g., supersym-

metry, composite Higgs, and many other exotic models. In this thesis, an important

property of the top quark is measured: the mass. This analysis is based on the data

recorded at a center-of-mass energy of 13 TeV in 2016 with the CMS detector at the

CERN LHC, and corresponds to an integrated luminosity of 35.9 fb−1. The mass of

the top quark is measured using the top quark pair event candidate, which corre-

sponds to events with one muon or electron and at least four jets. The corresponding

decay products are used in a kinematic fit to perform the jet quark assignment, in-

crease the fraction of correctly reconstructed top quarks and to improve the mass

resolution. Using the ideogram method the top quark mass is measured simulta-

neously with the jet scale factor (JSF), constrained by the jets arising from the W

boson decay. The estimated result is calibrated with samples simulated with a next-

to-leading order matrix element generator matched to the parton shower. The top

quark mass is measured to be mt = 172.25±0.08 (stat+JSF)±0.62 (syst) GeV. The

results are tested for possible kinematic dependence by performing measurements

of the top quark mass in different phase space regions.

The residual data-to-simulation calibration of the energy of the jets is also esti-

mated from dijet events with data collected at center-of-mass energy of 13 TeV in

2015 with the CMS detector corresponding to an integrated luminosity of 2.1 fb−1.

The corrections are performed using selected back-to-back dijet events by the MPF

and dijet balance methods and are found to differ from unity by less then 3% in the

barrel region and up to 17% in the endcap and forward regions of the detector. This

result was used in the top mass measurement.

Additionally, a tune for a possible color reconnection between the different multi-

ple parton interaction systems is performed for the recently available QCD-inspired

model. The predictions obtained by this tune are able to describe underlying event

observables as well as measured charged particle multiplicities. The results are used

for a more reliable estimation of the corresponding systematic uncertainty.
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Zusammenfassung

Das Top-Quark, das schwerste bekannte Elementarteilchen, ist eines der eindrucks-

vollsten Teilchen, das bislang entdeckt wurde. Es spielt eine entscheidene Rolle für

Konsistenztests innerhalb des Standardmodells und für Suchen nach neuer Physik,

wie z.B. Supersymmetrie, Composite Higgs- und anderen exotischen Modellen. In

dieser Arbeit wird eine wichtige Eigenschaft des Top-Quarks gemessen: die Masse.

Die Analyse basiert auf dem Datensatz, der bei einer Schwerpunktsenergie von

13 TeV im Jahr 2016 mit dem CMS Detektor am LHC aufgezeichnet wurde und

einer integrierten Luminosität von 35.9 fb−1 entspricht. Die Masse des Top-Quarks

wird in Ereignissen mit einem Myon oder einem Elektron und mindestens vier

Jets gemessen. Die entsprechenden Zerfallsprodukte werden in einem kinematis-

chen Fit verwendet, um Jets zu den Quarks zuzuordnen und um den Anteil von

korrekt rekonstruierten Top-Quarks zu erhöhen. Die Masse des Top-Quarks wird

gleichzeitig mit den Jet-Skalenfaktoren (JSF) mit Hilfe der Ideogramm-Methode

gemessen, indem Bedingungen an die aus dem Zerfall des W-Bosons entstandenen

Jets gestellt werden. Die Messung wird mit Datensätzen kalibriert, die mit einem

Generator simuliert sind, der ein Matrix-Element in nächst-führender Ordnung mit

dem Parton-Schauer kombiniert. Die gemessene Masse des Top-Quarks beträgt

172.25±0.08 (stat+JSF)±0.62 (syst) GeV. Mögliche kinematische Abhängigkeiten

werden überprüft, indem differentielle Messungen der Masse des Top-Quarks in ver-

schiedenen Phasenräumen durchgeführt werden.

Kalibrierungen der Jetenergie in Daten und Simulation werden unter Auswertung

eines Datensatzes bestimmt, der bei einer Schwerpunktsenergie von 13 TeV im Jahr

2015 mit dem CMS Detektor aufgezeichnet wurde und einer integrierten Luminosität

von 2.1 fb−1 entspricht. Die Korrekturfaktoren werden in Ereignissen mit zwei selek-

tieren Jets und mit Hilfe der MPF- und Zweijet-Balance-Methoden berechnet. Im

zentralen Detektorbereich weichen die Korrekturfaktoren um weniger als 3% und im

äußeren Detektorbereich um maximal 17% von Eins ab.

Eine Anpassung für eine mögliche Farb-Wiederverbindung zwischen verschiede-

nen Parton-Interaktionssystemen wird auf Basis eines seit kurzem verfügbaren QCD-

inspirierten Modells durchgeführt. Die erhaltenen Vorhersagen der Anpassung ermö-

glichen eine Beschreibung von zugrunde liegenden Ereignisobservablen sowie gemesse-

ner geladener Teilchenmultiplizitäten. Mit diesen Ergebnissen wird eine zuverlässige

Abschätzung der entsprechenden systematischen Unsicherheit ermöglicht.
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1. Introduction

Some of the fundamental physics questions about the structure of the Universe are

still waiting to be answered. The field of particle physics aims to probe and to

describe the most fundamental objects and the interactions between them. Great

progress has been made in this field since 1970, when the most precise and successful

theory of elementary particles was developed. This theory is referred to as the Stan-

dard Model (SM) of particle physics, and its validity has been tested in numerous

measurements. The Higgs boson, the last missing piece of the SM, was discovered

in 2012 at the Large Hadron Collider (LHC) [1]. Its discovery was the last milestone

in a long series of measurements of the SM.

A particular role in the SM is played by the top quark, the heaviest elementary

particle known, discovered in 1995 at the Tevatron [2, 3]. The large mass of the

top quark mt causes its extremely short lifetime (≈ 5 · 10−25 s), which inhibits the

formation of bound states and prevents the creation of top-flavored hadrons. These

properties provide unique possibilities for studying the top quark by reconstructing

its decay products, in particular, its mass mt. The top quark mass is a fundamental

parameter in Quantum Chromodynamics (QCD) and effects the theoretical predic-

tions of particle production cross sections. A precise top quark mass measurement

is necessary to explore the Higgs boson properties as well as to search for physics

beyond the SM. Due to the large value of the top quark mass, it influences the

Higgs and massive gauge bosons masses through loop corrections, and on the ex-

trapolation of the SM to high-energy scales. Moreover, since the Higgs boson mass

has been measured very precisely, the importance of an accurate mt estimate has

become crucial in the study of the stability of the electroweak vacuum.

Previous measurements of mt have been performed employing different methods

and using different tt̄ decay channels, e.g., all-jet, lepton+jet and dilepton, where jets

are the experimental signatures of quarks and gluons. The first direct measurements

of the top quark mass were performed at the Tevatron at center-of-mass energy

of 1.96 TeV by the D0 and CDF collaborations. The latest results from the D0

collaboration [4] in the lepton+jets tt̄ decay channel yields mt = 174.98± 0.76 GeV.

The latest mt measurement from CDF collaboration in lepton+jet decay channel

yields mt = 172.85±1.11 GeV [5]. The most precise mt measurement was performed

at the LHC at center-of-mass energy of 7 and 8 TeV by the CMS collaboration [6]

in the lepton+jets channel, mt = 172.35 ± 0.51 [7]. A measurement in the same

channel from the ATLAS collaboration yields mt = 172.08±0.91(syst) GeV [8]. The
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world combination is mt = 173.34± 0.52 GeV and combines tt̄ events in pp and pp

collisions [9].

This thesis presents the first top quark mass measurement using the full data sam-

ple collected in 2016 with the CMS detector at a center-of-mass energy of 13 TeV [10],

corresponding to an integrated luminosity of 35.9± 0.9 fb−1 [11]. The measurement

is performed using the ideogram method [12]. With respect to the measurement

in [7], new Monte Carlo (MC) event generators have been incorporated and a larger

amount of data has been collected at a higher center-of-mass energy of 13 TeV. The

MC samples are based on new next-to-leading order matrix elements and new parton

shower implementation. Together with the newly available studies of the underlying

event and color reconnection, it is possible to achieve better signal and background

modeling, and thereby reduce the theoretical uncertainties in the measurement of

mt.

The analysis is performed in the lepton+jets final state where one hadronically

decaying W boson from a top quark and another W boson decaying into a charged

lepton and the corresponding neutrino, are expected from the signal process. This

lepton+jets decay channel corresponds to a large branching fraction and the presence

of a charged lepton reduces the background from multijet processes. The kinematic

information from the decay products of the hadronically decaying top quark are used

to reconstruct mt. In order to increase the fraction of the correct reconstructed top

quarks, a kinematic fit of the decay products with the tt̄ hypothesis is applied, but

without assuming a value for mt. The top quark mass is measured simultaneously

with the jet energy scale factor (JSF). The JSF is used to reduce one of the dominant

sources of systematic uncertainty, stemming from the standard CMS jet energy

corrections [13]. In order to account for the possible biases in the measurement, mt

is additionally studied in bins of kinematic observables. The presented measurement

was released by the CMS collaboration [10] as a preliminary public result.

In particular the top quark mass measurement, but also numerous other measure-

ments and searches for potential new physics rely on precise measuremets of quark

and gluon jet properties. In the CMS collaboration the jet energy is calibrated using

a sequential chain. Within the scope of this thesis, residual differences in the jet

response between data and simulation are measured using proton-proton collision

data recorded with the CMS detector in 2015, corresponding to an integrated lumi-

nosity of 2.1 fb−1. The correction scale factors are determined as a function of the

pseudorapidity using a data-driven method and dijet event topologies. The obtained

data-to-simulation residual jet energy corrections are used in all publications of the

CMS collaboration.

The mt measurement as well as other precise measurements of the SM are signifi-

cantly affected by the modeling of the systematic uncertainty, in particular possible

reconnections of the color flow. A better understanding of the color reconnection

of the partons belonging to different multiple parton interactions occurring within
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the same collision has been gained just recently, and is summarized in [14, 15]. In

the context of this thesis, a tune based on the QCD-inspired color reconnection

model [14] is developed for the pythia 8.219 [16, 17] MC event generator. It is de-

rived using the underlying event data measured at a center-of-mass energy of 7 TeV

and 13 TeV with the CMS and ATLAS detectors. The obtained parameters for

the QCD-inspired color reconnection tune are available as supplementary material

in [10]. The MC samples with the corresponding tune are produced and used for

the investigation of the color reconnection systematic uncertainty.

The thesis is organized as follows. In Chapter 2 the basics of the SM of particle

physics are discussed, with an emphasis on the top quark properties. An overview of

the LHC and the CMS detector is given in Chapter 3. Chapter 4 describes the simu-

lation of the hadronic collisions by the MC event generators. Chapter 5 presents the

color reconnection tune. Chapter 6 describes the reconstruction and identification of

the physics objects. The determination of residual jet energy corrections is given in

Chapter 7. The selection, methodology, results, and the corresponding uncertainties

of the top quark mass measurement are discussed in Chapter 8. A study of the top

quark mass as a function of various kinematic observables is presented in Chapter 9.

Finally, a summary is given in Chapter 10.





2. Theoretical overview

Particle physics explores nature at small distances and describes the properties of the

fundamental particles and their interactions. It successfully accumulates the knowl-

edge about the matter constituents and their properties over almost one century.

Nowadays, at the time the most powerful and complex experimental facilities ever

built are utilized, many studies, like those described in this thesis, aim to expand

the understanding of the laws of the nature. In the followings a brief theoretical

overview of particle physics relevant to this study is presented.

2.1. The Standard Model of elementary particles

The Standard Model of particle physics (SM) [18] is the most elaborated and suc-

cessful theory of fundamental physics. It comprises the matter particles and their

interactions. The matter particles, i.e., fermions (spin = 1/2), consist of six quark

and six leptons, while their interactions are carried through several force fields me-

diated via gauge vector bosons (spin = 1), which are quanta of the gauge fields. The

only one spin-zero particle in the SM is the scalar Higgs boson, which is responsible

for the mass of the other particles. The different generations of quarks and leptons

can be refered to as “flavor”. An overview of the content of all fundamental particles

of the SM is shown in Fig. 2.1.

The quarks and leptons can be grouped into three generations, each containing a

pair, according to the masses and charges:

- up-type quarks : up (u), charm (c) and top (t) quarks Q = +2
3
,

- down-type quarks : down (d), strange (s) and bottom (b) quarks with Q = −1
3
,

- leptons : electron (e), muon (µ) and tau (τ) with Q = −1,

- neutrinos : electron- (νe), muon- (νµ) and tau- (ντ ) neutrinos with Q = 0,

where Q is the electrical charge. Each matter particle has its antipartner, i.e.,

antiparticle, which has identical properties besides its charges, thus Qantiparticle =

−1 · Qparticle. However, this statement should be verified for neutrinos, since they

might be Majorana particles1. Each fermion has two degrees of freedom, i.e., with

spin up or down, or can be either left or right handed. In addition, each quark

1The Majorana particles is a fermion that is its own antiparticle.
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Figure 2.1.: The particle of the Standard Model with three generation of fermions,
gauge bosons and the Higgs boson. In the corners of the boxes a mass
(or limit for neutrinos), an electric charge and a spin are given [19].

carries one of three color charges, namely red (r), green (g), or blue (b), while each

antiquark has its anticolor, namely antired (r̄), antigreen (ḡ), or antiblue (b̄). The

first generation of fermions build up the ordinary matter, i.e., proton2 (p = uud)

and neutron (n = udd) and together with the electron are the building blocks of the

atoms - components of the visible matter.

The SM distinguishes the following bosons

- 8 vector (spin = 1) gluons (g),

- 4 vector (spin = 1) electroweak bosons: photon (γ), and Z0, W± bosons,

- 1 scalar (spin = 0) Higgs boson,

where only W± have non-zero electrical charge, Q = ±1. The gauge bosons are the

gluons and the electroweak bosons, where Z0 and W± bosons are massive and have

three degrees of freedom (polarizations), while gluons and photons are massless with

two degrees of freedom (polarizations). In addition, gluons carry color charges and

can be distinguished as a color octet or color singlet states, i.e., 3⊕ 3 = 8⊕ 1 with

the neutral singlet (rr̄ + gḡ + bb̄)/
√

3. The gauge bosons are used as mediators of

2At the moment protons are the only stable baryons known.
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the three fundamental interaction. Thus the strong interaction between quarks and

gluons is mediated by gluons, electromagnetic interaction between charged particles

is mediated by photons, and weak charged-current and neutral-current interactions

are mediated by the heavy W± and Z0 bosons, respectively. Gravity (General Rel-

ativity) is not included in the SM, since gravity is still non-renormalizable and the

renormalizable theory of quantum gravity has still to be developed.

In order to finalize the description of the elements in the SM, the Higgs boson

is introduced. It was the final piece added to the SM and discovered at the Large

Hadron Collider (LHC) by the ATLAS and CMS collaborations in 2012 [1,20]. The

Higgs boson is a spin-zero particle, that is introduced by the Higgs mechanism. More

detail on the interaction forces and the Higgs mechanism is given in the followings.

2.1.1. Gauge symmetries

The building blocks of the SM are the quantum fields introduced by the Quantum

Field Theory (QFT), which describe the particles and their interactions. Within this

formalism, fermions are represented by quantised spinor fields (Ψ) and gauge bosons

by quantised vector fields (F ). In QFT, each fermion and interaction is described by

a term in a scalar function of the corresponding field, i.e., the Lagrangian density3

(L). Thus, the interactions in the SM can be described, if the solutions for L are

found to be invariant under local gauge transformations4 U of the fermion spinors

Ψ

Ψ→ Ψ′ = UΨ. (2.1)

Each of three types of interactions described in the SM obeys a set of rules, which

are implemented by the underlying non-abelian Lie-group5 SU(N)1 in the gauge for-

malism of the Yang-Mills theory [21]. In general, symmetries play a very important

role in the Quantum Field Theory. The two major types of symmetries that can be

distinguished in the SM are local and global. The group of local symmetries denotes

the invariance of the Lagrangian and observables with respect to transformations of

coordinates and (or) fields if the transformations act differently at a separate point

in space-time. In global symmetries the transformations act in the same way at ev-

ery point. An important result is provided by Noether’s theorem, which states that

if action is invariant with respect to some group transformation symmetry, this give

rise to conserved quantities (constants of motion). An example can be the equation

of motion for a free particle that does not interact with other particles and thus it

is independent on its space-time coordinates. Thus, the energy and momentum of

this particle are the conserved quantities.

3The Lagrangian density will be referred to as the Lagrangian.
4The unitary local transformations U .
5The Lie-groups represent the theory of continuous symmetry of the objects and structures.



8 2. Theoretical overview

The Standard Model is based on a product of gauge symmetry groups

SU(3)C × SU(2)L × U(1)Y

where each gauge group describes one of three fundamental interaction included

in the SM. The dimension the gauge group N is used to calculate the number of

the symmetry group generators via N2 − 1. Thus, the strong interaction of quarks

and gluons is invariant under the transformations of SU(3)C group and is mediated

via 32 − 1 = 8 gauge bosons, in this case gluons. The SU(3)C describes Quantum

Chromodynamics (QCD), where C stands for the color charge. The electromagnetic

(EM) and weak interactions can be unified within the theory of electroweak interac-

tion that is a gauge theory and is invariant under SU(2)L×U(1)Y transformations.

The dimension of the SU(2)L group implies that there are 22 − 1 = 3 gauge bosons

mediating the weak interaction, namely W± and Z0 bosons. The simplest U(1)Y
group has only one gauge boson6 mediating the electromagnetic interaction, i.e., γ.

The SU(N) group is non-abelian7 and reflects the possible self interaction of the

gauge bosonds. SU(2)L×U(1)Y describes Quantum Electrodynamic (QED), where

L stands for the “left-handed”, which indicates that the mediators of the weak in-

teraction (W± and Z0 bosons) only couple to fermions with left-handed (negative)

chiralities, and Y denotes the hypercharge, as discussed in Section 2.1.4.

2.1.2. Electromagnetic interaction

In QED the electromagnetic interaction describes the interaction between electrically

charged particles via exchange of a virtual photon8. Thus, the electromagnetic field

is the field that couples to charged particles by satisfying the conditions of gauge

invariance of the fermionic field L under the unitary transformations of U(1)EM.

The symmetric abelian group U(1) provides charge conservation in QED.

The simplest example of electromagnetic interaction is electron-positron scatter-

ing. In order to describe this interactions the free Lagrangians for electron and

photons should be used, namely

L0(Ψ) = iΨ̄γµ∂
µΨ−mΨ̄Ψ− 1

4
FµνF

µν , (2.2)

that is invariant under the global U(1) transformations

Ψ(x)→ exp(ieθ)Ψ(x), Ψ̄(x)→ exp(−ieθ)Ψ̄(x), Aµ → Aµ, (2.3)

where θ is a global constant angle, γµ is a Dirac matrix, Aµ is the Dirac spinor of

the photon, Fµν = ∂µAν − ∂νAµ is a electromagnetic field strength.

6For U(1)Y the number of the symmetry group generators is calculated via N2.
7The group is abelian if all elements of a group commute with each another, a · b = b · a.
8Since photons is massless and neutral, they do do not directly interact with each other.
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Moreover, Fµν is invariant under a local transformations: Aµ(x)→ Aµ(x)+∂µχ(x).

Thus, the global constant θ can be substituted by a local function χ(x) that can vary

from one space-time point to another. Therefore for fermions this transformation

looks like:

Ψ(x)→ exp(ieχ(x))Ψ(x), Ψ̄(x)→ exp(−ieχ(x))Ψ̄(x). (2.4)

In order to get the fermion Lagrangian to be also invariant, the covariant derivative

is introduced:

∂µ → Dµ, DµΨ ≡ (∂µ − ieAµ)Ψ, DµΨ̄ ≡ (∂µ + ieAµ)Ψ̄. (2.5)

Afterwards the QED Lagrangian can be constructed:

LQED = −1

4
FµνF

µν + iΨ̄γµD
µΨ−mΨ̄Ψ, (2.6)

and can be then rewritten as:

LQED = −1

4
FµνF

µν + iΨ̄γµ∂
µΨ−mΨ̄Ψ + eΨ̄γµΨAµ, (2.7)

where Lint = eΨ̄γµΨAµ describes the interactions of the electron and positron with

photons.

The interaction strength between the charged particles and photons is specified

by the electromagnetic coupling9 αEM:

αEM =
e2

4π}c
≈ 1

137
, (2.8)

where e electron charge and its value is correct at the zero momentum transfer.

However, in the filed of the electric charge, the electron positron pair from the

photon becomes polarized, known as vacuum polarization. This effect can change

the effective charge, and leads to the change of α. Therefore, interaction strength

α depends on the momentum transfer Q2, that becomes higher at higher scales, the

term of running of α(Q2) is used. At the scale of the Z boson mass (Q = mZ =

91.2 GeV) α is slightly bigger [22]

α(m2
Z) ≈ 1

128.957
. (2.9)

2.1.3. Weak interaction

The weak interactions are described by SU(2)L and involve all types of fermions, and

it is mediated via exchange by the electroweak gauge bosons (W± and Z0 bosons).

9The natural units are used, where the speed of light c amd reduced Planck constant } are equal
to 1.
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The large masses of the current gauge bosons mW± = 80.4 GeV and mZ0 = 90.2 GeV

reflect into its short lifetime about 10−24 s that naturally restricts the range of the

weak interaction that is about 10−18 m. The exchange of charged gauge bosons W±

allow the transformation of the weak eigenstate partners into each other, thus the

flavor mixing of the interacting particles is possible. While the exchange of neutral

gauge boson Z0 does not change the flavor of the particles.

The nuclear β decay is the most prominent effect of the weak interaction. First

suggestion to describe β decay n→ e− + p+ ν̄e was done by Enrico Fermi in 1933,

that describes interactions in the form of product of two vector current (V × V), that

was inspired by EM where electric charge e is replaced by a new coupling constant

GF that is a Fermi coupling constant:

Lint = GF Ψ̄pγµΨn · Ψ̄eγ
µΨνe + h.c. (2.10)

Later in 1957 this model was modified. The axial-vector together with vector current

was used, in order to get a parity violating interaction. This means that weak

interactions can be describes in form of product of two vector minus axial-vector

((V-A) × (V-A)):

Lint = GF Ψ̄pγµ(1− γ5)Ψn · Ψ̄eγ
µ(1− γ5)Ψνe + h.c. (2.11)

The Fermi coupling constant [23] can be given as:

GF

(}c)3
=

√
2

8

g2

m2
W

, (2.12)

where g is the coupling constant of the weak interaction.

The special characteristic of the weak interaction is its chirality, i.e., only the left-

handed fermions contribute, which leads to another set of modification to describe

differential distribution of β decays. The modified form of Fermi Lagrangian includes

three generations of fermions:

LFermi = GF (ēL, µ̄L, τ̄L)γµ

νe,Lνµ,L
ντ,L

 · (ū′L, c̄′L, t̄′L)V †u γµVd

d′Ls′L
b′L

+ ..., (2.13)

where quarks q′ and q are the eingenstates of strong and weak interactions, respec-

tively. Matrices Vu and Vd describe quark mixing:dLsL
bL

 = Vd ×

d′Ls′L
b′L

 . (2.14)

The probability of flavor-changing is given by the amplitudes of the couplings in the
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Cabibbo-Kobayashi-Maskawa (CKM) matrix [18]

V †uVd ≡ VCKM =

|Vud| |Vus| |Vub||Vcd| |Vcs| |Vcb|
|Vtd| |Vts| |Vtb|

 =

0.974 0.225 0.004

0.220 0.995 0.041

0.008 0.040 0.999

 , (2.15)

where VCKM is unitary (V †i Vi = ViV
†
i = 1) and the |Vi,j|2 corresponds to the proba-

bility of a i flavor quark to transit to the j flavor quark. This probability is needed

in order to keep the number of quarks to be conserved. The matrix-elements are

measured experimentally for each specific weak decays and on the diagonal of the

VCKM they are close to unity.

A similar mixing was observed also between neutrinos, their mass eingenstates

are not the same as their flavor eingenstates, this leads to the neutrino oscillations.

These oscillations happen between different generations, and are a proof of their non-

zero mass. Therefore, in the SM the neutrino masses is introduced as an extension.

2.1.4. Electroweak unification

The electromagnetic and weak interactions, where the weak interactions is described

by Fermi theory, which is not a gauge theory, need to be unified in order to provide

a gauge symmetry. Therefore, by taking the gauge group SU(2)L × U(1)Y both

of them are introduced as gauge ones. The U(1) is used to provide intersections

between fermions and massless vector field Bµ, while SU(2) transformation requires

the introduction of three W i
µ fields with i = 1, 2, 3.

In order to account for parity violation that happens in the weak decay, a different

behavior of left- and right-handed components of the fermions under SU(2)L is

assumed:

IjΨL =
1

2
τjΨL,≡ IjΨR = 0, (2.16)

where τj are 2 × 2 Pauli matrices and Ij weak isospin. Thus, left-handed fermions

are doublets (
u

d′

)
L

,

(
νe
e

)
L

+ 2 generations, (2.17)

while right-handed singlets

uR, dR, eR, (νe,R) + 2 generations. (2.18)

Similarly to the EM case, having the Lagrangian for the fermions

LFermion(Ψ) = iΨ̄γµ∂
µΨ−mΨ̄Ψ, (2.19)

transformations applied. Thus, in case of SU(2)L ×U(1)Y the local phase transfor-
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mations (
ΨL↑

ΨL↓

)
→
(

Ψ′L↑
Ψ′L↓

)
= exp

(1

2
ig′Y χ(x)

)(ΨL↑

ΨL↓

)
(2.20)

ΨR → Ψ′R = exp
(1

2
ig′Y χ(x)

)
ΨR, (2.21)

and local isospin transformations(
ΨL↑

ΨL↓

)
→
(

Ψ′L↑
Ψ′L↓

)
= exp

(g
2
iτ iλi(x)

)(ΨL↑

ΨL↓

)
(2.22)

are applied. Where χ(x) and τ i(x) are any scalar functions, g and Ij, and g′ and Y
2

are the couplings and group generators for SU(2)L and U(1)Y , respectively.

In order this Lagrangian to be invariant under SU(2)L × U(1)Y transformation,

∂µ has to be replaced by the covariant derivative similarity to the EM case, but here

Dµ is given as:

∂µ → Dµ, Dµ ≡ ∂µ + igτ jWµ, j + ig′
Y

2
Bµ. (2.23)

Since SU(2)L×U(1)Y group contains both abelian and non-abelian groups simul-

taneously, to any of SU(2)L × U(1)Y transformation the following transformations

have to be applied:

Bµ → B′µ = Bµ − ∂µχ(x), (2.24)

W i
µ → W ′i

µ = W i
µ − ∂µτ i(x)− geijkλjW k

µ , (2.25)

where i, j, k = 1, 2, 3 and eijk denotes the antisymmetric epsilon tensor.

Defining the strength tensors for each of these gauge fields, one for the abelian

and one for the nonabelian Lie group:

Bµν ≡ ∂µBν − ∂νBµ, W i
µν ≡ ∂µW

i
ν − ∂νW i

µ + geijkW
j
µW

k
ν . (2.26)

The Lagrangian can be written as:

LEW = −1

4
W i
µνW

i µν − 1

4
BµνB

µν . (2.27)

By Gell-Mann-Nishijima Y is related to the Q via its linear combination with

weak isospin quantum number I3:

Y = 2(Q− I3). (2.28)

The weak isospin for the neutrinos and left-handed up-type quarks is equal to I3 = 1
2
,

while leptons and left-handed down-type quarks is equal to I3 = −1
2
. The right-

handed particles have I3 = 0.
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The fields of the gauge bosons of the gauge group SU(2)L × U(1)Y can be given

as:

W±
µ =

W 1
µ ± iW 2

µ√
2

, W 0
µ = W 3

µ Bµ. (2.29)

The W 0
µ and Bµ couples to neutrinos, and thus cannot represent EM field. Instead,

they have the same quantum numbers and can be mixed:(
Aµ
Zµ

)
=

(
cos θW sin θW
−sin θW cos θW

)
×
(
Bµ

W 0
µ

)
, (2.30)

where θW denotes the weak mixing angle, Zµ is a term responsible for the neutrino

coupling and Aµ for EM field. The weak mixing angle, Weinberg angle, is given by:

cosθW =
g√

g2 + g′2
, sinθW =

g′√
g2 + g′2

(2.31)

and a free parameter in the SM. It is measured experimentally, e.g., sin2θW (Q) =

0.2397 at Q2 = 0.026 GeV 2 [24].

2.1.5. Strong interaction

The strong interactions between quarks and gluons is described by a on-abelian QCD

theory, that is based on the local color transformations from SU(3)C symmetry

group. It is not a chiral theory for massless quarks. The gauge bosons that are

mediators in this interaction, are clor-charged massless gluons with a field Ga
µ with

a = 1, .., 8 that is similar to the fields W i
µ. However, the gluon coupling to the

quarks and gluon self-coupling limits the effective range of the hard interaction only

to 10−15 m.

In order to get the QCD Lagrangian, the three component color vector

ΨC(x) =

 Ψred(x)

Ψgreen(x)

Ψblue(x),

 (2.32)

has to be used in the Lagrangian for the fermion fields:

LFermion(ΨC) = iΨ̄Cγµ∂
µΨC −mΨ̄CΨC (2.33)

to account for the possible color states of the quarks. The color transformations are

given by:

ΨC → Ψ′C = exp
(1

2
igSλ

kβk(x)
)

ΨC , (2.34)

where gS is a strong coupling, which is a free parameter in SM, βk(x) denotes any

scalar functions with k = 1, ..., 8 and λk are generators of local color transformations.
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In order to get the fermionic Lagrangian to be invarian under SU(3)C transfor-

mation the covariant derivative is used instead of ∂µ :

∂µ → Dµ, Dµ ≡ ∂µ + i
gS
2
λkGkµ. (2.35)

Thus, the QCD Lagrangian is given as:

LQCD =
∑
C

Ψ̄i
C(iγµD

µ −mC)ijΨ
j
C −

1

4
F µν
a F a

µν , (2.36)

and the gluon field strenght tensor is given as:

F µν
a = ∂µGν

a − ∂νGµ,a + gSf
abcGµ

bG
ν
c , (2.37)

where Ga with a = 1, ..., 8 are the gluons fields and fabc is the SU(3)C structure

constant.

The strong interaction is not of infinite reach, since the color charge of quarks

changes when guon is emitted and the effective coupling constant αS decreases with

decreasing of the distance. Thus, αS is large for low energies and small for high

energies as shown in Fig. 2.2, which means that at infinite energy the coupling

vanishes and the free quarks can then occur in color charged states, this phenom-

ena is known as asymptotic freedom. However, the potential energy between these

separated color charged states becomes so large that due to the color confinement

new quark-antiquark pairs are created. The similar situation happens at the non-

perturbation scale above ΛQCD = 200 MeV where quarks and gluons condense to the

color neutral objects, i.e., hadrons. The composition of quark-antiquark is called

meson, of three quarks - barions. Therefore, due to the color confinement the single

quarks and gluons are not observed.

2.1.6. The Higgs mechanism

The elecroweak gauge bosons are required to be massless cording to the electroweak

Lagrangian under SU(2)L⊗U(1)Y transformation. Additionally, this transformation

require fermions of each isospin doublet to have the equal masses. Nevertheless, it

is experimentally observed that all electroweak gauge bosons except of photon are

massive: mW± = 80.385±0.015 and mZ0 = 91.1876±0.0021 GeV [18]. The fermions

mass spectrum comprises the mass of neutrinos of 0.1 eV, electron of 511 keV, u and

d quarks of a few MeV, s quark and muon of about 100 MeV, c and b quarks and tau

of a few GeV and top quark mass is about mt = 173.34±0.27(stat)±0.71(syst) GeV

[9]. In order to account for these masses, an explicit mass terms must be added.

However, this is forbidden by gauge symmetry conservation. Therefore, in order to

generate the corresponding mass the electroweak symmetry must be spontaneously

broken, this is done via spontaneous symmetry breaking, the Higgs-Englert-Brout
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Figure 2.2.: The value of the strong coupling αS as a function of the energy
scale. The error bars on the data points correspond to the total un-
certainty [25].

mechanism [26,27]

According to this mechanism, an additional complex scalar field has to be defined.

Thus, having a charged scalar field and a vector field Aµ, their interaction:

L = ∂µφ
∗∂µφ− V (φ)− 1

4
F 2
µν + ie(φ∗∂µφ− ∂µφ∗φ)Aµ + e2AµAνφ

∗φ, (2.38)

can be considered. Which, in case the potential V (φ) ≡ V (φ∗φ), is invariant under

the local U(1) gauge transformation.

φ→ exp(ieχ(x))φ, φ∗ → exp(−ieχ(x))φ∗, Aµ → Aµ + ∂µχ(x), (2.39)

where χ(x) is a local function.

Assuming polar coordinates φ ≡ σ(x)exp(iθ(x)) and φ∗ ≡ σ(x)exp(−iθ(x)) the

Lagrangian can be written as:

L = ∂µσ∂
µσ − V (φ∗φ)− 1

4
F 2
µν + e2σ2(Aµ +

1

e
∂µθ)(Aµ +

1

e
∂µθ), (2.40)

where changing Aµ+ 1
e
∂µθ → Bµ can be performed, and thus field strength becomes

Fµν(A) = Fµν(B).

It was suggested to take a scalar potential:

V (φ∗φ) = µ2φ∗φ+ λ(φ∗φ)2, (2.41)

that is known as a Higgs potential. It has a mass term and a self-coupling term,

and is satisfying the invariance under SU(2)L × U(1)Y transformation.

The values of the factors λ and m are only experimentally determined. The
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vacuum stability requires λ > 0, while depending on the sign of µ2 two regimes for

the vacuum are defined, as shown in Fig. 2.3. They is an unique vacuum state in

case µ2 > 0 (high energy) with minimum of the potential at zero, and degenerate

vacuum state in case µ2 < 0 (low energy) with minimum in a set of points.

(a) µ2 > 0 (b) µ2 < 0

Figure 2.3.: Higgs potential V (φ∗φ) for λ > 0 and different sings of µ2 [28].

Since the polar coordinates are used, the potential is given as V (φ∗φ) = V (σ2),

where θ(x) is the rotational symmetry of the potential. Thus, by taking the deriva-

tive of the current potential:
dV (σ)

dσ
= 0, (2.42)

the two critical points can be found, namely local maximum σ = 0 and the global

minimum σ0 =
√
−µ2

2λ
. By shifting this system to the global minimum:

σ(x)→ h(x) + σ0, (2.43)

the Lagrangian can be written as:

L = ∂µh∂
µh+ e2h2BµB

µ + 2e2σ0hBµB
µ + e2σ2

0BµB
µ − V (h)− 1

4
F 2
µν , (2.44)

where field Bµ has the mass:

m2
B = 2e2σ2

0 = −e
2µ2

λ
> 0. (2.45)

Thus, µ2 in the Higgs potential must be negative for symmetry to be broken, which

leads to non-zero vacuum expectation value, υ ≡ σ0, of σ(x),

υ ≡ 〈0|σ|0〉 =

√
−µ

2

2λ
6= 0. (2.46)

Therefore the rotational symmetry of the Higgs potential U(1) = O(2) is broken

spontaneously.
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The potential can be now written using the vacuum expectation value:

V (h) = λ(h+ υ)4 + µ2(h+ υ)2

= λh4 + 4λυh3 + h2(6λυ2 + µ2) + h(4λυ3 + 2µ2υ) + λυ4 + µ2υ2,
(2.47)

where due to −2λυ2 = µ2 we can replace 6λυ2 +µ2 → −2m2
h and 4λυ3 + 2µ2υ → 0.

Thus, the scalar field h has its own mass term.

On the other hand, the requirement for the complex scalar fields to be gauge

invariant assumes an SU(2) isospin doublet with I3 = 1
2

and Y = 1

Φ =

(
Φ+

Φ0

)
=

1√
2

(
Φ1 + iΦ2

Φ3 + iΦ4

)
, Φ† = (Φ+∗Φ0∗). (2.48)

The Lagrangian for the Higgs doublet can be written as:

LHiggs = (DµΦ)†(DµΦ)−m2Φ†Φ− λ(Φ†Φ)2, (2.49)

where DµΦ ≡ ∂µΦ + igW a
µ
τa

2
Φ + i

2
g′BµΦ.

Expanding the Higgs field Φ around the vacuum solution in Eq. 2.46 one obtaines:

Φ = exp
( i

2
τjθ

j
) 1√

2

(
0

υ +H

)
, (2.50)

where j = 1, 2, 3 and τj denotes the Pauli matrices, θj and H represents four real

scalar fields. The θj is a Nambu-Goldstone boson [29] with a zero mass, while the

Higgs boson described by H is massive with mH =
√

2m.

The local invariance of the Lagrangian LEW+H = LEW + LHiggs under SU(2)L
allows to rotate fields into states with θj = 0 in order to acquire the masses of

massive electroweak bosons:

mW± =
1

2
υg, (2.51)

mZ0 =
mW±

cos θW
(2.52)

The fermion masses are generated via Yukawa coupling in terms of the form:

Lf = −gfυ√
2

(f̄LfR + f̄RfL) +
gfh√

2
(f̄LfR + f̄RfL), (2.53)

where the fermion mass is introduced in the first term, while in the second term its

coupling to the Higgs field. Thus, the mass of the leptons and quarks can be given

by substitution of the Higgs doublet by its ground state:

mf =
υ√
2
gf (2.54)
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2.1.7. Perturbation theory and renormalization

The total Lagrangian of the Standard Model can be defined by using the Lagrangians

found for each of the gauge symmetry groups:

LSM =
∑
flavor

Ψ̄(iγµD
µ)Ψ + (DµΦ)†(DµΦ)− V (Φ)− 1

4
F a
µνF

µν
a + LYukawa, (2.55)

where the sum runs over all quarks and leptons, LYukawa denotes a mass generating

Yukawa term, F a
µν is a gauge field tensors and Dµ is a covariant derivative:

Dµ ≡ ∂µ + i
g

2
τ jWj,µ + i

g′

2
Bµ + i

gS
2
λkGkµ, (2.56)

where k = 1, .., 8 and j = 1, 2, 3. Typically, the behaviour of a physical system can

be describe by the equations of motion that can be derived by requiring the action

A to be stationary in time t:

δA = δ
(∫

dtL
)

= 0. (2.57)

The field equations from the SM Lagrangian take into account the interactions

between the objects, therefore the analytical solutions cannot be found. However, it

is possible to expand these solutions in perturbation series by orders of the coupling

constants. In particular, the transition probability amplitude from an initial state

Ψi into a final state Ψf is given by the matrix element:

M = 〈Ψi|S|Ψf〉 =

∫
d3xΨ†fSΨi, (2.58)

where the amplitude of the scattering process S is defined as:

S =
∞∑
n=k

αn/2Cn, (2.59)

with α = g2/4π, where g is the coupling constant of the corresponding interaction

and n = k denotes the order, thus the case n = 2 represents the first non-trivial

order named the “leading order” (LO), n = 3 - “next-to-leading order” NLO and so

on. According to the Feynman rules [30] this martix element is expanded in orders

of coupling constant:

M(gS) = αkSM0 + αk+1
S M1 + αk+2

S M2 + ... , (2.60)

where the actual probability in this case is given as the square of the given amplitude

M. An example for the each term in the expansion of the matrix element is shown

in Fig 2.4.
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Figure 2.4.: Feynman diagrams [30] contributing to different terms in the expansion
of the matrix element [31]. The orders of the strong coupling strength
parameter gS with no additional radiation (a), with radiation of the real
gluon (b) and a virtual gluon (c).

Some processes may involve the self-energy loop correction for the gluon propaga-

tor. In case the momentum of the particle in the loop approaches infinity, ultraviolet

divergencies may occur. In order to correct for this divergency the procedures of

regularization and renormalization are utilized. During the regularization step a

momentum cut-off ΛUV is introduced that splits divergent integrals into finit and

infinit terms. During the renormalization procedure counter-terms are used, which

are generated by redefining the “bare” coupling constants and masses by the “ef-

fective” ones. The counter-terms replace the dependence of the results from the

cut-off parameter to the renormalization scale µR [32]. Finally, the defined effective

parameters depend on the µR and are referred to as running constants. In case all

divergent integrals can be described in this way, the theory is called renormalizable.

There are different renormalization schemes for the QCD calculation with corre-

sponding renormalization constant. The most popular one is the modified minimal

subtraction MS scheme [33,34]. However, it does not have the prescription of choos-

ing µR. Nevertheless, the predictions calculated at all orders of αS do not depend

on its choice, since a change of µR is compensated by a change of αS(µR). The

expression for the αS(µR) at 1-loop order is given as:

αS(µR) =
αS(µR,0)

1 +
αS(µR,0)

12π
(33− 2nf )ln

µR
µ2R,0

, (2.61)

where µR = Q denotes the energy scale, nf corresponds to the number of active

quarks at this energy. In case of the SM nf = 6 and 33 − 2nf > 0, and thus

the coupling of QCD decreases with increasing µR. Hence, the property of the

asymptotic freedom appears in the limit µR →∞:

αS(µR)|µR→∞ → 0. (2.62)
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2.1.8. Precision test of the Standard Model

The SM includes a number of precision variables that can be used in order to test

the theoretical model. These variables are the decay width and the mass of the

massive gauge bosons W and Z, and the top quark mass. By given the ranges to

these variables, the mass of the Higgs boson can be constrained as well as the various

SM extensions.

The Higgs mass, where its resolution is mainly driven by the top quark mass, is

very important. An extremely small mass variation of the Higgs boson has large

cosmological consequences [35]. Thus, very accurate measurement of the top quark

mass can hold crucial cosmological information. The precise measuring of the top

quark mass is the main topic of this thesis and is described in Chapter 8.

2.1.9. Beyond the Standard Model

The SM is a consistent perturbatively renormalizable theory that depends on a finite

number of parameters that can be determined by a comparison with the experimen-

tal data. However, it can describe only about 4-5 % of the ordinary matter, while

Standard Model of Cosmology predicts that there is another 23 % and 72 % of dark

matter and dark energy, respectively. The existing of the dark matter was observed

and is supposed to some extend to interact gravitationally and flushes the galax-

ies. Furthermore, this cosmological theory predicts the equal amounts of baryonic

matter and antimatter after the Big Bang, however, the absence of antimatter is

observed, which is nine order of magnitude less than matter. This asymmetry of

matter and antimatter is observed by cosmic rays experiments that report only a

small antimatter fraction. In the SM this effect cannot be sufficiently described.

As was already mentioned, the SM described three fundamental forces among

four. The Gravity is not described by the SM, since its effect is only visible at

high energies around the Planck scale MPl ≈ 1019 GeV. Moreover, this force is

non-renormalizable and cannot be included to the SM.

Additionally, the neutrino in the SM are massless, however the neutrino oscilla-

tions were observed, i.e., a change of the neutrino flavor over time, a proof that

neutrinos have mass. One more issue is the introduced previously cut-off ΛUV that

is used to restrict the loop integral. It can be interpreted as a lower energy scale

at which a new physics can be estimated. A natural assumption for ΛUV would be

again around the Planck scale MPl. However the mass of the Higgs boson is around

125 GeV as well as the masses of the gauge bosons that are at the scale of ∼100 GeV.

This means that in the interval of ∼100 GeV to MPl no new particles exists, which

leads to the hierarchy problem.

There are many theories beyond the SM trying to solve the mentioned issues,

namely supersymetry (SUSY), Standard Model of Cosmolog, Grand Unification
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theory (GUT)10 and others.

2.2. Top quark in the standard model

In the SM the Higgs boson couples to each massive fermions via a Yukawa term λf
and to the massive gauge bosons. These particles affect the mass of the Higgs boson

mH via loop corrections:

mH = mbare
H + ∆mferm.

H + ∆mgauge
H + ∆mHiggs

H + ... , (2.63)

that are schematically shown in Fig. 2.5.

+ +
H H HHHH

t W/Z H

t̄ W/Z H

Figure 2.5.: Feynman diagram corresponding to the one-loop corrections to the
Higgs bosons mass due to the fermion (top quark), gauge boson and
the Higgs boson.

Even thought mH depends on the masses of all other massive particles in the

SM, the most important contributions arise from the top quark and W boson, with

quadratic dependency on the mass of the top quark mt and logarithmic dependency

on the W boson mass mW. The dependency of the Higgs mass on the mt and mW

was used to constrain the Higgs mass before its discovery as shown in Fig. 2.6 (left).

However, the largest correction arises from the top quark, the heaviest fundamen-

tal fermion known in the SM with the mass of about 172.5 GeV, while the second

most heaviest fermion is the bottom quark that has a mass of about 4.2 GeV. The

one-loop radiative corrections affecting the bare mass of the Higgs mass:

∆m2
H = −|λt|

2

8π2
Λ2

UV + ... , (2.64)

where momentum cut-off Λ2
UV denotes upper (ultraviolet) momentum cut-off that

restricts the loop integral as described in Section 2.1.7.

Since the top quark Yukawa coupling is around unity:

λt =

√
2mt

υ
' 1, (2.65)

10The energy at the GUT scale is around ΛUV ≈ 1016 GeV.
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Figure 2.6.: The distribution indirect determination of the mt with and without
inclusion of the Higgs results compared to the electroweak fit in the
mt−mW plate [36] (left). The vacuum stability domains in the SM for
the observed values of mt and mH [37] (right).

where the vacuum expectation υ ≈ 246 GeV [18], this means that corrections from

the top quark are very big and are of the order of the ΛUV. Hence taking into

account that at the energies of the LHC the Higgs boson is produced mainly by

gluon-gluon fusion through the top quark loop [38] as shown in Fig. 2.7, the precise

measurements of the mt is a very crucial parameter used for the Higgs boson mass

calculation. Moreover, the mass of the top quark and Higgs boson place the SM

H

g

g

t

t

t

Figure 2.7.: Feynman diagram corresponding to the Higgs boson produced via the
gluon fusion process.

vacuum at the border between stability and metastability as shown in Fig. 2.6

(right). Since after the discovery of the Higgs boson, the experimental uncertainty

on its mass decreased substantially and the role of the precision of the top quark

mass becomes more appropriate to express the stability condition. This is due to the

radiative correction from the top quark that modifies the Higgs boson self coupling

such that it could achieve negative values at a large energy scale, that could lead to

an unstable electroweak vacuum [39,40]. The estimation of this instability scale may

require new physics and rely strongly by the precision of mt and its interpretation

in a theoretical framework. Thus, the precise measurement of the top quark mass

is necessary to probe the consistency of the SM and to constrain the models of the
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new physics models beyond the SM.

The W and Z bosons mass gets also radiative correction from top quark and the

Higgs boson, where mt enters quadratically and mH logarithmically. The one-loop

corrections to their masses are shown in Fig. 2.8.

W W ZZ

b̄

t

t̄

t

H

WW ZZ

H

Figure 2.8.: Feynman diagram corresponding to the one-loop corrections to the W
and Z bosons masses due to the top quark (upper row) and the Higgs
boson (bottom row).

2.2.1. Top quark production and decay

Even before the top quark discovery, predictions for its mass were done with the

electroweak fit to the available combined electroweak data. For example, already

in 1987 the observation of the B0
dB̄

0
d flavor mixing in the process e+e− → Υ(4S)→

B0
dB̄

0
d [41] was possible, which is mediated via a weak interaction and a virtual top

quark loop. The theoretical predictions had very large uncertainties, therefore the

top quark was discovered only in 1995 at the Fermilab Tevatron [2, 3].

At LHC a top quark is mainly produced together with its antipartner, a tt̄ pair,

through the gluon-gluon fusion or quark-antiquark annihilation, which is mediated

via strong interaction as shown in Fig. 2.9. At the LHC at the center-of-mass energy

of 13 TeV the contribution of the gluon-gluon fusion is about 90 %, as discussed in

Section 4.1. LHC is also known as a top factory, where at the center-of-mass energy

of 8 TeV in 2012 about 5 million and at 13 TeV in 2016 about 30 million of tt̄ pairs

were produced at each collisions point.

The top quark can be also produced as single top as shown in Fig. 2.10.

The single top quark production is mediated via electroweak interaction and has a

production rate three times smaller than tt̄, as shown at Tevatron [42] and LHC [43,

44]. Thus, the total production cross-section at center-of-mass energy of 13 TeV

• for tt̄ events is about 831.76 pb [45],
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q

q̄

t

t̄

g

(a)

(d)(c)

(b)

g

g

g

g

gt̄

t̄

t̄

t̄

t t

t

g g

Figure 2.9.: Tree-level diagrams of tt̄ production via qq̄ annihilation (a) and gg fusion
in s-channel (b), t-channel (c) and u-channel (d).
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Figure 2.10.: Tree-level diagrams for the electroweak single top quark production
in s-channel (a), t-channel (b) and tW-channel (c and d).

• for the single top quark and top antiquark in the t-channel is about 136.02 pb

and 80.95 pb [46]

• for the single top quark and top antiquark in the tW-channel is about 35.85 pb

and 35.85 pb [47]

• for the single top quark and top antiquark in the s-channel is about 7.20 pb

and 4.16 pb [47].

The summary of the measurements of the total tt̄ and single top production cross

section measured by the CMS collaboration are shown in Fig. 2.11.
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Figure 2.11.: Top quark pair and single top production cross section summary of
most precise CMS measurements in comparison with the theory calcu-
lation at NNLO+NNLL accuracy [48].

The very large mass and the short life time (ca. τt = 5 × 10−25 s) of the top quark

results in its unique property to decay before the hadronization process take place,

where the hadronization timescale τhad ≈ 1/ΛQCD = 3 × 10−24 s. The decay width

of the top quark depends on its mass and can be calculated via Γt ∝ m3
t = 1/τt,

which is predicted to be Γt = 1.33 GeV for mt = 172.5 [49]. Thus, the large mass of

the top quark leads to a large value of its decay width.

Nearly exclusively, the top quark decays into a W boson and a b quark, i.e.,

|Vtb| > 0.999, as it can be seen in Eq. 2.15, while other decays, namely into W boson

and d or s quark, are highly suppressed in the CKM mechanism and corresponds to

|Vtd| > 0.008 and |Vts| > 0.04, respectively. The W boson from the top quark can

decay either leptonicaly (eνe, µνµ or τντ ) with probability 1/9 for each of the decay

mode, and hadronicaly qq̄′, namely ud̄′ and cs̄′, with probability 3/9 for each case.

The branching fractions for the tt̄ pair is given are Tab. 2.1.

Table 2.1.: Decay channels with corresponding branching fractions for tt̄ decays.

W+ decay︷ ︸︸ ︷
B (tt̄→ bb̄ +X) e+νe µ+νµ τ+ντ qq̄′

W
−

d
ec

ay


e−ν̄e 1/81 1/81 1/81 6/81
µ−ν̄µ 1/81 1/81 1/81 6/81
τ−ν̄τ 1/81 1/81 1/81 6/81
qq̄′ 6/81 6/81 6/81 36/81

It is possible to distinguished between three type of tt̄ decay all-jets, lepton+jets

and dilepton decay channels:

All-jets: tt̄→W+bW−b̄→ (qq̄b)(q′q̄′b̄),

Lepton+jets: tt̄→W+bW−b̄→ (qq̄b)(lν̄lb̄),

Dilepton: tt̄→W+bW−b̄→ (̄lνlb)(l′ν̄l′ b̄).
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The LO Feynman diagram of these processes are shown in Fig. 2.12.
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Figure 2.12.: LO Feynman diagram for a all-jet (a), lepto+jets (b) and dilepton (c)
tt̄ decay.

2.2.2. Top quark mass definitions

The top quark is a color-charged particle and thus the definition of its mass cannot

be formulated analog to the mass of a color-neutral particle. According to the Higgs

mechanism the mass parameter of each quark is introduced in the QCD Lagrangian,

and according to Eq. 2.54 it is proportional to the Yukawa coupling of the quark to

the Higgs boson. Moreover, as was already discussed in the perturbation theory the

loop correction arise order by order in the particle propagator, hence, the massive

quark propagator has a form of:

D(�p) =
i

�p+m0 −
∑

(�p)
, (2.66)

where m0 denotes a renormalized mass and
∑

(�p) corresponds to the renormalized

one-particle irreducible quark self-energy. The top quark mass parameter m0 has to

be defined within the renormalization scheme [18]:

Pole mass scheme: is defined in perturbative QCD and prescribes subtraction of

the divergent correction in the mass of the top quark in a way that the pole

of the quark propagator is fixed order by order.

MS mass scheme: prescribes subtraction of the 1/ε pole in the divergent correction
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in the top quark mass, which results in a shift of the position of the pole in

the top quark propagator at all orders in perturbation theory.

Thus, it is possible to have a perturbation expression of the pole mass mpole in terms

of the MS mass mMS which known up to four loops [50]:

mpole = mMS

(
1 + 0.4244αS + 0.8345α2

S + 2.375α3
S + (8.49± 0.25)α4

S

)
=

mMS + 7.557 + 1.617 + 0.501 + 0.195± 0.005 GeV
(2.67)

for mMS = 163.643 GeV and αS ≡ α6
S(mMS) = 0.1088. The pole mass and MS

mass start to differ at the NLO calculation level. However, the pole mass scheme

is applicable only at the perturbative theory, while at the non-perturbation scale

above ΛQCD = 200 MeV the pole mass carries a renormalon ambiguity, called mass

infrared renormalos [51].

In order to avoid this issue, the following scheme is introduced:

MSR mass scheme: is defined using the self-energy diagrams that are used in the

pole mass scheme, but the contribution is possible only till the loop momenta

is of the order larger than a scale R that typically is chosen to be 1 GeV.

As discussed in [52], the position of the pole mass is expressed by:

mpole = mMS +N

mMS∫
0

dlαS +O(α2
S) = mMS +N

mMS∫
0

dlαS(l), (2.68)

where l denotes the scale of the loop momentum, O(αS) is a correction to the position

of the pole in the quark propagator and N denotes the normalization factor. Since

it is assumed that ultraviolet divergences are solved by renormalization, an upper

cutoff is utilized, chosen to be µR = mMS. The MSR mass can be define as:

mMSR(R) = mMS +N

mMS∫
R

dlαS(l), (2.69)

or equivalently

mpole = mMSR(R) +N

R∫
0

dlαS(l). (2.70)

Thus, it is possible to interpolate between these mass schemes:

mMSR(R)
R→0−−−→ mpole

mMSR(R = mMS(mMS)) = mMS(mMS) .
(2.71)
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The measurements presented in this thesis are based on the data collected with the

Compact Muon Solenoid (CMS) detector [6] at the Large Hadron Collider (LHC) [53]

during the period 2015-2016, where collisions between two proton beams of 6.5 TeV

energy each were recorded. The total certified integrated luminosity was 2.1 fb−1

and 35.9 fb−1 for a center-of-mass energy of 13 TeV in 2015 and in 2016, respectively.

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) is the world largest running collider and can

provide proton-proton, proton-Pb1, Pb-Pb and Xe-Xe collisions. It is composed of

two accelerator rings, that contain the counter-rotating particle beams colliding at

four interaction points (IP) and is the latest upgrade to the CERN2 accelerator

complex presented in Figure 3.1. The LHC with a circumference of 26.7 km is

installed in a tunnel at 100 m underground, which previously housed LEP3, the

world highest energy electron-positron collider, until its shutdown in 2000.

The LHC hosts four main particle detectors located at its interaction points,

which are designed for different physics programs. The two general purpose, high

luminosity experiments ATLAS4 [54] and CMS [6] are dedicated to precise measure-

ments of SM quantities and searches of physics beyond the SM. Another two exper-

iments, requiring optimization for low transverse momentum physics, ALICE5 [55]

and LHCb6 [56], are designed mainly for heavy-ion and heavy-flavor physics, respec-

tively. The design of the ATLAS detector allows the reconstructing jets with an

excellent resolution and emphasizes on very good flavor tagging, particle identifica-

tion, and standalone muon measurement. The CMS detector excels for a very precise

muon track momentum and electron (photon) energy resolution measurements, as

well as flavor tagging. A highly hermetic structure of both detectors allows an ac-

curate determination of the missing transverse momentum. The ALICE detector is

especially efficient during the track reconstruction and particle identification, which

is necessary for the analysis of the busy heavy-ion environment occurring during

1(fully stripped lead ions 286Pb+82 accelerating to an energy of 2.76 TeV/nucleon)
2the European Organization for Nuclear Research, near Geneva
3Large Electron-Positron Collider
4A Toroidal LHC ApparatuS
5A Large Ion Collider Experiment
6Large Hadron Collider beauty experiment
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Figure 3.1.: Schematic demonstration of CERN’s accelerator complex [57].

heavy-ion collisions. Thus, this detector aims to study the physics of strongly in-

teracting matter at extreme energy densities. The LHCb detector is a single arm

forward spectrometer with a trigger for fully hadronic b-hadron decays and has

very good low-momentum track resolution and particle identification. It is designed

mainly to study b-quark physics.

The main aim of the LHC physics program, an exploration of the proton-proton

interactions at novel energies, will be discussed in this thesis, while the other impor-

tant part, study of the ion-ion and ion-proton collisions, can be found elsewhere [58].

Currently, the LHC machine is designed to operate at pp center-of-mass energy of

up to 14 TeV, being the most powerful particle collider ever built. The LHC draws

its proton beams from a chain of pre-accelerators that are used to accelerate the pro-

ton bunches to an energy of 450 GeV before their injection into the LHC ring. The

protons are produced by ionizing Hydrogen and, having a kinetic energy of about

100 keV, are directed into the linear accelerator, Linac 2, where accelerating radio-

frequency cavities are installed that bring the protons to an energy of 50 MeV. The

beam is then passed to the Proton Synchrotron Booster, where the proton energy is

increased to 1.4 GeV, followed by the Proton Synchrotron (PS), accelerating protons

to 25 GeV. The last pre-accelerator in the chain is the Super Proton Synchrotron

(SPS), that brings the protons to an energy of 450 GeV and passes them into the
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LHC rings via two tunnels. In the LHC each beam is accelerated using 16 supercon-

ducting cavities. Here the radio frequency cavities, with an operational frequency

of 400 MHz, give an acceleration of 485 keV per turn, thus in about 20 minutes the

proton energy is increased to 6.5 TeV.

The upper bound of the proton beam energy achieved at the LHC depends on the

tunnel length and the achievable dipole magnetic field, that is needed to bend the

beam paths. The maximum field strength of the 1232 LHC super-conducting dipole

magnets operated at 1.9 K is 8.33 T, that is restricted by the not optimal LEP

tunnel structure. The former LEP tunnel, actual LHC tunnel, has eight straight

sections, that were used for the multiple accelerations per orbit to compensate the

energy loss due to the synchrotron radiation of the electrons and positrons. Thus,

the bend of the proton beam at the curved sections of the tunnel is tighter than

a perfectly circular ring. Therefore, the maximum achievable energy for each LHC

beam is 7 TeV. Having the aim to increase the energy of each beam up to 50 TeV, a

new hypothetical future hadron collider the Future Circular Collider (FCC) with an

accelerator ring of 100 km may be build as an extension to the CERN accelerator

complex. This collider with 100 TeV center-of-mass energy could be the next phase

of collider based exploration of the fundamental physics.

Besides energy, one of the most important quantities in collider physics is the

instantaneous luminosity L of the colliding beams, which, integrated over time,

provides information about the size of the recorded dataset. The instantaneous

luminosity is expressed in units of s−1 cm−2 and is calculated as a function of the

LHC beam parameters as

L = frev

nb·N2
p

4πσ∗xσ
∗
y

· F (θc, σ
∗
x,y, σz), (3.1)

where each ring can accommodate up to nb = 2808 bunches with proton bunch den-

sities of Np = 1.14 ·1011, the revolution (collision) frequency is frev = 11245.5 Hz and

the transverse beam sizes at the interaction point is σ∗x,y. Additionally, a geometri-

cal correction factor F is introduced to explain the reduction of the instantaneous

luminosity due to the crossing angle θc between the beams at the collision point.

The integrated luminosity Lint =
∫ L(t)dt characterizes the statistical precision of

any measurement. The expected number of events for a given process with the cross

section σ, can be calculated as Nev = σ ·Lint.

The first operation of the LHC machine, Run 1 period, was from March 2010 until

February 2013. During 2010 - 2011, proton beams collided at
√
s =7 TeV and during

2012 at
√
s =8 TeV. In 2015, the LHC started the second data taking, Run 2 period,

with an increased energy of the proton beams of 6.5 GeV, which leads to a center-

of-mass collision energy of
√
s = 13 TeV. In this thesis, measurements based on the

data collected during 2015 and 2016 are presented. Fig. 3.2 shows the cumulative

curves for the integrated luminosity recorded at that time.
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Figure 3.2.: Cumulative curves for the integrated luminosity delivered by LHC
(azure), recorded by CMS (orange) and certified as good for physics
analysis during stable beams (light orange) [59]. Additionally, for 2015
data the luminosity recorded by CMS with full magnetic field (green)
is shown. The luminosity validated for physics analysis corresponds to
data recorded with all detector sub-systems and reconstructed physics
objects showing a good performance.

3.2. Description of the CMS experiment

The Compact Muon Solenoid (CMS) detector is a 4π hermetic, multi-purpose par-

ticle detector built with the main goal of discovering phenomena of physics beyond

the standard model (BSM) as well as studying precisely the standard model (SM)

parameters. The CMS detector utilizes a powerful superconducting solenoid with

an internal diameter of 6 m, which provides a highly uniform magnetic field of B =

3.8 T used to bend the paths of charged particles from pp collisions. The size of the

CMS detector is 21.6 m in the axial direction and 14.6 m in diameter with a weight

of 14,000 t. It is about two times smaller in the volume and two times heavier than

the similar purpose ATLAS detector that is 46 m long, 25 m wide and weights 7000 t.

A real view inside the CMS detector is shown in Fig.3.3.

The detector consists of many cylindrical detection layers, nested around the beam

axis at the interaction point. Each layer exploits different properties of particles to

identify and measure energy and momentum of each of them, as discussed in the

Chapter 6. The biggest components of the CMS experiment are the tracker system,

that is responsible for an accurate momentum measurement, an electromagnetic

calorimeter, that is designed to detect and measure electrons and photons, a hadronic

calorimeter, that is constructed to entirely surround the collision and to measure

strongly interacting particles, the strong magnet and the muon system, which is

needed to accurately measure very high momentum particles, namely muons. All

mentioned subsystems can be grouped into a barrel section and two endcaps. The

layout of the CMS detector is shown in Fig. 3.4. A detailed description of the CMS

detector can be found elswhere [6]. A brief outline of the components that are most
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Figure 3.3.: Opened CMS detector showing the inner detector components [60].

relevant for this analysis is given in the followings.

Coordinate system and reconstruction of kinematic variables

The CMS coordinate system is a right-handed Cartesian system with the coordinate

origin at the nominal beam-crossing point. The z axis points in the counter-clockwise

rotating beam direction, the x axis points towards the center of the LHC ring and

y axis is pointing perpendicular to the plane of the LHC ring. In the transverse x-y

plane the azimuthal angle φ = arctan(y/x) is measured with respect to the x axis,

where φ = 0, thus, parallel to the positive y axis φ = π/2. The azimuthal angle

together with the radial distance, r =
√
x2 + y2, exploits the cylindrical symmetry

of the detector. The polar angle θ is measured from the positive z axis in the y-z

plane and is defined as tanθ = r/z. A kinematic quantity using the z direction

is usually expressed by the pseudorapidity η, which characterizes the boost of the

particles and is defined as

η = −ln[tan
(θ

2

)
], (3.2)

where η = 0 perpendicular to the beam direction. For massless particles or in the

ultra-relativistic limit the pseudorapidity approximately converges with the rapidity

y. The difference in rapidity is Lorenz invariant under a boost along the longitudinal

axis, therefore it is used together with the azimuthal angle to define an angular
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Figure 3.4.: Sectional view of the CMS detector. Main components of the detector
are marked with basic information about them [61].

distance ∆R between two objects i and j,

∆R =
√

(∆η)2 + (∆φ)2, (3.3)

where ∆η = ηi − ηj and ∆φ = φi − φj. Due to the fact that in pp collisions the

momentum along the beam axis is unknown, while many of the ”newborn” objects

escape through the beam pipe, carry out a very small amount of transverse momen-

tum, momentum conservation can be applied in the transverse plane. Therefore,the

transverse momentum pT, is an extremely useful characteristic of particles and is

expressed as the momentum vector projection on the x-y plane perpendicular to the

beam axis:

pT =
√
p2

x + p2
y. (3.4)

The presence of particles that mostly do not interact with the CMS detector cause

a momentum imbalance of the total pT sum of all particles, therefore the missing

transverse energy is defined as the magnitude of the negative vector sum of the

transverse momenta of all N particles in a collision:

/ET =
∣∣∣− N∑

i=1

~pT,i

∣∣∣. (3.5)
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Figure 3.5.: View of the CMS tracker in the rz-plane [6]. Each line in the strip
tracker represents a silicon strip detector, whereas lines in the pixel de-
tector represent ladders and petals on which the detectors are mounted
in the barrel and endcaps, respectively.

3.2.1. Tracking system

Particles produced in the proton-proton collision first enter the inner most part of

the CMS detector, the inner tracker, where charged particles interacting with the

material leave electrical signals (hits). The hits are used for a precise and efficient

particle trajectory (track) reconstruction. Tracks are later used to find the collision

particles origin (vertex), sign of its charge and its transverse momentum. In order

to determine the charge assigned to the particle, the direction of its track bending

in a magnetic field is measured, The transverse momentum of the charged particle

is estimated with the banding radius for trajectory:

pT

[GeV

c

]
= 0.2998 · r[m] · B[T]. (3.6)

The CMS tracker system covers the pseudorapidity range of |η| < 2.5 and consists

of silicon pixel and silicon strip detector modules. A sketch of the CMS tracking

system is shown in Fig. 3.5, where a fine-grained structure is important to provide

a pure and efficient charged-particle trajectory reconstruction in a high particle

multiplicity environment.

Pixel Detector The silicon pixel tracker is the closest detector to the interaction

region and effectively covers a pseudorapidity range of |η| < 2.5. It consists of

three 53 cm long cylindrical barrel layers (BPIX) and two endcap discs (FPIX)

on each side, as demonstrated in Fig. 3.6. The radii of the barrel cylinders

are 4.4 cm, 7.3 cm and 10.2 cm, while endcap discs are located at longitudinal

distances of z = ± 34 cm and ± 46.5 cm. All these parts, constructed from
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Figure 3.6.: Detailed layout of the pixel tracker [6]. The barrel part (BPIX) and the
forward disks (FPIX).

66 million hybrid silicon pixels of 100 × 150 µm2 size, have been arranged in

1440 modules and cover an area of about 1 m2. Thus, a size of each pixel leads

to a spatial resolution of around 10 µm in the r−φ plane and of about 20 µm

in the z direction. The high granularity of the pixel detector provides about

99% hit-reconstruction efficiency, which is crucial for the secondary vertices

reconstruction. After the 2016 data taking it was replaced by a new pixel

detector.

Strip Detector The strip tracker has a radius of 1.1 m and is placed in the remaining

tracker volume. It covers the same pseudorapidity range as the pixel detector.

The increasing distance to the interaction point, where the expected particle

flux is smaller, allows the use of the silicon strip sensor ”cells”, which are

less-granular as the pixel detector components. In total around 11.4 million

strip sensors, which are grouped into 15 148 strip modules, are installed in the

strip detector. The strip tracker consists of an inner part, the Tracker Inner

Barrel and Discs (TIB, TIDs), and an outer part, the Tracker Outer Barrel

and Endcaps (TOB, TECs). Since the strip size depends on the distance to

the interaction point, in the radial region between 20 cm and 55 cm (TIB and

TIDs) strip sensors with a size of 10 cm × 80 µm and a thickness of 320 µm

are used, while in the region with higher radii up to 116 cm (TOB and TEC),

the strip sensors have a size of 25 cm × 180 µm and thickness of 500 µm. The

strip tracker provides a very good resolution in r−φ for the barrel and z−φ for

the endcap region because of its geometry. The inner part, that has four barrel

layers from TIB and three discs on the each side from the TID, provides up

to four r− φ track measurements. Depending on the size of the strip sensors,

the TIB reaches the resulting resolution of 23-34 µm in r − φ and of 23 µm

in z. The outer part gives six r − φ measurements from the TOB, with the

resolution of 35-52 µm in r − φ and 52 µm in z, while the TEC, covering the

region of 22.5 cm < r < 113.5 cm and 124 cm < |z| < 282 cm, has nine discs
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in each endcap and provides up to nine φ measurements. Additionally, since

the strip detector provides less information on the orthogonal direction, more

than a third of the strip tracker modules are double-layered and are shown as

a double line in Fig. 3.5. The second layer is mounted back-to-back with a tilt

of 100 mrad, allowing a stereo measurement.

3.2.2. Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) [62] is a homogeneous calorimeter that sur-

rounds the inner tracking system. It is designed to stop particles in an absorber and

to measure the amount of kinetic energy deposited, where as the absorber material

lead-tungstate (PbWO4) crystals are used. These act not only as absorbers, but also

as active detector material (scintillators). The corresponding scintillation process is

very fast and about 80% of the scintillation light is emitted within 25 ns, which is

in good agreement with the LHC bunch crossing time. The main idea of the ECAL

is to measure energy deposition of the particles interacting mainly electromagneti-

cally, e.g., electrons and photons. However, another important characteristic of the

measured particles is the shape of the developed shower in the calorimeter that ap-

pears when a particle is passing through the calorimeter and interacts with it. The

shower shape is described by the Moliére radius, the average radius of a cylinder

containing approximately 90% of the energy of the electromagnetic shower, which

shows the width of the shower, and a radiation length (X0), is a density-weighted

depth of material where a traversing electron reduces its initial energy E0 to 1
e
E0

due to radiation, which points to the depth of the electromagnetic shower. Thus,

the main reasons to choose the lead-tungstate crystals of PbWO4 was their high

density of 8.3g/cm3, the short radiation length X0 (0.89 cm) and the small Moliére

radius of 2.2 cm. These conditions provide a good resolution of the energy measure-

ment of electromagnetic showers. Fig. 3.7 demonstrates the main components of

the ECAL: a barrel ECAL (EB), that covers a pseudorapidity range of |η| < 1.479,

an endcap ECAL (EE) on both sides of the EB, that extends the range to |η| < 3

and a preshower ECAL (ES) located in front of EE calorimeter discs that covers

the pseudorapidity range of 1.653 < |η| < 2.6. The total crystal mass in the EB is

67.4 t, while in EE it is 22.9 t.

ECAL Barrel (EB) The EB calorimeter, within a radius of 1.3 m, is made of 61 200

crystals with a high granularity. The crystal mounted closest to the tracker,

at front face, have a cross section of 22 × 22 mm2 or roughly 0.0174 × 0.0174

in (η, φ), while at the rear face it is 26 × 26 mm2. The length of a crystal is

230 mm, corresponding to 25.6X0. Thus, the electromagnetic showers have

no energy leakage beyond the ECAL.

ECAL Endcap (EE) The ECAL endcap discs consist of 7 324 crystals, with the size
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Figure 3.7.: Geometric view of one quarter of the ECAL [63].

of 28.62 × 28.62 mm2 in the front face and 30 × 30 mm2 in the back. The

length of the crystal is 220 mm, corresponding to 24.7X0.

ECAL Preshower (ES) The ES calorimeter, located in the endcap region, aims to

provide a handle to distinguish γ and π0, where π0 is detected by its decay

into two collimated photons. The ES consists of two thin lead absorbers and

one silicon sensor plane, thus its total thickness is 20 cm, that corresponds to

3X0.

To characterize the ECAL performance, the relative energy resolution is parameter-

ized as (σ(E)

E

)2

= C2 +
( S√

E[GeV ]

)2

+
( N

E[GeV ]

)2

, (3.7)

where the constants C, S, and N describe calibration errors, sampling fluctuation

and noise contributions due to electronics, respectively. The barrel ECAL energy

resolution for electrons was measured in a test beam [64] and is determined to be

0.4% for a 100 GeV electron, with the parameters of C = 0.3%, S = 2.8% and N =

12%.

3.2.3. Hadronic calorimeter

The hadronic calorimeter (HCAL) [65] is designed to measure the energy of hadronic

jets, made of quarks and gluons. The particles that reach the HCAL calorimeter are

mainly heavier than the ones detected in the ECAL and cause broader and deeper

showers compared to electromagnetic ones. Therefore, a huge amount of material is

required. One of the important quantities, which characterises the depth of hadronic

showers, is the nuclear interaction length (λI), which is the mean distance that a
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Figure 3.8.: The CMS HCAL detector (quarter slice). “FEE” indicates the locations
of the Front End Electronics for HB and HE. The signals of the tower
segments with the same color are added optically, to provide the HCAL
“longitudinal” segmentation. HB, HE and HF are built of 36 identical
azimuthal wedges (∆φ = 20 degrees) [66].

travelled hadron travels before undergoing an inelastic nuclear interaction. The

HCAL is hermetic and covers the pseudorapidity range up to |η| < 5.2, which is

very useful for the missing transverse energy determination. Unlike the ECAL,

the HCAL is a sampling calorimeter, where absorber, i.e. layers of brass or steel,

and active detector materials, i.e. tiles of plastic scintillator, are separated. The

two subdectors, namely the HCAL barrel (HB) and the HCAL endcaps (HE), are

mounted inside the magnet system, that is presented in Section 3.2.4, while the two

others, the HCAL outer (HO) and the HCAL forward (HF), are placed outside the

magnet. These components are shown in Fig. 3.8.

HCAL Barrel (HB) The HB calorimeter covers the pseudorapidity range up to

|η| < 1.3 and spans the detector at radii of 1.77 m to 2.95 m. The HB

utilizes 16 layers of absorber plates, the first and the last layers are made of

steel, while all others are made of non-magnetic brass, and 17 layers of plastic

scintillator tiles. Those calorimeter layers are segmented in ”towers”. The HB

has a fine granularity with the size of the each tower of 0.087 × 0.087 in (η, φ),

where one tower matches 5 × 5 ECAL crystal. The effective depth for the HB

depends on the pseudorapidity, thus at |η| = 0 it is equal to 5.8λI , while for

|η| = 1.3 - 10λI .

HCAL Endcap (HE) The HE calorimeter extends the pseudorapidity range up to

1.3 < |η| < 3 and is mounted on the entcap iron yokes. A similar approach
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in terms of the material compared to the HB is taken for the endcap HCAL,

that consists of 17 layers of arsorber and 18 scintillator layers. However, unlike

the HB the HE, starting from |η| ≥ 1.6, has a lower granularity, thus a larger

crystal size of 0.17 × 0.17 in (η, φ). It has an effective depth of about 10λI .

HCAL Outer (HO) The HO calorimeter is an additional system of two layers of

plastic scintillator and an iron absorber in the middle that is placed in the

outer barrel region and used as a tail-catcher, in order to cover all hadronic

showers. The HO covers the pseudorapidity range of 0.4 < |η| < 1.26 and

is placed outside the solenoid, where the whole magnet coil is used as an

additional absorber material. The HO calorimeter extends the effective depth

at |η| = 0 up to 11.8λI .

HCAL Forward (HF) The HF calorimeter is a radiation hard calorimeter where two

modules of 900 towers supplement the detector coverage up to 2.9 < |η| < 5.2.

It consist of a steel absorber, that has along the z axis a size of 1.65 m,

and quartz-fiber scintillators which are interfaced with photomultiplier tubes

(PMT). The quartz-fiber material was chosen due to its radiation hardness,

which is required by the Cherenkov7 based technology for the charged particles

detection. The PMT are used to convert the radiated Cherenkov light of the

traversing charged particles into electric signal. The HF towers have two read-

out channels at different depths, that are used to separate the electromagnetic

and hadronic shower component. Its hadronic effective depth is 10λI .

The relative energy resolution of the CMS HCAL is worse than the ECAL one,

since the charged hadrons start to deposit the part of their energy already in the

ECAL and the dead absorber material causes worse resolution. Therefore, the rela-

tive energy resolution of pion measured during the test beam [67] corresponds to(σ(E)

E

)2

= C2 +
( S√

E[GeV ]

)2

, (3.8)

where the constant C, which describes calibration errors, is equal 9%, the stochas-

tic term S, which corresponds to the sampling fluctuation, is equal 110% and the

contribution from the noise is around 200 MeV.

3.2.4. Solenoid magnet

The solenoid magnet is the central element of the detector layout, with the main

purpose to provide a strong magnetic field to bend the path of charged particles,

where the bending power is used for precise momentum calculation and the electric

7Cherenkov radiation is the electromagnetic radiation emitted by the charged particles passing
through a dielectric medium.
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Figure 3.9.: Value of |B| (left) and field lines (right) predicted on a longitudinal
section of the CMS detector, for the underground model at a central
magnetic flux density of 3.8 T [68]. Each field line represents a magnetic
flux increment of 6 Wb.

charged assignment. The magnet hosts the tracking and calorimeter systems and

provides within its volume a uniform magnetic field in the z direction up to 4 T. The

magnetic flux is returned using a massive iron yoke, which also helps to generate a

strong 2 T magnetic field inside the muon system. The schematic demonstration of

the magnetic field strength and lines of the CMS detector is shown in Fig. 3.9.

The strong magnetic field of the CMS superconducting solenoid allows for a two

times smaller detector volume compared to the ATLAS detector, that is using mainly

a system of toroidal magnets. The schematic illustration of the magnet system with

the magnetic field configurations for both the CMS and ATLAS experiments is

shown in Fig. 3.10. The main advantages of the solenoid is a simple structure and

the large homogeneous magnetic field provided inside the magnet, thus the CMS

inner tracker is placed in an uniform magnetic field, while the toroid magnet has a

complex structure and provides a non-uniform magnetic field. However, the solenoid

magnet has a weak opposite field in the return yoke.

The CMS magnet with the total weight of 220 t has a length of 12.5 m and a

diameter of the free bore of 6.3 m and is composed of 50 km NbTi superconducting

cabel with a cross section of 64 × 22 mm2. The liquid helium cryostat is used to

cool down the system to the operating temperature of 4.6 K. The CMS solenoid is

operating at B = 3.8 T with a current of 19.5 kA, which allows a storage of 2.6 GJ

total energy.
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Figure 3.10.: Magnetic field configuration for solenoid (left) and toroid (right) mag-
net system [69].

3.2.5. Muon system

The muon system is one of the most important parts of the CMS experiment, which

is designed to identify muons with high efficiency. Since muons are 200 times heavier

than electrons and do not interact strongly, they are passing the tracker system and

calorimeters mostly without energy loss. Therefore, to measure high momentum

particles, such as muons, the muon system together with a very strong magnet is

needed. The muon detector surrounds the magnet with a steel flux-return yoke [6],

that provides the field flux return as well as it does not allow particles other than

muons to pass to this system. The CMS muon system consists of 25 000 m2 of

detection planes. Barrel drift tubes (DT) cover the pseudorapidity range of |η| < 1.2,

endcap cathode strip chambers (CSC) cover the pseudorapidity range of 0.9 < |η| <
2.5, and resistive plate chambers (RPC) cover the pseudorapidity range of |η| < 1.6,

as demonstrated in Fig. 3.11. The DT and the CSC detectors are used to measure the

precise position of the muons and thus their momentum, while the RPC chambers

are used to provide the quick information for the Level-1 trigger.

Drift tubes (DT) The drift tubes are designed to detect the muons in the barrel

part of the detector with the uniform magnetic field, where the low rate of the

muons and small amount of the neutron-induced background are expected.

Each tube contains a stretched wire within a gas volume and the tubes are

staggered by half a tube and arranged into SuperLayers (SL). An ionizing
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Figure 3.11.: Layout of one quadrant of the CMS detector [70]. Muon stations are
placed in the steel return yoke of the magnet (gray). The four DT sta-
tions in the barrel (yellow), the four CSC disks in the endcap (green),
and the RPCs in both barrel and endcap regions (blue) are shown.

particle passing through the volume of the tube liberates the electrons of the

gas atoms, which are then registered along the wire. The structure of the

DT improves the efficiency of the muon detection and provides a good time

resolution of the measurement. The DT is build of detector sectors, each

containing four stations, the group of the SL, interleaving with the layers of

the yoke plates. The measurement of the muon coordinate in the r-φ plane

is provided with the eight drift tubes placed in the first three stations, while

in the z coordinate the track is detected by the four drift tubes. The part

of the z measurement is missing in the last section. The spatial and angular

resolution of each DT station is 100µm and 1 mrad, respectively.

Cathode strip chambers (CSC) The cathode strip chambers are placed in the end-

cap region, where a strong and inhomogeneous magnetic field is present. Thus,

the detector in this region should be very fast and radiation-hard, which re-

quires finer segmented structure of the chambers than in the DT detector case.

Therefore, the CSC’s chambers have a multiwire structure, where each cathode

plane is segmented into strips running across wires. In total 486 cathode strip

trapezoidal chambers are used. Unlike the DT the CSC’s spatial and angular

resolution is 100-200µm and 10 mrad, respectively, that is requested due to

the large background contamination and high muon rate. In total, the CSC
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detector contains of four stations, that are placed between the yoke plates,

where positively-charged anode wires placed perpendicular in the chambers

read out the time of the muon crossing, as well as a its η position, while the

negatively-charged copper cathode strips provide the information on the r-φ

coordinates.

Resistive plate chambers (RPC) The resistive plate chambers are fast gaseous de-

tectors. Their information is used independently of the DT and the CSC on

the first level of the muon triggering process, providing an independent and

fast trigger with a sharp pT threshold. The RPCs have a good spatial reso-

lution and a time resolution of 1 ns. In the barrel part six RPCs are placed.

To provide good measurement of the low momentum muons four RPCs are

attached from inner and outer side of the fist two DT stations, while a single

layer of RPCs is mounted in front of the drift chambers for the outer DT sta-

tions. In the endcaps the RPCs are placed in the four yoke stations parallel

to the CSCs. The RPCs are double-gap chambers, consisting of two parallel

plates, an anode and a cathode, and are separated by a gas volume. The

read-out strips are installed between the two gaps and oriented along the z

direction.

The described muon systems provide a very efficient muon identification with an

efficiency above 95% [71] for the muons at the pseudorapidity range of |η| < 2.4,

with the transverse momentum larger than a few GeV.

3.2.6. Trigger system

The aim of the CMS trigger system is to select only the most interesting hard-

scattering events that are about one out of a thousand, while during the LHC

operation the collisions are delivered every 25 ns, which corresponds to the bunch-

crossing rate of 31.6 MHz, that is about 600 millions collision per second. Therefore,

the efficient event triggering, that avoids the loss of an important data, is extremely

important, which is also crucial during the luminosity rise, when the number of the

proton interactions also increase. A two-stage approach is done with a level-1 trigger

(L1T) and then with a high-level trigger (HLT).

Level-1 trigger (L1T) The level-1 trigger (L1T) is the first stage, which performs

rough estimations of the event parameters and based on loose requirements

takes a very quick decision for selecting events. The level-1 trigger system

uses the calorimeter and muon systems at the reduced granularity and thus is

composed of two paths : a calorimeter trigger and a muon trigger, as shown

schematically in Fig. 3.12. The calorimeter trigger uses inputs from the ECAL

and the HCAL, while the muon trigger uses information from the muon tracker

subsystems such as the DT, CSS, and RPC. The L1T calculates the total
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Figure 3.12.: Data flow for the overall trigger upgrade [72].

energy of the event and scans it for high-energetic particles like muons, using

information from the muon trigger, and electrons, photons, jets, utilizing input

from the calorimeter trigger. Jets are signatures of hard scattering events with

hadronic final states, as described in detail in Section 6.5. Information from

the two trigger paths is combined in the global trigger (GT) processor, that

applies kinematic and topological selections to the events and decides within

1µs whether an event is accepted. The L1T output rate is less than 100 kHz.

High-level trigger (HLT) The high-level trigger (HLT) is the second level system,

that uses the fully built data events, which are accepted by the L1T. It is

based on the CMS software, which reconstructs the data with higher granular-

ity. Various trigger logics (trigger paths) are implemented in the HLT. Those

trigger paths are created to cover a broad range of physics signatures used in

many analyses. The HLT output rate is a few hundred Hz.





4. Simulation of hadronic collision

In order to simulate a proton-proton collision event, or generally a hadronic colli-

sion, standard Monte Carlo (MC) event generators, which are based on a factorized

approach as demonstrated in Fig. 4.1, are used. This is necessary since colorless

hadrons have a composite parton (quarks and gluons) structure. They are inher-

ently non-perturbative objects, thus perturbative theory is not applicable to the full

evolution of high-energy hadron-hadron collisions. The factorized approach relies

Figure 4.1.: The sketch of the basic structure of event generation in proton-proton
collisions [73].

on the factorization theorem [74], which allows to separate the “hard” scattering,

where two initial partons give rise to an interaction at a large exchanged transverse

momentum pT, and the underlying event (UE) process. The “hard” scattering is

characterized by a large scale (small distance), where the running strong coupling

constant αS is small, allowing to apply a perturbative approach to the calculation

of the matrix element1. On the other hand, the UE represents the whole remaining

activity of a hadronic collision that occurs at lower, non-perturbative scales, where

αS becomes large. These processes are described by phenomenological and theo-

retical models [75], which will be discussed later in this chapter. Hence, the hard

1The matrix element defines the hard scattering in the cross section.
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scattering is accompanied by soft interactions, which results in hadronic collision

being a complex multiparticle processes.

4.1. Proton structure

Protons are not elementary particles and are made out of valence (up, up, down)

quarks2, and see (anti-)quarks3 and gluons. Therefore, the probability that de-

termines which parton from the proton will interact with a fraction x of the pro-

ton’s longitudinal momentum, is determined by the parton distribution function

(PDF)4 [77] fi(x,Q
2) for a parton of flavor i and the momentum transfer squared

Q2. The PDFs are evaluated using a certain factorization scale µF , which separates

the partonic cross section, where only the hard scattering part is considers, from

the non-perturbative regime of the PDFs5. A common choice for µF is on the or-

der of the hard scattering scale [78] Q2 so that µF = µR = Q2, where µR is the

renormalization scale.
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Figure 4.2.: The NNPDF parton distribution functions for αS = 0.118 at NLO for
the low (left) and high (right) Q2 energy scale as a function of x [79].

The PDFs are extracted by using data from different experiments and processes,

mainly ep collisions, where the results are going down to the very low scales, e.g.,

the results from the HERA collider with Q2 up to 1 GeV2. With the PDFs being

available at an initial scale it is possible to evaluate it’s evolution to higher Q2

values by using the DGLAP equations [80–82]. Figure 4.2 shows an example for

the evaluation PDFs at higher energy scales. The figure shows the NNPDF3.0 NLO

2The valence quarks of the proton define it’s quantum numbers.
3The valence quarks constantly radiate and absorb gluons, which may split into virtual qq̄ pairs.

These virtual quarks are called sea-quarks.
4First described in parton model by Richard Feynman in 1969 [76], where hadrons are described

as bound states of point-like constituents, e.g., partons.
5The PDFs are inherently non-perturbative in nature, and are not calculable a prior.
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PDF set [83]6 for each parton flavor evaluated at Q = 2 GeV and Q = 100 GeV. It

is observed, that at low scales the valence quarks carry a large portion of the proton

momentum, while at high scales the gluons carry an increasing fraction of the proton

momentum. The evaluation of the PDF sets at higher energy scales is important for

the LHC physics program, as demonstrated in Fig. 4.3, where the accessible values

of x and Q2 for the LHC at
√
s = 13 TeV are shown. Thus, to produce top quark

pairs, a minimal momentum fraction of x =
√
x1x2 ≥ 2mt/

√
s ≈ 0.027 is needed,

while the minimal energy needed for tt̄ pair production is
√
ŝ = 2mt ≈ 345 GeV,

with the partonic center-of-mass energy is
√
ŝ =
√
sx1x2.
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Figure 4.3.: The accessible x and Q2 values at fixed-target experiments, e.i., HERA
and LHC (left) or Tevatron (right) [84]. M corresponds to the invariant
mass and y to the rapidity.

The most popular PDF sets used at the LHC are NNPDF [83], CTEQ [85],

MSTW [86], HERAPDF [87], ABKM [88] and GJR [89], which extract PDFs from

the measurements from different experiments, like SLAC [90], ZEUS and H1 [91],

CDF [92], CMS [93] etc.

6 The NNPDF3.0 NLO PDF set is used to evaluate the systematic uncertainty in the top quark
mass discussed in Chapter 8
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4.2. Hard scattering and matrix element

The probability of two hadrons with four-momenta P1, P2 to interact and give rise

to a hard p1p2 → X process is given by the corresponding cross section σ:

σp1p2→X =
∑
i,j

∫
dx1fi,p1(x1, Q

2)

∫
dx2fi,p2(x2, Q

2)σ̂ij→X(x1P1, x2P2, αS, µF , µR),

(4.1)

which is factorized into a “hard” (high-Q2) part σ̂ij→X(x1P1, x2P2, αS, µF , µR), e.g,

the partonic cross section for the process p1p2 → X, and “soft” (low-Q2) part, given

by the parton distribution functions fi,p1/p2(x1/2, Q
2) for colliding proton beams 1

and 2. The transverse momentum of the incoming partons, x1P1 and x2P2, at

high-Q2 scales, e.g., involved in hard interaction, is negligible, due to the collinear

approximation. Therefore, the parton level cross section σ̂ij→X(αS, µF , µR) depends

mainly on the strong coupling constant, and the factorization and renormalization

scales7. It is calculated using the corresponding matrix element (ME), which rep-

resents the probability amplitude M for the transition from the intial state into a

final state X, e.g., tt̄. Considering an arbitrary final state F , which can include

explicitly all orders, the hard scattering cross section is given by:

σF =

Nlegs∑
k=0

dΦX+k

∣∣∣Nloops∑
l=0

M(l)
X+k

∣∣∣, (4.2)

where dΦX+k is the phase space for the final state X with k additional outgoing

partons (legs), and M(l)
X+k is the ME for the final state X with k legs and an

additional l loops. A leg is a real correction to the cross section and the loop is a

virtual correction, e.g., it enters in the calculations, but it does not produce a new

particle. Thus, by choosing k and l, the different final states F are defined:

• k = 0, l = 0: X production at the leading order (LO) 2 → 2 process,

• k = n, l = 0: X production with additional quarks and gluons in the final

state8 at the LO 2 → 3 process,

• k + l 6 n: X production at the nextn-to-leading order (NnLO), process like

NLO 2 → 2, when k + l = 1.

Increasing the number of the legs and loops reduces the dependence on µF and µR
in the calculation.

In order to show the impact of the NLO correction to the LO cross section, a

K-factor can be used, which is defined as the ratio of the NLO to LO cross section

7In case of the tt̄ cross section, the mass of top quark is used as factorization and renormalization
scale: µF = µR = mt

8It is possible for the current method to calculate the case with k = 5.
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of the given process. This factor depends on several variables used at LO and NLO,

like the PDF, or the factorization and renormalization scales. However, have it does

not include information about a shape change of the studied observable, which can

accrue due to the NLO correction. Thus, this K-factor does not provide sufficient

description of the impact of the NLO corrections on the LO cross section, but it is

still useful to calculate interesting processes at LHC [94].

Within the scope of this thesis the LO 2→ 2+nMatrix element MadGraph5 [95],

and the NLO 2 → 2 MEs from the amc@nlo v2.2.2 [95] and powheg V2 [96–99]

generators are used.

4.3. Parton shower

The parton shower concept is introduced to approximate higher-order real emission

corrections to the hard scattering, which is possible until a certain minimum value

for the hadronization scale (Qmin ∼ 1 GeV) is reached. At this scale perturbation

theory does not work anymore and the shower evolution is stopped. The shower

evolves with the radiation of gluons from quarks9, where these gluons can further

emit gluons or split into qq̄ pairs. There are four possible QCD splittings at LO:

q → qg, q → gq, and g → qq̄ and g → gg, which are mostly soft, because at this

stage Q decreases, and thus αS increases. This evolution is described by effective

parametrizations using the DGLAP equations [80], which give the probability of

emissions a parton produced at the highest energy scale Qmax. The probability

Pa(t) of not splitting between two scales t0 and t is defined as:

Pa(t) = Γa(t)e
(−

t∫
t0

dt′Γa(t′))

, (4.3)

where e
(−

t∫
t0

dt′Γa(t′))

is the Sudakov form factor [100, 101], that gives the probability

of a parton a with an initial scale t0 to develop without showering until next scale

t, and Γa(t) describes the parton evolution.

Not only the outgoing parton of the hard scattering can radiate gluons, which

is called final state radiation (FSR), but also the initial state partons can radiate

gluons, which is referred to as initial state radiation (ISR). The ISR is handled

within the backwards evolution scheme, since the incoming parton momenta is fixed

by the hard process. This is possible by using the evolved PDFs in the Sudakov

factor, which suppresses the backwards evolution if no matching “mother” partons

are present in the PDF.

In this analysis pythia 8.219 [16, 17] and herwig++ 2.4 [102] are used for the

parton shower. In pythia, parton radiation is ordered by decreasing momentum

9After the hard scattering happens, the outgoing partons have a large momentum. However,
partons are colored objects and this leads to QCD radiation, namely gluons.
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Q2 = p2
T, where pT is the transverse momentum of the emitting parton, while in

herwig++ the parton emission is angular-ordered Q2 = 2E2
a(1− cosθ), where θ is

an angle between the radiated gluon and the parent parton with energy Ea.

4.4. Matrix element - parton shower matching

The calculation done by the matrix element can already include the radiation of hard

partons. Therefore, it is necessary to avoid a possible double counting of equivalent

phase-space configurations, when using the parton shower, and to compute the terms

that are not included by the ME. Thus, the double counting between ME and PS

can be avoided by using a phase space cut. This uses the PS below the cutoff,

which is the minimum value of hadronization scale Qmin, and the ME above the

cutoff, which is the chosen factorization scale. This is possible by using a matching

algorithm that merges samples with different multiplicities.

The most popular approaches used at CMS are the multi-jet matching MLM [103]

and the next-to-leading order jet matching FxFx [104]. The MLM matching is based

on a shower veto, i.e., truncated shower, which rejects events that containt parton

emissions from the PS that are already calculated by the ME. The PS can develop

additional partons only after the ME is below the cutoff of ∼ 20 GeV. The FxFx

matching scheme is similar to the MLM matching, but it uses a next-to-leading order

ME, thus not only the real correction are taken into account, but also the virtual

ones. Therefore, applying the same order PS gives the correct distribution, but

with NLO leading-logarithmic (NLO+LL) accuracy, which yields negative weights

for those phase-space regions where the exact matrix element is smaller than the

shower approximation. Thus, special weights need to be applied in this case to the

PS.

Summarizing, MLM matching is used with LO ME generators like MadGraph,

while FxFx matching is applied to the NLO ME generators like amc@nlo. However,

the NLO ME powheg v2 does not use any additional matching schemes, since is

contains the hardest emission and positive virtual corrections, thus negative event

weights do not occur. This generator gives the lowest jet pT scale to the PS generator

to further develop the event.

4.5. Hadronization and decay

The evolution of the parton shower stops at the minimum value of the hadronization

scale, on the order of 1 GeV, where the perturbation theory does not work, and the

strong coupling is large αS ≈ 1. Below this scale the final state partons start

to form color neutral hadrons via the Lund or string fragmentation model [105]

implemented in pythia 6.4 [16] or the cluster fragmentation moddel [106,107] used

by herwig++ 2.4.
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The string fragmentation models are based on the assumption of a uniform color

potential, which only depends on the distance between qq̄ pairs in the parton shower.

Thus, with the spatial separation of quark and antiquark, the potential linearly

increases, leading to the formation of color strings between them, while gluons are

ignored and treated as ”kinks”. At a certain distance, when the potential energy

is on the order of hadron masses, the production of a new qq̄ pair is energetically

favored. This new pair is produced by a tunneling process, with the tunneling

probability:

P ∝ exp
(
−
πm2

q,⊥

k

)
= exp

(
−
πp2

q,⊥

k

)
exp
(
− πm2

q

k

)
, (4.4)

where k ≈ 1 GeV/fm is the color string tension, p2
q,⊥ the non-perturbative transverse

momentum of the quark (around 250 MeV2), and m is the mass of new hadron.

This implies the suppression of heavy quark production, since uū : dd̄ : ss̄ : cc̄ ≈
1 : 1 : 0.3 : 10−11. The string evolution is regulated by the string-fragmentation

function [105]:

f(f) ∝
1

z
(1− z)p1exp

(−p2m
2
q,⊥

z

)
, (4.5)

where z points into the direction of the color string, and p1 = 0.3 and p2 =

0.58 GeV−2 are the Lund parameters. The evolution continues until the string po-

tential energy can not produce any more hadrons. A schematic example of color

field lines between the qq̄ pair and the motion and the breakup of string system are

shown in Fig. 4.4.

Figure 4.4.: A graphical representation of the color field lines between quark and an-
tiquark (a). The motion and breakup of a string system in longitudinal
direction over time (b) [108].

The cluster fragmentation model introduces the intermediate step of forming clus-

ters of quarks and antiquarks with mass scales of a few GeV. While gluons that

remain at the end of the parton shower evolution are splited into qq̄ pairs, assuming

the local compensation of color. The formed colorless clusters of partons with the

mass higher than a certain threshold will decay directly to two lighter clusters or to

a pair of hadrons via a quasi-two-body decay [109], when they are too light. In the
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Fig. 4.5 the clusters are shown as light green ellipses.

Figure 4.5.: Sketch of a tt̄ H event produced in a proton-proton collision. The
red marker in the center represents the hard collision, which is sur-
rounded by a tree-like structure representing Bremsstrahlung as simu-
lated by parton showers. The purple marker indicates a secondary hard
scattering event. Parton-to-hadron transitions are represented by light
green markers, dark green markers indicate hadron decays, while yellow
lines signal soft photon radiation. This is modified version of the figure
from [108].

The formed hadrons have a very short lifetime and decay further within a typical

timescale of cτ & 10 mm. In MC, the processes of hadronization and decay are

simulated at the generator level.

4.6. Underlying event and pileup

A underlying event activity, typically gluon scattering processes gg → gg, occurring

in addition to the hard scattering at lower scales constitutes the underlying event

(UE). It consists of several components, such as multiple parton interactions (MPI),

beam-beam remnants (BBR), initial- and final-state radiation (ISR and FSR). These

processes can produce a large number of colored partons that, similarly to partons

from the hard scattering, are later re-arranged into colorless hadrons, according to

the description of the hadronization process given in Section 4.5. Thus, the UE
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yields much higher multiplicity in the event, therefor this effect must be taking into

account by the MC. This is usually done by using appropriate models that aim to

describe UE and return the values of the sensitive parameters, which are grouped in

so called “tune”. In the CMS the main UE tunes, used during MC productions, are

CUETP8M2T4 [110] and EE5C [111]. The pileup effect, additional pp interactions

that overlie with the event of interest, is also simulated in the multi-purpose MC

generators, i.e., pythia 8.219 [16, 17]. More details on the pileup are given in

Section 6.2.

The MPIs are found to be especially relevant for the underlying event and minimum-

bias (pileup) processes. Several MPIs may occur within the same collision event,

which are represented as additional 2-to-2 parton-parton interactions, as shown in

Fig. 4.5. Moreover, the contribution from the MPI increases with increasing collision

energy, which is due to the increase of the parton density at small x.

In the final state, the colored partons from MPI may be connected by color strings.

These strings can overlap with the color strings originating from the partons of the

hard scattering interaction as well as with color fields from other MPIs. Therefore,

the formation of the corresponding color strings is regulated by the color reconnec-

tion (CR) mechanism, which models the total potential energy between QCD color

charges [112]. The CR mechanism allows changes in the color configuration of the

event before the hadronization process. A good understanding and description of

CR in MC is unavoidable, in order to describe the increase of the mean transverse

momentum 〈p⊥〉 as a function of multiplicity, as shown in Fig. 5.1. It was recently

discovered that the modeling of the CR is one of the dominant systematic uncer-

tainty source for many physics analyses. Therefore, pythia 8.219, which was used

to simulate the samples used for the precise top quark measurement in this thesis,

was tuned to the new CR models, in order to give a consistent description of the

CR in MC. The results of the MC CR tune study is documented in Chapter 5.

4.7. Event generators

Many MC generators are designed to simulate hadronic collision events. In the

followings, the main properties of the generators used in the studies presented in

this thesis, will be described.

MadGraph5 [95, 115]: is a LO 2 → 2 + n matrix element generator, where n de-

notes the number of additional partons. Since MadGraph is time-consuming,

events are usually generated with n 6 4. MadGraph does not include the

parton shower or underlying event calculation. Therefore, MadGraph is in-

terfaced with pythia through the MLM [103] matching procedure. It can be

also interfaced with herwig++.

amc@nlo v2.2.2 [95, 104]: is a NLO 2 → 3 ME generator that provides precise
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Figure 4.6.: Measurements 〈p⊥〉 of single charged hadrons vs. number of charged
particles Nch in minimum-bias events at 7000 GeV [113] (left) and
1960 GeV [114] (right) compared to pythia 8.175, with and without
color reconnections switched on.

cross section estimation. Since no parton shower is included, the FxFx [104]

matching procedure allows to use pythia for the simulation of the UN, PS

and hadronization.

powheg V2 [96–99]: is a NLO 2→ 2 ME with up to one additional hard partons.

It is based on powheg box [98]. powheg does not include UE and PS sim-

ulation, therefore is interfaced with pythia or herwig++, without the help

of an additional matching algorithm. This NLO ME generator are expected

to show better modelling of the signal and background processes.

pythia 8.219 [16, 17]: is a multi-purpose event generator. The hard scattering is

calculated at LO, i.e., with an LO 2→ 2 ME. The ISR and FSR is covered by

a pT- ordered parton shower that follows [80]. The hadronization is performed

via the Lund string model. The UE tune used to regulate the MPI and CR

contributions is CUETP8M2T4 [116,117].

herwig++ 2.4 [102]: is a multi-purpose event generator with a LO 2 → 2 ME.

The parton shower uses angular-ordered parton emission, e.g., the radiation

is generated coherently inside parton splitting cones. The hadronization is

performed via a cluster model. The EE5C tune [111] is used for the UE.
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Matrix-element corrections to the top quark decay are not applied in the her-

wig++ sample.

The parton distribution function (PDF) set NNPDF3.0 NLO (αs = 0.118) [83] is

used as the default parametrization of the PDF in all simulations.

Detector simulation

In order to propagate the simulated particles through the detectors, a full simulation

of the CMS detector based on Geant4 [118–120] is used. This is referred as full

simulation that aims to calculate the corresponding hardware responses by model-

ing the sensitive detectors, as well as the innert infrastructure of the detector. In

addition to the particle interactions in simulation of the transversed material, the

behavior of the electronics that is used to readout the signals is also modeled.
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model in Pythia8

The multiple parton interaction (MPI) models describe parton-parton interactions

that occur in addition to the hard interaction in an event. These additional in-

teractions are an unavoidable consequence of hadronic collisions at high energies.

Moreover, an increase of the collision energy at the LHC leads to an increase in the

MPI activity.

Several parameters in the MC generators can influence the amount of simulated

MPIs. The main parameters are the parton distribution function (PDF), the overlap

of the matter distributions of the two colliding hadrons, as well as the cut-off pT0

parameter. The latter parameter is used to determine the energy dependence of

the simulated MPI contribution and is described in the pythia 8 simulation by the

equation:

pT0(
√
s) = pref

T0 (
√
s/
√
s0)ε, (5.1)

where pT0 is the parameter used at a given center-of-mass energy scale
√
s and pref

T0

is the pT0 at a reference energy
√
s0. The parameter ε is the energy rescaling space,

that describes the energy dependence. Moreover, in the model the QCD 2-to-2 cross

section is regularized by the parameter pT0, in order to control its divergent behavior

for pT → 0.

As mentioned in Section 4.6, the colored partons from the MPI can be connected

via color strings. According to the different models for the color reconnection (CR)

mechanism, it is possible to exchange color information between partons from the

MPI as well as the partons from the hard scattering process after the parton shower

by reconnection of the color strings. Typically the total string length is minimized.

In addition to the string length minimization, random reconnections can also be

forced. An example for color reconnections in an tt̄ event is shown in Fig. 5.1.

One of the major reasons to study the CR mechanism is its ability to reproduce

the increase of average transverse momentum of the charged particles detected in

the final states of generic hadronic collisions, as a function of the charged particle

multiplicity, as shown Section 4.6. The largest remaining tension with respect to the

data is observed in the soft region (pT ∼ 2 to 5 GeV), where CR effects are expected

to be more relevant. This experimental observation can be described by connecting

the color fields of the partons that are produced by the MPIs and the hard scattering

process [122]. By introducing correlations between the various partonic systems, it
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Color connection
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Figure 5.1.: An example of color reconnection in tt̄ production [121].

is possible to reduce the number of produced particles in the final state, resulting in

a larger average transverse momentum than in a scenario without CR.

However, color reconnection effects are also important for other processes occur-

ring at larger scales in proton-proton collisions. Thus, the CR modeling is one of

the dominant sources of systematic uncertainties in the top quark mass measure-

ment [15]. It is claimed that the uncertainty in the top quark mass due to the

color reconnection, which is estimated by taking the difference in the predictions

of a model with and a model without CR, might represent an underestimation of

the assessed uncertainty [15]. Therefore, a better method for estimating the CR

modeling uncertainty is suggested, which considers a variety of CR models.

Different phenomenological models have been developed and included in the MC

generator since publication of the Run 1 results, e.g., in the pythia 8 MC event

generator. Their general idea is to construct a color potential depending on the string

length of the color fields, where the string length is minimized in order to create the

partonic configuration. This potential is successively applied in the hadronization

process. Both the MPI processes and CR mechanism are not completely determined

by first principles and include adjustable parameters which can be optimized for a

better event modelling. A specified set of these parameters that has been adjusted

to better fit certain aspects of the data is referred to as a “tune”.

In this chapter, the results for the tune performed with the QCD-inspired [14]

CR model are presented. In combination with already existing tunes, that use the

MPI-based [123] CR model, this set of tunes allows to quantify the performance with

respect to several observables, to deepen our understanding of the CR mechanism,

and to evaluate uncertainties due to CR effects.

5.1. Color reconnection models in Pythia 8

Recent versions of pythia 8 implement three CR models, which can be tested in

proton-proton collisions. These models, referred to as the “MPI-based”, “QCD-
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inspired” and “gluon-move” CR models, are briefly described in the following.

MPI-based model [123]: A very simple CR model implemented in the pythia 8,

which gives each parton pair a probability to reconnect with a harder system

defined as:

Prec(pT) =
p2

TRec

(p2
TRec

+ p2
T)

with pTRec
= R · pT0 (5.2)

where R is the reconnecting range parameter and pT0 is the quantity which

regularizes the partonic cross section to avoid divergence at low pT (Eq. 5.1).

According to this formula, MPI systems at high pT would tend to escape out

of the interaction point without being color reconnected to the hard scattering

system. Color fields originating from low-pT MPI systems would be more

likely to exchange color. After deciding which systems are connected to the

hard scattering products, the configuration which minimizes the string length

is chosen. The MPI-based model introduces only one free parameter, R in

Eq. 5.2, which can be tuned.

QCD-inspired model [14]: A CR model implemented in pythia that takes into

account the QCD color rules in addition to the minimization of the string

length. The model constructs all pairs of dipoles that are allowed to reconnect

by QCD color rules and uses a simple space-time picture to causally connect

the produce strings. Additionally, it allows the creation of junction struc-

tures [124], that allow the color combinations represented as Y-shaped “color

junction” as shown in Fig. 5.2.

Figure 5.2.: An example of the formation of a connected junction-antijunction-pair
(left), and the formation of a junction and antijunction, which are not
directly connected color reconnection (right) [14].

The junction structures offer the possibility to include higher-order color con-

nection effects. Junctions are not simply dipoles, but they can be directly

produced by three or four dipoles. This is repeated until no further allowed

reconnection reduces the total string length λ, given by

λ =
∑
dipoles

log(1 +
√

2E/m0), (5.3)
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where E corresponds to the energies defined in the dipole or also in the junction

rest frame and m0 is a constant with dimensions of energy of order ΛQCD.

The QCD-inspired model then takes the leading-color strings and transforms

them into different color configurations based on three principles: first, the

SU(3) color rules from QCD determine if two strings are color-compatible;

second, a simplistic space-time picture defines the causal contact between the

strings; third and finally, the evaluation of λ decides which color configuration

is favoured. Detailed information on the QCD-inspired model is presented

at [14]. Due to the close relationship between junctions and baryons, the new

model predicts an enhanced baryon production. It was shown to be able to

consistently describe baryon/meson production ratios, measured both at the

LEP and LHC experiments [14], which were not well predicted by tunes using

the MPI-based CR model. The free parameters of the QCD-inspired CR model

are the lower limit for the mass of the particles, which are not allowed to be

color-connected, and the parameters that define of the causal contact between

color strings.

Gluon-move model [125]: A CR model in which some or all gluons are selected,

along with all color connected pairs of partons. An iterative process in which

the change in λ is calculated for each final-state gluon attached to a string.

The change in λ results from moving the gluon to a string piece belonging to a

different pair of partons. The gluon movement that gives the largest negative

λ change is applied. In this scheme, quarks would not be reconnected, since

they would always remain in the same position without any color exchange.

To improve this model, the flip mechanism was included, which also gives

the quarks the possibility to be reconnected. Junctions are allowed to take

part in the flipping step as well, but no considerable differences are expected

due to the limitation in the junction formation in this model. The main free

parameters of the gluon-move model are the lower limit of the string length,

that is allowed for color connection, the fraction of gluons allowed to move or

flip, and the lower limit of the allowed reduction on the string lengths.

In this thesis, the new CR tune based on the QCD-inspired model is developed.

5.2. Underlying event measurements

One of the most common ways of investigating and constraining MPI and CR effects

is to study measurements of the number and of the energy of charged particles pro-

duced in a generic proton-proton collision. These types of measurement are sensitive

to underlying event (UE) contributions and have been performed at various colli-

sion energies by different collaborations [122,126–128]. The measurements typically

include the multiplicity and the sum of pT of the charged particles as a function of
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the pT of the leading charged particle in the event. The charged particle multiplicity

and pT are easily determined with a tracking system and can be measured even at

very low pT.

These studies usually distinguish between different regions in the transverse plane

to the beam direction, as defined by the direction of the leading charged particle.

The relative azimuthal distance ∆φ is defined between the selected charged particles

and the leading charged particle.

- The “toward” region, |∆φ| < π/3, mainly includes the products of the hard

scattering.

- The two “transverse” regions, π/3 < |∆φ| < 2π/3, contain the products of

MPI and are affected by contributions from ISR and FSR.

- The “away” region, |∆φ| > 2π/3, populated by recoiling objects related mostly

to the hard scattering process.

More recent measurements [126,128] subdivide the transverse region into a “Trans-

MIN” and a “TransMAX” region, which are defined to be the regions with the

smaller and larger number of particles of the two transverse regions. This is done in

order to better disentangle contributions from MPI, ISR and FSR. A sketch of the

different regions is shown in Figure 5.3.

5.3. Tuning strategy

In this thesis a new CMS tune using the QCD-inspired model implemented in

the pythia 8.219 event generator is presented. The corresponding tune is named

CUETP8M2-CR1 in this work. It is obtained by simultaneously constraining the

parameters governing the contributions of the MPI and of the QCD-inspired CR

model. As baseline, the tune for the nominal MPI-based model is used, officially

known as CUETP8M2T4 [110] and named CUETP8M2 in this work. The MPI-

based CR tune uses the NNPDF30 lo as 0130 [83] PDF set, with the hadronization

parameters documented in [116], a negative exponential distribution function for

modelling the overlap between the two colliding protons, and the strong coupling

αISR
S = 0.1108 for the simulation of the initial-state shower. This value was opti-

mized to describe high jet multiplicity scenarios in top-antitop events [110], when

using a next-to-leading (NLO) matrix element simulated by the powheg event gen-

erator [98] and the matched PS from pythia 8.

As mentioned before, by providing tunes with different CR models, one has a

consistent way of evaluating systematic uncertainties due to color reconnection ef-

fects for many analyses. The studied tune with the QCD-inspired CR model is
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Figure 5.3.: Illustration of the topology of a hadron-hadron collision in which a
“hard” parton-parton collision has occurred [129]. The “toward” re-
gion contains the “toward-side” jet, while the “away” region contains
the “away-side” jet on average. For events with large initial or final-state
radiation, the transMAX region contains the third jet, while both the
transMAX and transMIN regions receive contributions from the MPI
and beam-beam remnants. Thus, the transMIN region is very sensitive
to MPI.

obtained by using the UE data measured at 7 TeV [14, 15, 125], as well as the mea-

surements at 13 TeV [126, 130]. In previous tunes, only the measurements at 7 TeV

were considered.

The strategy for obtaining the QCD-inspired tune is similar to the one used for de-

riving the nominal CUETP8M2 since in both cases the same observables, which are

sensitive to soft and semi-hard MPI, are considered for constraining the parameters.

These observables are:

- the charged particle multiplicity and average pT sum as a function of the

leading charged-particle transverse momentum,

- pmaxT , measured by CMS at 13 TeV in TransMIN and TransMAX [126],

- the charged particle multiplcity as a function of pseudorapidity η, measured

by CMS at 13 TeV [130].

The region between 0.5 < pmax
T < 3 GeV is excluded from the fit as it was done for

the CUETP8M2 tune, since it is affected by contributions of diffractive processes.
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Therefore, the free parameters of the corresponding processes are also not considered

in the tuning procedure.

The MPI-related parameters, that are fitted for the QCD-inspired tune, are listed

below:

pT0Ref is the parameter that regularizes the partonic QCD cross section and sets

the lower scale of the MPI contribution;

expPow is the parameter in the overlap function, exp(−bexpPow), which describes

the convolution of the matter distributions of the two incoming hadrons.

The tuneable parameters of the QCD-inspired CR model that are considered in

the fit, are:

m0 variable used in the string length measure λ, which determines whether a pos-

sible reconnection is actually favoured;

junctionCorrection multiplicative correction for the junction formation, applied to

the m0 parameter;

timeDilationPar parameter that describes the time dilation and disallows color re-

connection between strings that are not in causal contact.

For the QCD-inspired tune, the parameter values proposed in [14] for the hadroniza-

tion are used as the initial values. The parameters of the fit as well as the ranges

for each of them are shown in Tab. 5.1.

Table 5.1.: Multi Parton Interaction and color reconnection parameter ranges used
in the fitting procedure.

UE parameters min max
MultipartonInteractions:pT0Ref 1.0 3.0
MultipartonInteractions:expPow 1.3 4.0

QCD-inspired model
ColourReconnection:m0 0.2 4.5
ColourReconnection:junctionCorrection 0.05 9.0
ColourReconnection:timeDilationPar 0 90

The fits are performed using the Professor 1.4.0 tuning software1 [132] and

RIVET 2.4.02 [134]. Around 150 different choices of parameters are taken into

account to construct a random scan in the parameter space, where for each set

1The Professor tuning system parametrizes a generator’s response to parameter shifts on a bin-
by-bin basis [131].

2The RIVET analysis toolkit is a library of experimental analyses, as well as a tool for the
calculation of physical observables from an event record. The generators interfaced to RIVET
produce Monte Carlo datasets [133] which are used by Professor to perform the tune.
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of parameter choices, 2 million events were generated. This is done in order to

obtain in each considered bin a smaller statistical uncertainty for the MC predictions

compared to the one from data. The MC to data agreement is checked by using

bin-by-bin envelopes, which help to control the generator runs. An example of the

uncertainties for the predictions from Professor for pseudorapidity η of charged

hadrons and transverse Nchg density versus pT of the leading track distributions are

shown in Fig. 5.4, which demonstrates that different MC predictions describe the

data well.

Figure 5.4.: An example of the uncertainties (blue area) for the predictions from
Professor for pseudorapidity η of charged hadrons at 13 TeV (left)
and transverse Nchg density vs. pleadingTrk.

T at 7 TeV (right).

After building the scan in the parameter space, the values in each bin b of the used

observables are interpolated by Professor in so called eigentunes as a function of

the vector of the parameters, ~p. This interpolation is done by a set of third-order3

polynomial functions fb(~p), that provide a good compromise between fit perfor-

mance and the required number of simulated samples. After the fb(~p) functions are

defined, the most probable parameter value is found by minimizing the χ2 function:

χ2(~p) =
∑
O

w0

∑
b∈O

(fb(~p)−Rb)2

∆2
b

, (5.4)

where O are the sector bins for each observable used in the fit, the data value for

each bin b is given by Rb, and the corresponding total bin uncertainty is ∆b. The

statistical uncertainty in the MC samples is neglected. The extracted parameter

values for the CUETP8M2-CR1 fits to the data at different center-of-mass energies

as well as the values for the goodness of the fit are shown in Tab. 5.2.

3The degree of the polynomial does not influence the tune result.
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Table 5.2.: The parameters obtained during the tuning of the pythia 8.226 event
generator. The QCD-inspired color reconnection model is used and the
results are compared to the parameters of the tune CUETP8M2 [110],
which uses the MPI-based color reconnection model. Parameters marked
with ∗ were kept fixed while fitting. For the QCD-inspired color recon-
nection model, the default values implemented in pythia 8.226 are in-
dicated in parentheses, where applicable. The goodness of fit divided
by the number of degrees of freedom is also shown. This information is
given as supplementary material in [10].

Parameters MPI-based QCD-inspired
CUETP8M2 CUETP8M2-CR1

MultipartonInteractions:pT0Ref 2.20 2.17
MultipartonInteractions:expPow 1.60 1.31
MultipartonInteractions:ecmRef 7000 7000∗

MultipartonInteractions:ecmPow 0.25 0.25∗

ColourReconnection:range 6.59 -

ColourReconnection:junctionCorrection - 0.12 (1.20)
ColourReconnection:timeDilationPar - 15.9 (0.18)

ColourReconnection:m0 - 1.2 (0.3)

PDF set NNPDF30 LO [83] NNPDF30 LO [83]

SpaceShower:alphaSvalue 0.1108∗ 0.1108∗

Goodness of fit/dof 1.89 [110] 1.06

5.4. Results and tune validation

According to the obtained parameters values for the CUETP8M2-CP1 tune that

are shown in Tab. 5.2, an increase of the mass and the time dilation parameters is

observed with respect to the default tune. However, the parameter for the junction

correction becomes very close to 0. Changes in parameter values are also obtained

for both the pT0Ref and expPow parameter in the new tune CUETP8M2-CR1

with respect to CUETP8M2, while using the same PDF set. The goodness of fit

value is found to be close to 1, demonstrating how well observables that are sensitive

to UE contributions can be described with the considered CR model.

In the following, a set of validation plots is shown for observables measured at

a center-of-mass energy of 7 and 13 TeV. In each figure, black points denotes the

corresponding data results, which are compared to predictions obtained from the

pythia 8 event generator with the CUETP8M2 tune (red), CUETP8M2-CR1 tune

(blue), and the default tune (green). The default tune is obtained by using the

parameter values proposed by the authors [14] of the QCD-inspired CR model:

• junctionCorrection = 1.2,

• timeDilationPar = 0.18,

• m0 = 2.15.

The panel under each figure shows the ratio between each prediction and the mea-

surement.
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The developed QCD-inspired tune show a good agreement in general with the

measurements at 13 TeV. The UE observables, comprising the charged particle

multiplicity and average pT sum in the TransMIN and TransMAX regions measured

by CMS at 13 TeV [135] are shown in Fig. 5.5 and are well described by all considered

tunes in the plateau region. The discrepancy in the rising part of the spectrum, in

the region pmaxT < 3 GeV, arises due to diffractive contributions. However, the

optimization of these components is out of scope for this study.
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Figure 5.5.: Charged particle multiplicity (left) and psum
T (right) in the Trans-

MIN (up) and TransMAX (down) regions, measured by CMS at 13
TeV [135]. The measurements are compared to predictions from the
tunes CUETP8M2, CUETP8M2-CR1 and default tune. The bottom
panels show the ratios between each Monte Carlo prediction and the
data.

Observables that are sensitive to the softer part of the MPI spectrum, such as

the charged particle multiplicity as a function of pseudorapidity in the inclusive

selection are also very well described by predictions using the new CMS tunes, as

shown in the comparison with data measured by CMS at 13 TeV [130,135] and shown
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in Fig. 5.6 (left). Observables that are measured at large pseudorapidities are also

well reproduced by the CMS tunes, as can be seen in the forward energy flow in two

different selections, measured by CMS at 13 TeV [136], and presented in Fig. 5.6

(right).
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Figure 5.6.: Charged particle multiplicity as a function of pseudorapidity after the
inclusive selection [130,135] (left) and forward energy flow as a function
of pseudorapidity in minimum-bias events [136] (right) measured by
CMS at 13 TeV. The measurements are compared to predictions from
the tunes CUETP8M2, CUETP8M2-CR1 and the default tune. The
bottom panels show the ratios between each Monte Carlo prediction
and the data.

Measurements at 7 TeV are also very well described when applying the new CMS

tunes. Figure 5.7 shows the multiplicity and transverse momentum sum of the

charged particles as a function of pmaxT as measured by ATLAS at 7 TeV [127]. A

similar level of agreement as observed at 13 TeV is achieved at 7 TeV with pythia 8

using the new tunes.

Figure 5.8 shows the inclusive charged particle multiplicity and the multiplicity of

strange particles, i.e., Λ baryons as a function of pseudorapidity, measured at 7 TeV

by CMS [137,138]. The inclusive charged particle multiplicity is well reproduced by

the predictions. The strange particle spectra are underestimated by the predictions

of all new tunes and no significant improvement is observed between predictions

using CUETP8M2 and the new CR model tune. In [14], it was shown that new

color reconnection models might be beneficial for the description of ratios of strange

particle multiplicity ratio observables, e.g., the production cross section σ(Λ) divided

by σ(K0
s ). Figure 5.9 shows that this is not true for the multiplicity itself, but it has

been shown that this might be fixed by using different hadronization models [139,

140].

A crucial test for the performance of reliable UE tunes, and of the CR simula-
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Figure 5.7.: Charged particle multiplicity (left) and psum
T (right) in the transverse re-

gion, measured by ATLAS at 7 TeV [127] as a function of pT the leading
charged particle. The measurements are compared to the predictions
from the tunes CUETP8M2, CUETP8M2-CR1 and the default tune.
The lower panels show the ratios between each Monte Carlo prediction
and the data.
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Figure 5.8.: Charged particle multiplicity as a function of pseudorapidity, for in-
clusive particles (left) and Λ baryons (right) measured by CMS at 7
TeV [137, 138]. The measurements are compared to predictions from
the tunes CUETP8M2, CUETP8M2-CR1 and the default tune. The
bottom panels show the ratios between each Monte Carlo prediction
and the data.
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Figure 5.9.: Charged particle multiplicity as a function of pT, for the ratio between
the number of observed Λ baryons and the number of K0

s mesons mea-
sured by CMS at 7 TeV [138]. The measurements are compared to
predictions from the tunes CUETP8M2, CUETP8M2-CR1 and default
tune. The bottom panels show the ratios between each Monte Carlo
prediction and the data.

tion in particular, is the description of the average transverse momentum of charged

particles as a function of the charged particle multiplicity. Comparisons to these

observables, measured by CMS at 7 TeV [141], are shown in Figure 5.10. These

distributions demonstrate the crucial effect of the CR model and their tuning im-

plementation in the MC. All CR tunes provide a good description of the measure-

ments, confirming the accuracy of the parameters obtained for the new CR models.

Similar observables measured at 13 TeV by the ATLAS experiment [128] are shown

in Figure A.29.

Additional observables sensitive to the used CR model are given in Appendix A.7.
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Figure 5.10.: Average pT of the charged particles measured by CMS at 7 TeV [141]
for all charged particles (left column) and for UE charged particles
(right column). The corresponding observables are shown with (upper
row) and without (lower row) CR model. The measurements are com-
pared to predictions from the tunes CUETP8M2, CUETP8M2-CR1
and the default tune. The lower row shows in blue the results for the
CUETP8M2-CR1, while in red the results without CR tune applied
are shown. The bottom panels show the ratios between each Monte
Carlo prediction and the data.
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5.5. Summary

This study presents a development of a new tune for the pythia 8 Monte Carlo

event generator based on CMS and ATLAS data, which uses the QCD-inspired

color reconnection (CR) model [14]. This new tune uses the NNPDF 3.0 PDF fitted

with αS(mZ) = 0.130 and is called CUETP8M2-CR1. MC predictions applying this

tune are able to describe underlying event observables as well as charged particle

multiplicities measured at 7 and 13 TeV, as shown in Fig. 5.11. It is found that

none of the color reconnection models is able to predict the strange-particle yields

measured at 7 TeV. The corresponding parameters for the developed QCD-inspired

CR tune are available as supplementary materials in [10] where it is called “Pythia

v8.226 QCD inspired”.

The derived new CR tune together with one for the “gluon move” CR model [125],

shown in Fig. 5.11, allow a more reliable estimation of the color reconnection un-

certainty by comparing the results for each of the color reconnection models. Its

implementation for top quark mass measurements is discussed in Section 8.5.2.
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Figure 5.11.: CMS data [126] at
√
s = 13 TeV for charged particle densities with

pT > 0.5 GeV and |η| < 0.8 in the TransMIN region defined by the
leading charged particle, as a function of the transverse momentum
of the leading charged-particle pmax

T (left). CMS data [130] at
√
s =

13 TeV for the charged-particle pseudorapidity distribution, dNch/dη,
in inelastic proton-proton collisions (right). The data are compared
to predictions by pythia 8.226 and Tune CUETP8M2T4, and predic-
tions by pythia 8.226 with the two tunes using the QCD-inspired and
gluon-move color reconnection models, respectively. The ratios of MC
predictions to data are given below each panel [10].





6. Object reconstruction and

identification

In this chapter, the reconstruction of basic physics objects, which are produced

during the high-energy proton-proton collisions and recorded by the CMS detector,

is described. These objects correspond to single visible particles, such as leptons,

or an ensemble of hadrons named jets. In order to reconstruct these particles, it is

important to record precisely the information about their momentum, energy and

trajectory, as it is shown in Chapter 3. This information is used afterwards by the

Particle Flow [142] algorithm (PF), which is designed to identify individually each

produced particle and hence helps reconstructing the collision event.

The reconstruction of the physics objects, namely muons, electrons and jets, that

are used in the selection of the µ/e+jets events to perform the top quark mass

measurement, as well as the dijets events to provide the residual correction, are also

discussed in this chapter.

6.1. The CMS Particle Flow algorithm

The Particle Flow algorithm is a successful and efficient tool to identify visible

particles produced in proton-proton collisions at the LHC and recorded with the

CMS detector. The physics objects reconstructed by the PF algorithm, particle

flow candidates, are used to explore the physics process studied in many analyses.

First, the readout information from the different sub-detectors is translated into

a description of the physical event, as shown schematically in Fig. 6.1. The PF

algorithm attempts to use the characteristic signatures that various particles leave in

the different parts of the CMS detector, where, e.g., charged particles, due to the high

magnetic field and the large tracker cylindrical volume, are well separated. Figure 6.2

illustrates the signals produced in the detector by the different visible particles

passing through such as muons, electrons, charged hadrons (e.g., pions), neutral

hadrons (e.g., neutrons), and photons. The combination of sub-detector signatures

is used by the PF method to determine the type of the particle. The algorithm

starts with the reconstruction of charged objects, using track information from the

inner tracking detector and the calorimeter cluster positions. In the following, the

reconstruction of each category of particles is described.
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Figure 6.1.: Components of a “traditional” particle physics experiment. Each par-
ticle type has its own signature in the detector [143], which is exploited
by the Particle Flow algorithm.
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Figure 6.2.: A sketch of the specific particle interactions in a transverse slice of the
CMS detector, from the beam interaction region to the muon detec-
tor [142].
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Muons (µ): To ensure that, the tracks from muons do not bias the charged hadrons

identification, the muons are reconstructed first, using the hit information in

the inner and outer (muon) tracker systems. A negligible muon energy is ex-

pected to be deposited in the calorimeters. The reconstructed muons are then

grouped into two categories [71] standalone muons, where information only

from segments and hits in the muon chambers are used for the identification,

and global muons, where information from the tracker and the muon detec-

tors is used. Thus, a global muon track is fitted by the Kalman-filter (KF)

technique [144], that combines the hits from standalone muon track and the

expected muon tracker track.

Electrons (e): The electrons leave hits in the tracker system and are stopped in

the ECAL depositing all their energy. Ideally, electron showers deposit 97%

of their energy in the 5×5 ECAL crystals. However, the presence of the

tracker in front of the ECAL calorimeter results in a frequent energy loss

through bremsstrahlung, photon emission from the electron interacting with

the tracker material. Additionally, the azimuthal bending of the electron in

the strong magnetic field, leads to a spread of its energy in φ-direction before

reaching the calorimeter. Therefore, a Gaussian Sum Filter [145] (GSF), which

is an extended KF [146] charged particle tracking technique, is used. The

GSF algorithm groups clusters from the electron and corresponding possible

bremsstrahlung photons into one supercluster (SC), which is measured around

the electron direction in a relatively small region of η and a larger region of

φ. Additionally, to perform a better electron identification and momentum

estimation, the fraction of its energy lost due to the bremsstrahlung, fbrem, is

calculated. To define fbrem the momentum at the point of closest approach to

the interaction point, pin, and the momentum extrapolated to the surface of

the ECAL from the track at the exit of the tracker, pout, are used: fbrem =

(pin − pout)/pin.

Charged hadrons: After the tracks used for the muon and electron identification

are removed, the remaining tracks are extrapolated using mainly the HCAL

calorimeter information, namely the boundaries of one of the several calorime-

ter clusters, where the tracks are matched to the boundaries of these clusters.

This set of tracks and associated cluster(s) are used to compose a charged

hadron, for which the momentum calculated from the tracking information is

compared to the energy estimated from the calorimeter. If momentum and

energy are compatible, the measurements from both detector components are

combined.

Photons and neutral hadrons: After all tracks have been associated to charged

particles, the reconstruction of photons and neutral hadrons is possible by

only looking into the energy deposit in the ECAL and in the HCAL, where
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the photons produce the signal in ECAL only, while the neutral hadrons in

both ECAL and HCAL. Additionally, neutral hadrons can be identified if

the momentum of the set of tracks calculated from the tracking information

and energy of the associated cluster(s) estimated from the calorimeter are not

compatible.

Once all the deposits are assigned to the corresponding particle flow candidates,

the determination of jets, i.e. ensembles of particles produced during partons hadro-

nisation, and missing transverse energy, i.e. the negative vectorial sum of all PF

particles, is performed. The jets, reconstructed by clustering the four-momenta of

the PF candidates as described in Section 6.5, are named particle flow (PF) jets and

consist mostly of charged hadrons (65 %) and photons (25 %) recorded by the high

precision tracker and the ECAL, the remaining part comes from neutral hadrons

(10 %) that are measured in the HCAL. The performance of jet clustering using the

PF algorithm [142] shows a very great improvement for the jet momentum (about

95 % of the reconstructed pT) and resolution (improvement at low pT) with respect

to calorimeter jets, where only information from calorimeter towers that consist of

one or more HCAL cells and corresponding ECAL crystals are used. The particle

flow (PF) missing transverse energy, Emiss
T , is defined as the negative sum off all

four momenta of the reconstructed PF candidates ( ~Emiss
T = | −

NPF candidates∑
i=1

~pT,i|) and

is used to describe any weakly interacting neutral particle, i.e. neutrino, that does

not deposit any energy in the detector.

6.2. Primary vertex reconstruction

For each event, several primary vertex candidates are reconstructed because of the

spread of the protons in the proton brunches. To find a vertex candidate, the tracks

of the particles found by the PF algorithm that appear to originate from the same

vertex are clustered by a deterministic annealing (DA) algorithm [147]. At CMS the

DA algorithm uses the distance of the tracks to the interaction point in z direction

to find as many vertex candidates as possible without splitting true vertices. The

selected vertex candidates with at least two associated tracks are further analyzed

through the adaptive vertex reconstruction (AVR) algorithm [148] based on the

adaptive vertex fitter (AVF) [149], which assigns weights (or probabilities) wi to

each track i [150] to be a part of a certain vertex candidate. A minimal weight of

0.5 is requested for each track-vertex connection. The quality of the vertex fit is

defined by the the number of degrees of freedom ndof ,

ndof = −3 + 2
Ntr∑
i=1

wi, (6.1)
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Figure 6.3.: Mean number of interactions per bunch crossing (pileup) for the 2015
(left) and 2016 (right) pp run at 13 TeV [59].

where Ntr is a number of the tracks assigned to the vertex candidate.

The cluster with the the highest p2
T sum of the associated tracks and ndof > 4 is

selected as a primary vertex (PV). A minimum of four tracks have to be assigned to

the PV and the position of the PV is required to be within 24 cm in longitudinal and

2 cm in transverse direction from the nominal interaction point (beam spot). Other

reconstructed vertices can correspond to secondary vertices or to pileup. The pileup

(PU) describes an additional soft activity with pT of a few GeV in the event that

does not originate from the hard scattering process. The in-time pileup and out-of-

time pileup can be distinguished. The in-time pileup characterized the additional

pp interactions happen within the same bunch crossing, while out-of-time pileup

describes the pp interactions from the previous bunch crossing, which arises due

to the detector technology. The distributions of the number of pileup interactions

during the 2015 and the 2016 LHC run period, are shown in Fig. 6.3. The numbers

of the proton-proton interactions increased and thus the pileup is also increased.

This is due to the increase in instantaneous luminosity.

In order to correct for the pileup contribution in the event, charged hadrons

coming from pileup can be discard by the charged hadron subtraction (CHS) [151]

method. However, CHS does not correct for whole contributions from the PU, more

detail on the pileup corrections is given in Section 6.5.

6.3. Muon selection

In this section general selection properties for the signal muon in the tt̄ muon+jets

final state will be discussed. The muons, reconstructed using the PF algorithm

described in Section 6.1, have to proceed an additional set of selection criteria. For

the current analysis, muons need to meet tight identification (ID) and tight isolation

requirements [152]. The tight ID criterias are:

− the muon has been reconstructed by the PF algorithm and measured in both
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tracker and muon system, i.e. is a global muon.

− each muon candidate has to have valid hits in at least 5 tracker layers, at least

1 pixel layer, to ensure a good track quality and suppress muons from in flight

decays.

− at least 1 muon chamber hit has to be detected in the muon system.

− the global muon track fit has to have χ2/ndf < 10, to suppress both muons in

flight decay and hadronic punch-through, where the hadron shower remnants

penetrating through the calorimeters can reach the muon system.

− in the tracker system, the a transverse impact parameter |dxy| of the muon

track has to be less than 0.2 cm with regard to the beam spot in order to

suppress cosmic muons.

− the longitudinal impact parameter with respect to the primary vertex of the

corresponding muon track has to be |dz| < 0.5 cm, in order to suppress muons

from in flight decays and tracks from pileup.

Isolation

In addition to the muon identification requirements, isolation criteria are applied.

This ensures that the selected muon is a decay product of, e.g., a W boson, and is not

produced from in flight decays or during heavy-flavor (charm and beauty hadron)

decays. In this analysis particle-flow relative isolation [71] Irel
PF is used, where the

isolation of the muon is based on the pT sum of all particle flow neutral hadrons

(h0), photons (γ) and charged hadrons (h±) associated to the PV as well as to pileup

vertices reconstructed within a cone of ∆R ≤ 0.4 around the muon momentum:

Irel
PF =

1

plepton
T

·
∑

[ph
± from PV

T + max(ph
0

T + pγT − β · ph
± from PU

T , 0)], (6.2)

where the pileup contribution is corrected by the δβ-correction method β·pch. had from PU
T ,

with β scale factor of 0.5. Each muon candidate has to fulfill a tight isolation, which

corresponds to the Irel
PF < 0.15. The corresponding isolation efficiencies as a function

of pseudorapidity η as well as transverse momentum pT are shown for data and

MC in Fig. 6.4. The MC scale factors [153] obtained from the comparison of the

efficiencies in data and MC are found to be slightly different from 1, which illustrate

a very good simulation of the muon candidates.

Additional muon veto

In order to suppress the SM background contributions, the events with additional

isolated muons (loose ID [152] ) with the following properties:



6.3. Muon selection 81

E
ff

ic
ie

n
cy

0.8

0.85

0.9

0.95

1

1.05

1.1

 20 GeV≥ 
T

Tight Iso/Tight Id, p
Data
MC

20

406080100120140160180200220

 (13 TeV, 2016)-136 fb

CMS
Preliminary

ηmuon 
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

D
at

a/
M

C

0.94
0.96
0.98

1
1.02

E
ff

ic
ie

n
cy

0.8

0.85

0.9

0.95

1

1.05

1.1

 20 GeV≥ 
T

Tight Iso/Tight Id, p
Data
MC

20

406080100120140160180200220

 (13 TeV, 2016)-136 fb

CMS
Preliminary

 [GeV]
T

muon p
20 40 60 80 100 120 140 160 180 200

D
at

a/
M

C

0.94
0.96
0.98

1
1.02

Figure 6.4.: The muon tight isolation efficiency vs η (left) and pT (right) for MC
and data and the corresponding scale factor [153]. The black markers
denote data and blue markers denote MC.

− the muon candidate is reconstructed with the Global or Tracker [144] muon

algorithm;

− the muon has minimum transverse momentum of pT > 15 GeV and an ab-

soulute value of the pseudorapidity |η| < 2.4;

− the particle-flow relative isolation of the muon is Irel
PF < 0.25;

are rejected.

Single-muon trigger efficiency

Events are selected online with the single-muon triggers1. They use information

from the inner tracker and muon detectors. The online-reconstructed transverse

momentum of the muon candidate is required to be greater then the pre-defined

trigger threshold of 24 GeV. The triggers efficiencies are determined via the tag-

and-probe method [154] with Z → µ+µ− events.

The tag-and-probe method allows an extraction of muon tracking efficiency di-

rectly from decays of known resonances. The tag muon is required to fire the

HLT_IsoMu24_v* or HLT_IsoTkMu24_v* and fulfill the tight selection criteria listed

in Section 6.3 without applying the cut on the longitudinal distance to the primary

vertex, but with pT > 24 GeV and |η| < 2.4. The probe muon is then required to

be oppositely-charged with PF isolation δβ/pT < 0.15 and fulfill tight ID selection.

The ∆R between tag and probe muons is required to be larger than 0.3 in order

to avoid effects from the correlation between two muons. The invariant mass of

1 HLT IsoMu24 v* or HLT IsoTkMu24 v*
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Figure 6.5.: Trigger efficiency as a function of η (left) and pT (right) for the OR
combination of the HLT IsoMu24 and HLT IsoTkMu24 with respect
to the offline reconstructed muon passing identification and isolation
requirements [155].

the muon pair has to be within a window of 15 GeV around the Z boson mass.

The efficiencies are determined by applying selection criteria and by analyzing the

trigger information to the probe muons. They are presented in Fig.6.5 as a function

of pseudorapidity η and a transverse momentum pT. The presented muon scale fac-

tors are applied as event weight depending on the muon transverse momentum and

pseudorapidity.

6.4. Electron selection

In case of the electron+jets tt̄ final state the presence of exactly one reconstructed

electron is expected. Therefore in this analysis, the reconstructed particle flow

electron candidate driven by association of a GSF track and a cluster in the ECAL,

as described in Section 6.1, are used. In addition to the particle flow requirements,

a stand-alone approach [156] is exploited, resulting in a better performance. In

the next stage, the cut-based algorithm is applied, where electrons need to fulfill

tight identification (ID) and tight isolation requirements. The algorithm selection

criteria for the barrel, |ηSC| ≤ 1.479, and endcap, |ηSC| > 1.479, regions listed in the

followings.

Conversion rejection:

− each electron candidate has to pass a conversion veto2.

2Since, photons have a very large probability to convert into e+e−, the probability of the electron
object to originate from the reconstruction of the photon conversion electron is calculated.
Thus, only events, where the electron candidate is considered as highly unlikely to originate
from a conversion, are selected.



6.4. Electron selection 83

− the electron track trajectory has to have not more than two missing hits in

different layers of the inner tracker system.

Electron ID conditions:

− for each electron candidate, the ratio of the HCAL tower energy behind the

ECAL supercluster over the energy of the ECAL supercluster, H/E, has to be

< 0.0414 (barrel), 0.0641 (endcap)

− the measure of the η dispersion of the ECAL supercluster, σηη, has to be

less than 0.00998 (barrel), and 0.0292 (endcap), where σ2
ηη =

5×5∑
i

wi(ηi −

η5×5)2/
5×5∑
i

wi, with i running over the crystals, η5×5 is the mean of the 5 × 5

crystal, and wi = ln(Ei/E5×5)

− the absolute difference in pseudorapidity η between the ECAL supercluster

position and the extrapolated position in the ECAL using the track parameters

at the interaction vertex, |∆ηin| = |ηSC − ηextrap|, has to be less than 0.00308

(barrel) and 0.00605 (endcap).

− the absolute difference in φ between the ECAL supercluster position and the

track φ extrapolated from the innermost track position to the position of

closest approach in the ECAL supercluster, |∆φin| = |φSC− φextrap|, has to be

less than 0.0816 (barrel) and 0.0394 (endcap).

− the discrepancy of the energy measured in the ECAl, ESC, and the momen-

tum, p, measured in the tracker, of the electron candidate, | 1
ESC
− 1

p
|, has to

be less than 0.0129 (barrel) and 0.0129 (endcap). This helps to distinguish

an electron-induced signal from a case of accidentally overlapping tracks and

ECAL clusters.

Isolation requirements:

− the particle flow relative isolation of the electron candidate calculated within a

cone of ∆R ≤ 0.3 around the electron momentum and corrected for the pileup

contamination is given by

Irel,corr
PF =

1

peT
·
∑

[ph
± from PV

T + max(ph
0

T + pγT − ρAeff , 0)] (6.3)

and has to be less than 0.0588 (barrel) and 0.0571 (endcap). Here, the pileup

correction is implemented through the ρ-effective area correction, ρ·Aeff , where

ρ is the average pileup energy density in the φ− η plane and Aeff is the effec-

tive area calculated in bins of pseudorapidity using the 90%-efficient contour

approach [157].
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In additions, electron candidates that passed the tight ID and isolation conditions

listed previously have to fulfill the impact parameter requirements and an additional

relative isolation requirement. The electron track has to fulfill the transverse impact

parameter with regard to the beam spot of dxy < 0.05 cm in the barrel region and

dxy < 0.1 cm in the endcap region, and the longitudinal impact parameter with

respect to the primary vertex dz < 0.1 cm in the barrel region and dz < 0.2 cm in

the endcap region. In case the electron supercluster’s pseudorapidity is reconstructed

in the transition region between ECAL barrel and endcap calorimeters, 1.4442 <

|ηSC| < 1.5660, the corresponding electron candidate is excluded from the analysis

because of the very inefficient electron identification [158].

Additional electron veto

Since, in the tt̄ electron+jets decay channel, exactly one isolated electron has to be

selected, a veto for additional electrons is applied, which helps to suppress the back-

ground contribution from multi-lepton final states. Thus, an event fails the selection

if additional isolated electrons with the following properties are reconstructed:

− a photon conversion veto is passed.

− electrons with pT > 20 GeV, |η| < 2.4 are selected.

− the electron passes the cut-based electron ID with loose working poin:

◦ H/E < 0.0414 (barrel), 0.0641 (endcap),

◦ σηη < 0.011 (barrel), 0.0314 (endcap),

◦ |∆ηin| < 0.00477 (barrel), 0.00868 (endcap),

◦ |∆φin| < 0.222 (barrel), 0.213 (endcap),

◦ | 1
ESC
− 1

p
| < 0.241 (barrel), 0.14 (endcap),

◦ Irel,corr
PF < 0.0994 (barrel), 0.107 (endcap).

Electron trigger efficiency

In order to select events with electron candidates the single-electron trigger3 paths

are used. They select events with at least one electron with a transverse momentum

larger than 32 GeV and an absolute value of pseudorapidity less than 2.1. The

electron trigger efficiency is calculated via the tag-and-probe method in Z → e+e−

events. The tag electron is required to fire the trigger and fulfill the following

tight selection criteria: pT > 40 GeV, |ηSC| < 2.1, tight cut-based ID and impact

parameter cuts. The probe electron is required have pT > 25 GeV, |ηsc| < 2.1, tight

cut-based ID and impact parameter cuts. The invariant mass of the electron pair

3HLT Ele32 eta2p1 WPTight Gsf v*
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Figure 6.6.: Electron efficiencies and the corresponding scale factors as a func-
tion of the reconstructed electron pseudorapidity, η, (left), trans-
verse momentum, pT, (right) [160]. The results are shown for the
HLT Ele32 eta2p1 WPTight the single electron trigger. The plotted
uncertainties are statistical only.

has to be in the range of 60 to 120 GeV [159]. Efficiencies are determined by applying

selection criteria and the trigger decisions to the probe electrons. Figure.6.6 shows

the efficiencies of the single electron trigger as a function of electron pseudorapidity

and transverse momentum. To reach the same trigger efficiency in data and MC,

scale factors (SF) are derived as shown on the lower plots of Fig.6.6, where the small

deviations of SF in bins of |η| are observed. The presented electron scale factors are

applied as event weight per transverse momentum and pseudorapidity.

6.5. Jet reconstruction and calibration

As mentioned in Section 2, the strong interactions happening at high-energies are

described in terms of the phase space of the quarks and gluons, often called partons.

They carry color charge, thus cannot remain free due to color confinement that leads

to fragmentation and hadronization of colored partons. As a result a collimated

flux of color-neutral particles is produced, which is experimentally observed and is

referred to as a jet.

Clusters of energy deposits in the calorimeters are used in the jet-finding al-

gorithms. However, an imperfect detector response and the presence of particles

originating from pileup interactions can bias the measured jet energy. Thus, a well

defined jet clustering algorithm, and well measured constituents of the jet are re-

quired for the jet reconstruction. The main properties of jet algorithms are infrared-

and collinear-safety (IRC) [161]. An algorithm is infrared-safe if the emission of

a soft (infrared) gluon does not change the jets. It is collinear-safe when collinear
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splitting, the splitting of a hard particle into two, does not change jets. Both IRC

safety requirements are important, since the usage of IRC unsafe algorithms will

result in altering the number and contents of the jets. Additionally, the size of the

jet cone determines the sensitivity of the jet to soft radiation, the larger the jet

radius, the more amount of pileup and underlying event will be captured by the jet.

Another important point in the jet reconstruction are the constituents of the jet.

In CMS particle-flow (PF) candidates, reconstructed with the PF algorithm, are

used for the PF jet clustering and allow to reconstruct the jet constituents with a

precision of around 90%, as mentioned in Section 6.1, making the reconstructed jet

energy close to its true value. Additionally, charged hadrons associated with pileup

vertices can be subtracted from the PF jets by using the Charged Hadron Subtrac-

tion (CHS) algorithm [151], which helps to remove pileup effects on jets, these jets

are named PF+CHS jets. Taking into account the not perfect detector response and

the efficiency of the jet clustering, additional jet energy corrections are estimated

for the measured jet energy. Furthermore, identification criteria of the jets allow

the identification of the jets flavor, e.g., the b-tag algorithm distinguishes the jets

originating from b-hadrons [162].

Jet clustering algorithms

Two main types of jet clustering algorithms are distinguished: cone algorithms and

sequential clustering algorithms. The cone algorithms can be split into a three

most known technique among them: an iterative cone with progressive removal

(IC-PR)(iterative version of [163]), an iterative cone with split-merge procedure

(IC-SM) [164] and a seedless infrared-safe cone (SIScone) [165]. The most used

sequential clustering algorithms are the kT [166], anti-kT- [167] and Cambridge-

Aachen-(CA) [168,169] clustering algorithms. The cone algorithms define the jet as a

dominant direction of energy flow, that is described in terms of a stable iterative cone

(IC) with the fixed radius, R, in the η-φ plane. However, it generally suffers from IRC

unsafety (except for SIScone). Therefore, CMS employs for the jet reconstruction

the sequential clustering algorithms that are all IRC safe. They are implemented in

a transverse momentum plane, assuming that particles have a small differences in

pT within the jet, that also results in a fluctuation of their area in η-φ plane.

In the sequential clustering algorithms two distance variables are introduced: the

distance dij between two particles i and j carrying the transverse momentum pT,i

and pT,j:

dij = min(p2b
T,i, p

2b
T,j)

∆R2
ij

R2
(6.4)

and the distance diB between the beam axis and the detected particle:

diB = p2b
T,i, (6.5)
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Figure 6.7.: A sample parton-level event (generated with herwig [170]), together
with many random soft “ghosts”, clustered with tree different jets al-
gorithms: kT, Cambridge-Aachen, and anti-kT illustrating the “active”
catchment areas of the resulting hard jets [167].

where ∆R2
ij = (ηi − ηj)

2 + (φi − φj)
2 is the distance in η-φ space, R is a radius

parameter related to the area of the jet, usually between 0.4 - 0.8. The parameter b

is a power of the energy relative to the geometrical scale, which regulate the behavior

of the algorithm, b = 0 for the Cambridge-Aachen algorithm, b = 1 and b = -1 for the

kT and anti-kT algorithm, respectively. The clustering algorithms start by finding

two particles with the smallest distance parameter and merging them into one jet

by adding their four-momenta. To do this, the minimum of the entire set of dij, diB
are explored. Then, if the diB is the minimum, the object i is considered as a final

jet and is excluded from the further clustering procedure. If the minimum is dij, the

particles i and j are clustered together and treated as a single particle in the next

iteration. The process is repeated until all objects are assigned to a jet.

Depending on the analysis a different choice for the algorithm can be made. The

kT algorithm first clusters the soft particles and is susceptible to the underlying event

and pileup interactions. It is also good for the studying of its subjets. The anti-

kT algorithm first clusters the hard particles with high pT. On the one hand, it is

not so susceptible to the underlying event and pileup, on the other hand it has poor

declustering, therefore, is not the best choice for study the jet substructure. Between

the two discussed methods, one can place the Cambridge-Aachen algorithm, which

is independent of the momentum and is not much susceptible to the underlying

event and pileup contamination. Its advantage is the purely spatial character of the

distance variables, that allows to study the jet substructure. An example of the

usage of these main algorithms at CMS is shown in Fig. 6.7, which illustrates the

shapes of jets with R = 1 in the η-φ plane.

In this thesis, jets reconstructed by the anti-kT algorithm that is part of the family

of the sequential clustering algorithms, with a radius parameter R = 0.4, namely

AK4 jets, are used.
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Signal jet selection

The reconstructed particle flow jets corrected for the pileup contamination by using

the CHS method have to fulfill the next selection step. The jet candidates with |η| ≤
2.4 are required to pass the loose identification requirements for the PF jets [171]

listed in the following;

− the energy fraction from the neutral hadrons in the total jet energy has to be

smaller than 99%.

− the energy fraction from the neutral electromagnetic (EM) deposits in the total

jet energy has to be smaller than 99%.

− the number of constituents of the jet has to be greater than one.

− the charged particle multiplicity of the jet has to be greater than zero .

− the energy fraction from charged hadrons in the total jet energy is required to

be present.

− the energy fraction from electromagnetic (EM) deposits in the total jet energy

must be smaller than 99%.

Jet energy correction

The measured energy of reconstructed jets does not naturally agree with the en-

ergy of the jets formed after the hadronization stage of the partons from the hard

scattering, denoted as particle level jets. The differences in the measured energy or

in the transverse momentum arise mainly due to the non-linear detector response.

However, pileup, additional soft QCD radiation, or noise from the electronics in

the detector can also influence the reconstructed energy of the jets. Therefore, it

is important to correct the energy of the reconstructed jets to the particle level

jets, since there are many physics analyses relying on the precision of the jet energy

measurements.

In order to correct the reconstructed PF jet energy, an appropriate Jet Energy

Correction (JEC) is needed. In the CMS collaboration the JEC is based on a

factorized approach [13] as schematically shown in Fig 6.8. The corresponding

corrections are mainly estimated by looking at the size of the shift of the jet energy

response, which is calculated by measuring the ratio of the pT of the reconstructed

PF jet to the pT of particle level jet. In the following, each step of the factorized

approach for the JEC estimation will be described.

L1 pileup offset correction aims to correct for pileup effects. Since the pileup con-

tribution in the event increases with increasing instantaneous luminosity, the
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Figure 6.8.: Consecutive stages of JEC, for data and MC simulation. All corrections
marked with MC are derived from simulation studies, RC stands for
random cone, and MJB refers to the analysis of multijet events [13].

L1 offset correction is crucial in the LHC environment. Even though CHS4

which mitigates pileup effects, has been applied to the PF jets, there are

still contributions from neutral particles and charged hadrons, which were not

unambiguously linked to pileup vertices. These can influence the jet energy

response. Moreover, the out-of-time pileup5 may also contribute to the jet re-

construction. In addition, instead of CHS the PUPPI6 algorithm [172] can be

applied to the PF jets, which is an alternative way to mitigate pileup effects. It

calculates the probability of each PF candidate in the event to originate from

a pileup vertex and construct corresponding weights. The L1 offset turned out

to be small and uniform versus PU for the PUPPI jets, therefore dedicated

correction for the pileup offset is not applied to the PUPPI PF jets.

The offset energy density ρ [173,174], the sum of UE, pileup and noise, is used

to correct for the pileup contribution. It can be defined in each event as the

median of the energies calculated in a grid of η − φ cells. In Run 1 it was

evaluated similarly by using the jet pT,i divided by the corresponding jet area7

Ai, ρ = median(pT,i/Ai) [175]. The median is chosen instead of mean for the

calculation of ρ so the high pT jets from the hard scattering do not bias the

result.

The η - and pT- dependent scale factors for the particle-level offset are calcu-

lated from MC the using same reconstructed events with and without pileup

overlay. The reconstructed jets are then matched between these samples and

the average difference in their pT is calculated and denoted as the particle-level

offset, and applied to both MC and data.

In order to correct for the remaining offset differences in data, additional scale

4Charged hadrons that arise from pileup vertices are not taken into account during CHS jets
clustering, as described in Section 6.2.

5Out-of-time pileup arises from proton collisions before or after the collision of interest.
6PileUp Per Particle Identification
7The jet area is computed by adding soft particles randomly distributed in the (η − φ)-plane

(ghosts), while the active jet area denotes the fraction of the ghost particles clustered with the
hard jet components.
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response in different regions of the detector (right) [177]. The results
are estimated for AK4 PF jets.

factors are derived using the random cone (RC) method [176]. The zero-bias

data8 and simulation are used that do not include the events with the hard

interactions. Thus, the pT offset due to pileup is estimated as a function of

η and ρ using the average of the sum of the pT of the PF candidates in the

random cones. Finally, the pileup corrections are calculated by taking the ratio

of the average pT offset in data and in MC. The resulting offset pT corrections

as a function of jet pseudorapidity and the corresponding data to MC ratio

are given in Fig. 6.9 (left).

Simulated L2L3 Response corrections aim to correct the energy of the recon-

structed jets, which have been corrected for pileup offset, to the energy of

the particle level jets. It can be further subdivided into the L2 Relative and

L3 Absolute corrections, which represent the η and pT- dependent jet response

corrections, respectively. The response values are derived from QCD multijet

events, where the pythia 8.219 generator [16,17] with the CUETP8M1 [116]

UE tune and full Geant4 [120] detector simulation was used to generate the

events used for the estimation of the correction.

In order to compute the response, the particle level jets are matched with the

reconstructed jets within a distance parameter of 0.2, half of the jet cone size

used for the jets reconstruction is 0.4. Afterwards, this pair of jets is used to

calculate the response, the ratio between reconstructed and generated pT of

the jet, preco
T /pgen

T , in bins of ηgen
T and pgen

T . The obtained simulated jet response

8The zero-bias data was selected by random triggers in the presence of bunch crossing.
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for different detector parts is shown in Fig. 6.9 (right), where a stronger pT

dependence in the endcap and forward regions is observed. These corrections

are applied on MC simulation and on data.

The L2L3 response estimation relies only on simulated events, which ensure no

biases in the obtained corrections that are natural in the data-based methods

due to the imperfect detector resolution. Additionally, MC-based methods

have better phase space access compared to the data-based ones, which lacks

measurements in the very forward η, as well as low and high pT, regions.

L2L3Res Residual corrections for data are derived in order to correct for remain-

ing residual data-MC discrepancies. The L2 residual corrections are estimated

using dijet events, while L3 residual corrections are derived from a combina-

tion of Z/γ+ jet and multijet events. Both corrections are based on exploiting

the transverse momentum balance at the hard scattering level. For both cases

the reference object is selected to be in the barrel region with |η| < 1.3 and in

case of the L3Res correction, the pT is evaluated in the range from 30 GeV to

1 TeV. Additionally, the L2Res corrections are derived in the forward region,

as shown in Fig. 6.10 (left).

In order to estimate the L2Res and L3Res corrections, the difference in the

jet energy response, measured by the pT balance or MPF9 methods [176], is

evaluated. Both method first select the reference object and use its pT, ref.

In the pT balanced method the pT, jet of the second reconstructed jet is then

9Missing transverse momentum projection fraction
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directly compared to the reference one, so that the response is estimated like:

Rjet,pbalT
=
pT, jet

pT, ref

. (6.6)

While in the MPF method the whole hadronic recoil is taken into account and

the response is computed as:

Rjet,MPF = 1 +
~Emiss

T · ~pT, ref

(pT, ref)2
, (6.7)

where ~Emiss
T corresponds to the missing transverse momentum that may occur

due to a mismeasurement of the jet momenta. For the high jet pT extrapolation

multijet events are used in the multijet balance (MJB) method [178], where a

high-pT jet in a barrel region is balanced by a recoil system, which can consist

of more than two low-pT jets.

Both the pT balance and MPF methods are used in the L2Res and L3Res

corrections. The data/MC scale factors for the jet response are shown in

Fig. 6.10. The data/MC L3Res response values as a function of the absolute

jet pT, obtained for different decay channels, are fitted by a global fit. The

global fit function is a fixed erf-log function with a fixed mean value of 225 GeV

and width 0.4. Figure 6.10 (right) represents the data to MC scale factors

arising from the L3Res correction after applying the global fit. The observed

kink around 150 GeV is due to issues with reconstruction in the beginning of

Run 2. All obtained response mean values are found to be close to unity with

an uncertainty close to 3%.

The jet energy correction is one of the dominant systematic uncertainties in many

physics analyses as well as in the top quark mass measurement presented in this

thesis. Therefore, within the scope of this thesis the L2Res corrections is discussed in

details in Chapter 7 to illustrate the most challenging residual jet energy correction

measurement.

Jet energy scale uncertainties

The obtained jet energy corrections sensitive to different uncertainty sources, like

modeling of the parton shower and UE, as well as the detector response. The

potential biases in the methods used for the JEC estimation can also arise in the

JEC uncertainties. These systematic sources are categorized into groups: pileup,

absolute energy scale vs. pT, relative energy scale vs. η, extrapolation in pT, jet

flavor and time stability. Figure 6.12 shows the contribution from the mentioned

sources to the combined JEC uncertainty as a function of the jet pT and η computed

for the 2015 Run 2 data.
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For the pileup offset, the most relevant contribution comes from the observed data

to MC differences in the pileup offset estimation with the random cone method. The

pileup uncertainty is dominant below a jet pT of 50 GeV as demonstrated in Fig. 6.12

(left). The uncertainty from the absolute energy scale has a dominant contribution

in the |η| region below 3, while for the |η| region above 3, the uncertainty due to

the relative energy scale is dominant. The jet flavor uncertainty aims to provide the

uncertainty separately for different jet flavors. They are computed by using the dijet

QCD samples that are rich in gluon jets, while the Z/γ+ jet samples are enriched

with quark jets. The jets are reconstructed using the pythia and herwig++

generators and the largest observed difference in the response from both of them

is taking as uncertainty. The jet flavor is defined by matching the particle jet to

the nearest parton from the hard scattering at the generator level within half of the

jet cone radius size. pythia and herwig++ agrees on the quark flavor response,

while a significant difference in the gluon response modeling is found [177]. The UE

tunes, e.g.,CUETP8M2T4 [116,117] for pythia and EE5C [111] for herwig++,

aim to cover data-to-MC differences in the jet fragmentation or in the variables that

are used for the quark tagging, i.e., b tagging. The flavor correction for the b quark

and the corresponding uncertainty are checked with Z + b events. The jet flavor

corrections have not yet been considered at
√
s = 13 TeV. The uncertainty due to

the time stability is found to be negligible.

The described uncertainty due to the jet flavor is the dominant one in the top

quark mass measurement.
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Jet energy resolution

After the JEC is applied to the event, the difference in jet energy resolution (JER)

between data and simulation can be measured. The estimation of the JER is based

on the dijet balance method, where the momentum conservation in the transverse

plane is used.

Since the pT of the reconstructed and corresponding particle level jets measured

in the same η region is slightly different, their resolution values are also expected

to be different. Therefore, the widths of the asymmetry distributions are used to

derive the JER, which is known as the dijet asymmetry method [179]. Thus, the

transverse momenta of the two leading jets, pT, 1 and pT, 2 are measured and used

to obtain the asymmetry distribution:

A(pT, 1, pT, 2) =
pT, 1 − pT, 2

pT, 1 + pT, 2

. (6.8)

The jet-pT resolution σ(pT) is calculated following the relation:

σ(pT)

〈pT〉
=
√

2σA. (6.9)

The obtained JER results for the 2015 13 TeV data and MC are compared and

shown in Fig. 6.12. Figure 6.12 (left) illustrates, that the resolution of the jets

measured in data is worse than in MC by about 10% inthe barrel and 20% in the

forward region. Figure 6.12 (right) demonstrates that the resolution of jets with pT

above 100 GeV is stable against pileup.

Since the JER is worse in data than in MC, the resolution of the reconstructed

jets from simulation samples should be smeared using the JER data to MC scale

factors. The JER scale factors used in the top quark mass measurement are given

in Tab. 6.1, and the way they are applied to the jets is explain in Section 7.4.

Table 6.1.: JER Scaling factors and Uncertainty derived for data recorded at 13 TeV
in 2016 with the CMS detector, (Spring16 25nsV10) [180].

Barrel |η| 0.0 -0.5 0.5-0.8 0.8-1.1 1.1-1.3

data/MC 1.109 1.138 1.114 1.123
JER SF ± 0.008 ±0.013 ±0.013 ±0.024

Endcap |η| 1.3-1.7 1.7 - 1.9 1.9-2.1 2.1 - 2.3 2.3 - 2.5 2.5-2.8

data/MC 1.084 1.082 1.140 1.067 1.177 1.364
JER SF ±0.011 ±0.035 ±0.047 ±0.053 ±0.041 ±0.039

Forward |η| 2.8-3.0 3.0-3.2 3.2-5.0

data/MC 1.857 1.328 1.16
JER SF ±0.071 ±0.022 ±0.029
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Figure 6.12.: Data/MC scale factors for the jet energy resolution evaluated with the
asymmetry method on dijet events (left). Relative jet resolution on
simulation, defined as the width (evaluated as the sigma of a Gaus-
sian fit) of the ratio between reconstructed and generated jet pT, as a
function of pT, for central jets with (|η| < 0.5) [177]. The results are
estimated for the AK4 PF+CHS jets.

Tagging b jets

To perform a precise top quark mass measurement, an accurate identification (tag-

ging) of heavy flavor jets is very important. This helps to suppress the background

events from QCD processes as well as to improve the tt̄ event reconstruction. For

the tt̄ events selection, where each top quark decays to a W boson and b quark, a b-

tagging technique to identify the jet arising from b quark hadronization is used. The

unique properties of the weakly decaying bottom hadrons, i.e., a high mass mB '
5.3 GeV and relatively long lifetime cτB ≈ 500 µm, results in a measurable secondary

vertex (SV) of the decay products, as shown in Fig. 6.13(left). In contrast to the

AVR algorithm, which is used to reconstruct the primary vertices, the secondary

vertex candidates are reconstructed by the inclusive vertex finder (IVF) [183] al-

gorithm, which operates on the collection of all available tracks in the event, i.e.,

without requiring jets. A set of looser selection criteria are additionally applied to

the selected tracks with IVF such as:

− the number of hits in the silicon tracker is required to be ≥ 8

− the transverse momentum of the tracks has to be ≥ 0.8 GeV

− the longitudinal impact parameter dz has to be < 0.3 cm.
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Figure 6.13.: Tracks coming from b-hadron decays have larger IP (so they are dis-
placed) and come from a SV that can be resolved with a high resolution
tracker [181]. The Lxy is the distance between primary and secondary
vertices, d0 is the impact parameter for a single track (left).
Performance of the b jet identification efficiency algorithms demon-
strating the probability for non-b jets to be misidentified as b jet as
a function of the efficiency to correctly identified b jets [182]. The
curves are obtained on simulated tt̄ events using jets within tracker
acceptance with pT > 30 GeV, b jets from gluon splitting to a pair of b
quarks ara considered as b jets (right). The lines shown are for CSVv2,
DeepCSV , and cMVAv2.

Among these tracks, the displaced tracks are identified as seed tracks when they have

an impact parameter significance10 of at least 1.2 and an impact parameter of at

least 50µm. The resulting seed tracks and nearby tracks are clustered together and

fitted by the adaptive vertex fitter [149], in order to identify the secondary vertex

candidates.

The information about the secondary vertices associated to a jet, the displaced

tracks and the presence of a lepton, coming from the semi-leptonic decays of B

hadrons, is utilized by the various CMS b-taggers. The most efficient three tagging

methods used in the Run 2 are listed below.

CSVv2 The Combined Secondary Vertex version 2 (CSVv2) [184] is based on the

Run 1 CSV-tagger described in [162]. It uses a multivariate technique, which

combines the information about SV candidates and displaced tracks, to eval-

uate a probability for the jet to originate from a b quark.

DeepCSV The DeepCSV [182] is a new tagger based on the same set of observables

used by the CSVv2 algorithm. It is based on a deep neural network.

cMVAv2 The combined multivariate algorithm version 2 (cMVAv2) [184] uses a

10The impact parameter significance, IP/σ(IP), - an individual track’s impact parameter signifi-
cance, used to account resolution effects. The σ(IP) corresponds to the uncertainty of the IP,
which varies with the number of hits
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Boosted Decision Tree (BDT) [185] that takes as input the different algo-

rithm outputs of CSVv2 and Jet Probability (JP) [162] methods as well as the

information from the soft leptons inside the jet.

The performance of the discussed b-tagging algorithms obtained on simulated tt̄

events is shown in Fig. 6.13(right). It demonstrates the probability for jets to be

misidentified as b jets as a function of the efficiency to identify b jets. The mistag

rates of 10%,1% and 0.1% [186] define the loose, medium and tight working points

(WP), respectively. For each WP a corresponding discriminator value is calculated,

where the discriminator is the output of the b-tagging algorithms, which is computed

from tracks associated with the jets and is sensitive to the flavor content of the jet.

The Fig. 6.14 demonstrates the CSVv2 discriminator for AK4 jets, illustrating the

contributions of different jet flavors. The performance of the taggers at different WPs

is evaluated for data and for MC. Figure 6.15 shows the pT-dependent misidentifica-

tion probability of the CSVv2L tagging algorithm in data and MC, where the loose

working point is used.

In the top quark mass measurement analysis, the medium WP of the CSVv2

tagger is used, with a corresponding discriminator cut of ≥ 0.8484, which allows a
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mistag rate of 1% and thus, the b-tagging efficiency is about 70%.

6.6. Missing transverse momentum

The presence of an momentum imbalance in the transverse plane, due to the exis-

tence of the weakly interacting neutral particles that are produced in the proton-

proton collisions, like neutrinos from W boson decays, is estimated with the missing

transverse momentum or energy. A precise missing transverse momentum recon-

struction is important for the lepton+jets tt̄ event selection. Furthermore, it may

also give impact on new physics discoveries by providing evidence for potential non-

SM particles, that are invisible and can carry a considerable amount of momentum.

As was mentioned in Section 6.1 the missing transverse momentum is estimated

assuming momentum conservation in the transverse plane and thus can be calcu-

lated by taking the negative vectorial sum of all four momenta of the reconstructed

particle flow candidates:

~Emiss
T = −

NPF candidates∑
i=1

~pT,i. (6.10)

The missing transverse momentum, similar to the jets, has to be corrected for

the detector misalignment and the presence of pileup and underlying event. This

is performed by the type-I correction [188, 189], which uses the four momentum of
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the PF candidates, that are clustered to calibrated jets. The type-I PF-/ET, /Ecorr
T , is

estimated as:

/~Ecorr
T = −

NPF candidates∑
i=1

~pT,i −
Njets∑
j=1

(~p corr
T,j − ~p raw

T,j ) (6.11)

where ~p corr
T and ~p raw

T are the jet transverse momenta with and without jet energy

corrections applied. The pileup corrections are excluded in the jet energy corrections.

For the type-I correction the jets that have less than 90% of their energy deposited

in the ECAL and pT > 15 GeV are considered [190].





7. Determination of residual jet

energy correction

Jets, formed by the collimated spray of colorless hadrons produced during pp colli-

sions, are very important event signatures. They are widely used by many physics

analyses. An accurate measurement of the jet energy is crucial for the precise mea-

surements of standard model (SM) properties as well as physics beyond the SM.

An example is the measurement of the top quark mass, a SM parameter that de-

pends strongly on the precision of the measured jet energy, as discussed in depth

in Section 8.5. Additionally, searches for new physics based on the final states with

several jets and missing transverse energy can also profit from accurate jet energy

scale correction. Due to the limited detector resolution, mismeasurement of jet en-

ergies can happen, which can lead to a large momentum imbalance and thus large

missing transverse energy.

The factorized approach used for the jet energy correction (JEC) at CMS is de-

scribed in Section 6.5. In this chapter, the first η - dependent L2 relative residual

corrections measurement at a center-of-mass energy of 13 TeV at CMS is presented.

The full dataset recorded in 2015 with the CMS detector is analyzed, corresponding

to an integrated luminosity of L = 2.11 fb−1. The residual corrections are based on

a data-driven method that compares the jet energy responses from data and MC.

The L2 residual correction is one part of the chain that is used to compute the final

JEC. It is determined from the dijet event samples after correcting the jet energy

for pileup and for the difference between reconstructed and generated jet energy

in simulation. Dijet events, due to their large production rate, are well suited for

estimating the response corrections of jets over a wide pT - range relative to the ref-

erence jet in the barrel part of the detector. Thus, the corrections can be derived

with high statistics even at high jet momenta.

The determination of the relative residual corrections is documented in [13, 151].

The properties of dijet events (such as the pT balance in back-to-back azimuthal

topology) are utilized by the pT balance [176] and the MPF [176] methods, in order

to derive scale factors to correct for the data to MC differences.

The results for the L2 residual correction presented in this chapter were performed

by the author of this thesis together with Marc Stöver [191] and are documented

in [192].
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7.1. Dijet event topology

The dijet event topology has a perfect back-to-back structure with two jets balanced

in pT. One of the two leading jets is required to be reconstructed in the barrel

region of the calorimeter and is called the barrel jet, while the other jet can be at

arbitrary η and is called the probe jet. In order to ensure that in the transverse plane

both leading jets point into opposite directions, they are required to be azimuthally

separated by ∆φdijet as shown in Fig. 7.1. In the azimuthal plane ∆φdijet is define

by:

∆φdijet = min(|φ1 − φ2|, 2π − |φ2 − φ1|), (7.1)

where φ1 and φ2 corresponds to the azimuthal angle of the first and second leading

jet, respectively.

Figure 7.1.: A sketch of the angle ∆φdijet in the azimuthal plane in a dijet event (left)
and in an event with radiation outside the dijet system (right). [193].

Requiring exactly a 2-to-2 process reduces the statistics drastically and biases

towards specific hadronisation topologies, and so an additional third jet is allowed

in the event. However, it is important to control the transverse momentum of the

third jet with respect to the two leading jets. This is achieved by requiring an upper

bound of about 0.2 on the relative transverse momentum of the third jet:

α =
pjet3

T

pave
T

, (7.2)

where pave
T = (pbarrel

T + pprobe
T )/2 is the average transverse momentum of the dijet

system.

Similar calculations of the response value of the jet energy is performed with re-

spect to other reference objects that typically has a good energy resolution, mostly

photon and di-lepton. However, these samples have much lower statistics. How-

ever, since both jets in the dijet event have a similar, poor resolution, their usage

as reference objects may lead to bias in the relative response measurement. This
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may occur because a pT bin of the reconstructed jet contains not only pT from the

particle level jets that lies in the same bin, but also some other jet pT outside the

bin, whose response can fluctuate. Therefore, in order to reduce bias from the jet

energy resolution (JER) in the relative response measurement, the measurements

are performed in bins of the average pT of the dijet system pave
T . The bias due to ISR

and FSR, as well as bias in the ratio variables, is canceled when using symmetric

transverse momentum bins.

7.2. Jet response determination

The transverse momentum of the reconstructed jet preco
T is not equal to the transverse

momentum of the corresponding jet at the particle level pgen
T . The difference can be

quantified by the pT jet response R,

R =
preco

T

pgen
T

, (7.3)

which depends on the η and pT of a given jet.

The measurement of the jet response is performed using a simulated QCD multijet

sample. However, the pT of generated jets is not available directly in real data.

Therefore, one possibility is to use the asymmetry A in order to measure the jet

energy response in data and in MC. The asymmetry A is estimated for events with

at least two jets from the pT of the leading jets:

A =
pprobe

T − pbarrel
T

pprobe
T + pbarrel

T

=
pprobe

T − pbarrel
T

2pave
T

. (7.4)

7.2.1. The dijet pT balance method

The average asymmetry value 〈A〉 or balanced quantity B can be used to determine

the jet response using the dijet pT balance method [176, 194–196] that is based on

transverse momentum conservation :

RpT
rel =

1 + 〈A〉
1− 〈A〉 ≡

2 + 〈B〉
2− 〈B〉 , (7.5)

where B is calculated as:

B =
pprobe

T − pbarrel
T

pave
T

. (7.6)

The defined relative response of the probe jet with respect to the barrel jet given in

Eq. 7.5 is mathematically equivalent in the limit of narrow pave
T bins to the equation:

RpT
rel =

〈pprobe
T 〉
〈pbarrel

T 〉 . (7.7)
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Hence for a single event, the dijet pT balance relative response is given by the

momentum ratio of the probe jet over barrel jet, pprobe
T /pbarrel

T . The pT balance

method is also used for the jet pT resolution measurement [176].

Even though the measurement is performed in bins of pave
T , the resolution bias

is not completely canceled on average. Therefore, the use of the dijet pT balance

method warrants a study of the resolution bias effect.

7.2.2. Missing transverse energy projection fraction method

The missing transverse energy projection fraction (MPF) method [195–197] is de-

signed to consider the whole hadronic activity response, while in the dijet pT balance

method the jet response is computed by only using the pT of the measured jet relative

to the pT of the reference jet.

At the particle level, the reference barrel jet is perfectly balanced in the transverse

plane with its hadronic recoil:

~p barrel
T, true + ~p recoil

T, true = 0 (7.8)

At the reconstructed level, the detector responses to the barrel jet Rbarrel and the

hadronic recoil Rrecoil differ from unity. Therefore, Eq. 7.8 should be rewritten as:

Rbarrel · ~p barrel
T, true +Rrecoil · ~p recoil

T, true = − ~Emiss
T . (7.9)

Since a dijet event does not have an intrinsic Emiss
T , the missing transverse momen-

tum used in Eq. 7.9 corresponds to the possible missmeasurement of the jet and

hadronic recoil. Moreover, ~Emiss
T accounts for possible additional soft activity in the

event. In order to obtain an estimator for the MPF response and the probe jet, the

projection of ~Emiss
T along the barrel jet axis is used as shown in Fig. 7.2.

The MPF response or Rrecoil is then evaluated using Eq. 7.8 and Eq. 7.9:

Rrecoil = Rbarrel +
~Emiss

T · ~p barrel
T, true

(~p barrel
T, true)

2
≡ RMPF. (7.10)

In order to extract the jet energy response from the MPF response RMPF, extra

steps are needed. If the additional particles in the event are not clustered into the

probe jet, but their response is similar to that of the probe jet, the approximation

that Rprobe = Rrecoil can be made. This is also the case if the additional particles

are in the direction perpendicular to the barrel jet axis. Naturally, Rprobe is equal

to Rrecoil if most of the recoil, usually coming from ISR and FSR, is clustered in

the probe jet or reduced as much as possible. In order to reduce additional activity,

the selection requirement for α given in Eq. 7.2 is applied. Moreover, since the

central part of the detector is corrected by the L3 residual correction at a later

stage, the response of the jet in the barrel region Rbarrel is set to be equal one, and
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Figure 7.2.: A sketch of the projection of ~Emiss
T along the reference jet axis, used by

the MPF method [198].

thus ~p barrel
T = ~p barrel

T, true.

Having these requirements fulfilled, Eq. 7.10 can be rewritten in terms of the

probe jet response:

Rprobe ≈ RMPF = 1 +
~Emiss

T · ~p barrel
T

(~p barrel
T )2

. (7.11)

By utilizing ~Emiss
T , the MPF method is less sensitive to the exact modeling of the

radiation in the simulation, as well as to the resolution bias. Therefore, the MPF

method is used in CMS as the main method to measure the jet energy response and

the dijet pT balance method is only used for the systematic uncertainty estimation.

7.3. Dijet event selection and reconstruction

In this section the datasets used for the residual JEC calculation are listed. The

study of the trigger efficiency and optimization of a new trigger threshold, as well

as the selection of the dijet events are presented.

7.3.1. Data and simulation samples

The L2 residual correction presented in this study is obtained using the full dataset1

collected with the CMS detector in 2015, which corresponds to an integrated lumi-

1Cert 246908-260627 13TeV PromptReco Collisions15 25ns JSON.txt
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nosity of 2.1 fb−1. The “JetHT” data samples are used, which contain events with

jets in the HCAL forward (HF) region. The data used for the analysis are taken

from the prompt reconstruction stream.

Simulated QCD event samples are used throughout the study. The MC sam-

ples are generated with the multipurpose pythia 8.219 generator [16,17] using the

CUETP8M1 UE tune [116]. The simulation samples are processed through the CMS

detector simulation based on Geant4 [118, 119]. The events in the nominal MC

sample are generated with a flat pT spectrum. This is done in order to ensure efficient

coverage of the large kinematic phase space with small statistical uncertainties2.

The used data and MC samples are listed in Tab 7.1. These are used during the

L2 residual correction measurement.

Table 7.1.: The data set with corresponding integrated luminosity and simulated
MC samples with the corresponding number of events.

Data samples Lint ( pb−1)
/JetHT/Run2015C 25ns-05Oct2015-v1/MINIAOD 16.3
/JetHT/Run2015D-PromptReco-v3/MINIAOD 552.7
/JetHT/Run2015D-PromptReco-v4/MINIAOD 1521.0

Simulated MC sample Nevents

/QCD Pt-15to7000 TuneCUETP8M1 Flat 13TeV pythia8 9858314
with RunIISpring15DR74-Asympt25nsRaw

The corresponding data and MC events are corrected for the pileup offset, and pT

and |η| differences between reconstructed and generated jets using the official CMS

corrections: Summer15 25nsV6 [199].

7.3.2. Trigger efficiency study

The events are selected online with HLT triggers that are based on the pave
T of two

leading jets, which provide an unbiased dataset for the analysis. These dijet triggers

are available with large prescale3 factors, so the number of data events in the endcap

and HF regions is limited. Therefore, large η bins are used during the residual JEC

estimation in the forward regions. Additionally, the corresponding trigger selects

events with a certain threshold value on the pave
T of two leading jets.

In order to optimize the trigger selection, a trigger efficiency study is performed.

The trigger is considered to be efficient if it reaches 99% of the efficiency plateau. The

following sets of triggers are studied HLT_DiPFJetAve* and HLT_DiPFJetAve*_HFJEC,

where the last one is used to increase the number of events with jets in the HF region.

2The pT spectrum is reweighted later in the analysis.
3The trigger path is prescaled due to the high instantaneous luminosity, and thus only a fraction

of all events satisfying the trigger thresholds are recorded.
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The efficiency for each trigger path, except the one with the lowest pave
T threshold,

is estimated by

e(B) =
N(passing B)

N(passing A)
, (7.12)

where N(passing A) and N(passing B) are the number of events that passed the

trigger path with lower and higher threshold. The efficiency distributions for the

available trigger path are shown in Fig. 7.3. To restrict the analysis to events
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Figure 7.3.: Trigger efficiency turn on curves determined for the dijet nominal (left)
and HF (right) trigger path.

where the triggers are fully efficient, new threshold values are obtained by fitting

the distribution of the trigger efficiency. The function that is used to parameterize

the dijet trigger efficiency is the smooth function [200]:

f(pave
T ) =

1

2
N
(

1 + erf
(pave

T − p0√
2 · p1

))
, (7.13)

with the error function4 erf, where parameters p0 and p1 are the pT values at which

the efficiency reaches 50% and the slope of the curve, respectively. N characterizes

the maximum efficiency in the plateau region. Thus, the plots are normalized by

scaling the efficiency distribution with 1/N, since the absolute value of N depends

on the prescale of the trigger. The maximum efficiency for each trigger path is in

the plateau region. The new threshold is estimated at the value where the efficiency

function equals 99%. The new trigger threshold versus the generated trigger thresh-

old is shown in Fig. 7.4. The obtained values are fitted with a straight line and the

threshold values for the lowest pave
T triggers are obtained by a linear extrapolation.

The measured dijet trigger thresholds are summarized in Tab. 7.2.

4 erf(x) = 1√
π

x∫
−x

e−t
2

dt
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Figure 7.4.: Trigger thresholds that correspond to an efficiency of 99% versus the
generated trigger threshold and the linear extrapolation for the triggers
with the lowest pave

T .

Table 7.2.: Trigger thresholds of dijet nominal and HF pave
T triggers.

Trigger Threshold HF Trigger Threshold
(GeV) (GeV)

HLT DiPFJetAve40 56 HLT DiPFJetAve60 HFJEC 77
HLT DiPFJetAve60 78 HLT DiPFJetAve80 HFJEC 131
HLT DiPFJetAve80 100 HLT DiPFJetAve100 HFJEC 154
HLT DiPFJetAve140 168 HLT DiPFJetAve160 HFJEC 244
HLT DiPFJetAve200 232 HLT DiPFJetAve220 HFJEC 321
HLT DiPFJetAve260 300 HLT DiPFJetAve300 HFJEC 426
HLT DiPFJetAve320 366
HLT DiPFJetAve400 453
HLT DiPFJetAve500 562

7.3.3. Dijet event selection

For the dijet event selection only PF candidates after charged hadron subtraction

(CHS), as described in Section 6, are used. Jets are clustered with the anti-kT [167]

algorithm with the radius parameter R = 0.4. At this stage, the energy of the jet is

corrected for pileup effects with the L1 offset correction, and for differences in the

jet energy response of the reconstructed and generated jets.

In order to select dijet events, the following requirements have to be fulfilled:

- The event selection requires at least two jets to be reconstructed.

- All selected jets have to pass the pave
T trigger thresholds.

- At least one of the two leading jets serves as a reference and is reconstructed in



7.3. Dijet event selection and reconstruction 109

the barrel region |η| < 1.3, i.e., the barrel jet, while the other jet has arbitrary

η, i.e., the probe jet.

- Two leading jets are required to be back-to-back, with an azimuthal separation

of ∆ϕdijet > 2.7

- The dijet asymmetry values between the two leading jets has to be |A| < 0.7,

in order to suppress contributions from mismeasured jets.

- In order to control the additional jet activity in the event, the ratio of the pT

of the additional most energetic jet to the pave
T of the leading jets, i.e., α value,

has to be less than 0.2.

The analysis is performed in bins of pave
T and η of the probe jet, in order to

account for the resolution dependence in pT and η. The pave
T is defined by the trigger

thresholds, as shown in Tab. 7.3 together with the corresponding number of selected

data events in each bin.

Table 7.3.: Bins of pave
T used in the analysis with the required trigger to be fired, as

well as the corresponding number of selected data events for the full η
region.

bin Nr pave
T range fired trigger number of events

1 56 – 78 HLT DiPFJetAve40 160123
2 78 – 100 HLT DiPFJetAve60 304608
3 100 – 168 HLT DiPFJetAve60 214865
4 168 – 232 HLT DiPFJetAve140 76943
5 232 – 300 HLT DiPFJetAve200 322417
6 300 – 366 HLT DiPFJetAve260 135542
7 366 – 453 HLT DiPFJetAve320 368976
8 453 – 562 HLT DiPFJetAve400 484838

The jet η bins are given in Tab. 7.4.

Table 7.4.: Bins of |η| used to perform the residual response.

bin Nr |η| range bin Nr |η| range
1 0 - 0.261 9 2.172 - 2.322
2 0.261 - 0.522 10 2.322 - 2.5
3 0.522 - 0.783 11 2.5- 2.65
4 0.783 - 1.044 12 2.65 - 2.853
5 1.044 - 1.305 13 2.853 - 2.964
6 1.305 - 1.653 14 2.964 - 3.139
7 1.653 - 1.93 15 3.139 - 3.489
8 1.93 - 2.172 16 3.489 - 5.191

A comparison between the data and MC is shown in Section 7.5 after applying

the event reweighting in the simulation.



110 7. Determination of residual jet energy correction

7.4. Event reweighting in simulation

The simulated events used in this study are generated with a flat pT spectrum.

Therefore it is necessary to reweight the simulated pave
T distribution in order to get

the pT spectrum predicted by pythia. The pT resolution of jets in the simulation

is naturally different in data than in MC. Additionally, the pileup in data depends

directly on the instantaneous luminosity, which is accounted for the treatment of

the MC samples.

Pileup reweighting

Even though the MC events simulated from pythia contain additional proton-

proton interactions in each bunch crossing, i.e., pileup (PU), they should be reweighted

to the pileup from the data. In data the measured PU distribution is obtained using

the BRIL Work Suite software [201] using the best-fit value for the total pp cross

section of 69 mb [175]. An example PU calculation is given in Appendix A.1. Fig-

ure 7.5 (left) shows the PU distributions in data and MC. The MC distribution is

reweighted to describe the obtained data. The weights are normalized in order not

to change the total number of simulated events. The pileup reweighting applied to

the simulated events naturally influences the distribution of the primary vertices, as

shown in Fig. 7.5 (right).
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Figure 7.5.: Number of pileup NPU (left) and primary vertices NPV (right) in data
and in simulation before and after the PU reweighting. The distribu-
tions are normalized to unity.

Jet energy resolution correction

Methods used to calculate the relative response are sensitive to differences in the

JER, therefore it is important to have the same jet resolution for the simulation and

data. Jets in the simulation need to be smeared to match the measured resolution in

data. First, it is necessary to ensure that jets are well-matched at the detector and

reconstruction levels. This is done by matching jets within the radius parameter

∆R =
√

∆φ2 + ∆η2 < 0.3.
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Thus, the transverse momenta pjet
T,reco of the reconstructed jets are smeared using

the data/MC JER scale factors CJER listed in Tab. 7.5 in the relation:

psmeared
T = max

[
0, pjet

T,gen + CJER(pjet
T,reco − pjet

T,gen)
]
, (7.14)

where pjet
T,gen and pjet

T,reco are the transverse momentum of the jet at the generator (de-

tector) level and smeared pT of the jet at reconstructed level. The missing transverse

momentum is corrected accordingly.

Table 7.5.: JER Scaling factors for 13 TeV data recorded in 2015 with the CMS
detector [180].

|η| 0.0-0.8 0.8-1.3 1.3-1.9 1.9-2.5 2.5-3.0 3.0-3.2 3.2-5.0

data/MC 1.061 1.088 1.106 1.126 1.343 1.303 1.320
JER SF ±0.023 ±0.029 ±0.030 ±0.094 ±0.123 ±0.111 ±0.286

Dijet pave
T event reweighting

In each pave
T region, which are defined by the trigger thresholds and listed in Tab. 7.3

the number of simulated events are reweighted to match the number of events in

data. This procedure is needed in order to take into account the trigger prescale

factors used during data taking. The reweighting is applied for events with α < 0.2.

The MC to data comparison for pave
T is shown in Fig. 7.6. The data is well described

by the MC simulations after event weighting is applied.

7.5. L2 residual correction estimation

After applying the reweighting procedure, the MC simulations are found to describe

the data well. This was tested with the discussed methods for the jet relative residual

determination according to Eq.7.7 and Eq. 7.11 given for the dijet pT balance and

MPF methods, respectively. Examples of the reconstructed dijet asymmetry in the

barrel region used by the dijet pT balance method and MPF response are shown in

Fig. 7.7.

Since the residual JEC is based on a data-driven method, it is effected by detector-

related biases like pT resolution and physics properties such as the steeply falling pT

spectrum that has a larger number of incoming jets with smaller true pT. The ISR

and FSR bias for the jet response and will be discussed in the following. The pT

resolution and pT spectrum of the pave
T were discussed in Section 7.4.
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Asymmetry
-0.5-0.4-0.3-0.2 -0.1 0 0.1 0.2 0.3 0.4 0.5

E
ve

nt
s

0

5

10

15

20

25

310×  (13 TeV)-12.1 fb

barrel region

data

MC

barrel region

data

MC

MPF response
0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

E
ve

nt
s

0

1

2

3

4

5

6

7

310×  (13 TeV)-12.1 fb

endcap region

data

MC

endcap region

data

MC
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7.5.1. Radiation correction of the methods

A bias due to ISR and FSR are possible in events with one central and one forward

jet. This additional activity depends on the η regions in the detector. Therefore,

the measured values of the residual response depend on the additional jet activity

α. Hence, in order to reduce the radiation bias, the α value is required to be small.

In the case of the relative transverse momentum of the third jet α = 0, only two

leading jets are studied, but this requirement drastically reduces the number of

events. Therefore, the bias due to ISF and FSR in the jet response is estimated as
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a function of the suppression of additional jet activity in bins of η.

The correction factors kFSR for the ISR + FSR (for brevity FSR) are obtained by

calculating the data/MC double ratio for a linearly extrapolated α→ 0 and α < 0.2

as following:

kFSR(α = 0.2) =

(
RMC

Rdata

)
α→0(

RMC

Rdata

)
α<0.2

, (7.15)

where R is the residual response calculated separately for both the dijet pT balance

and MPF methods.

In order to perform the linear extrapolation of α towards 0, events with α up to

0.4 are considered. For each α requirement, the MC-to-data ratio of the response

value is calculated using both methods. The obtained ratio values are fitted with a

liner function as shown in Fig. 7.8 in the barrel and endcap regions. The ratios for

each |η| bin are given in Appendix A.2.
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Figure 7.8.: The MC/data ratio of the MPF residual response as a function of the
additional jet activity α and the linear extrapolation to α → 0 of the
measured ratios. The results are shown for the barrel and the endcap
region.

The values obtained by extrapolating α→ 0 are then used in Eq. 7.15 to calculate

the kFSR factor for each |η| region. The estimated kFSR factors in each |η| bin are

shown in Fig. 7.9. The kFSR values in the barrel region are found to be close to

unity, while in the forward region deviations of up to 5% for the dijet pT balance

and 2% for the MPF are visible. Even though, by requiring α < 0.2 minimizes the

resolution-bias effect. The correction factor kFSR for the ISR + FSR shows that the

MPF method is less sensitive to additional radiation, due to its definition.
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Figure 7.9.: The correction factor kFSR for the ISR + FSR calculated separately for
the dijet pT balance and MPF methods as a function of the probe jet
pseudorapidity.

7.5.2. Relative L2 residual determination

The L2 relative residual is estimated for the dijet pT balance and MPF and corrected

for ISR + FSR biases by the correction factor kFSR:

L2Res =
(RMC

Rdata

)
α<0.2

· kFSR. (7.16)

In order to correct the result of the relative L2 residual for possible pT depen-

dence, a relative correction is applied. The relative correction can be estimated

by parameterizing the MC-to-data ratio of the response with a log-linear function

which depends on pave
T as:

flogLin(pave
T ) = p0 + p1log(pave

T ). (7.17)

As a cross check, the MC-to-data response ratio was fitted with a constant function.

This parametrization is performed in each bin of |η|. An example of the response

ratio distribution as a function of the average transverse momentum of the dijet sys-

tem pave
T is shown for the barrel and endcap regions in Fig. 7.10. The corresponding

distribution for each |η| bin is given in Appendix A.2. The relative correction is

performed separately for the dijet pT balance and the MPF method. In the barrel

region, the pT dependence of the MC-to-data response ratio is found to be nearly

flat, while in the endcap and forward region a significant dependence is observed.

The final L2 relative residual corrections account for the η and pT dependence and
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Figure 7.10.: The MC/data ratio of the MPF residual response as a function of
an average transverse momentum of the dijet system pave

T and its
parametrization with log-linear and constant functions. The results
are shown for the barrel and the endcap regions.

are estimated using the kFSR factors and parameters of the constant or log-linear fit

used for the pT dependence extrapolation:

L2Res = kFSR · pconst, (7.18)

or

L2Res = kFSR ·
(
p0 + (p1 · log(pave

T )
)
, (7.19)

where pave
T corresponds to the mean pave

T in the corresponding |η| bin.

Figure 7.11 illustrates the final residual correction computed with the dijet pT

balance and MPF method as a function of pseudorapidity. Possible biases due to

the jet pT resolution are taken into account using the smearing of the simulated jet

pT by the JER scale factors. A correction for additional jet activity is done using

the kFSR factors and the pT dependence of the result is extrapolated parametrizing

the response values in bins of η in a log-linear fit. The results from both methods

agree well after the ISR+FSR correction. Some small differences are found in the

forward region, due to the small number of events in data in this region, and in

the border region between the endcap and the forward calorimeters. Hence, in the

barrel region, the resulting relative resolution correction is found to differ from unity

by around 2%, while in the forward up to 20%. The MPF method is less sensitive

to ISR and FSR biases, and therefore its results are used as the central method for

the L2 residual correction.

7.5.3. L2 residual correction in the forward detector region

The nominal triggers used to select dijet events in the forward region in data have

large prescales during the data taking. Therefore, in order to get a better precision
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Figure 7.11.: The final residual correction computed with the dijet pT balance and
MPF method as a function of the probe jet pseudorapidity. The results
are corrected for the JER bias, additional ISR + FSR activity, as well
as pT dependence.

of the obtained L2 residual correction, as well as to increase the number of events in

data in the HF region, events fired with a special “HF” HLT DiPFJetAve* HFJEC

triggers have been included in the analysis. Thus, the last three bins in |η| are

studied, using the additional events selected by the dijet HF triggers. In Tab. 7.6,

event yields selected in each pave
T bin for the highest η region are shown. The pave

T bins

boundaries are define by the nominal and HF trigger threshold obtained as shown in

Section 7.3.2. As expected, dijet HF triggers select more events in the forward region

than the nominal ones. All selected events are used in each step of the described

methods. The corresponding distributions, including the fit functions used for the

kFSR factors and pT dependence extrapolation, are given in Appendix A.2. The

effect of adding the events selected with the dijet HF triggers is shown in Fig. 7.12

in comparison to the final L2 residual correction shown previously.

The statistical precision in the forward region is found to be better, while in

the narrow endcap-forward boundary region, the statistical uncertainty is larger.

This is due to the fact that the statistical uncertainty is estimated by Gaussian

error propagation of the statistical uncertainties in the fit parameters, obtained in

the calculation of the L2Res correction. Since no large improvement was found by

adding the dijet HF triggers, this analysis is performed using only the nominal dijet

triggers.
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Table 7.6.: The numbers of selected events in different bins of pave
T with corresponding

trigger for the highest η-bins.

pave
T range HLT trigger number of events

2.964 < |η| < 3.139 3.139 < |η| < 3.489 3.489 < |η| < 5.191

56 – 78 HLT DiPFJetAve40 2714 5724 5301
78 – 100 HLT DiPFJetAve60 4733 9417 6925
100 – 168 HLT DiPFJetAve60 2869 5307 2670
168 – 232 HLT DiPFJetAve140 652 961 147
232 – 300 HLT DiPFJetAve200 1517 1348 55
300 – 366 HLT DiPFJetAve260 240 122 1
366 – 453 HLT DiPFJetAve320 152 26 0
453 – 562 HLT DiPFJetAve400 21 2 0

77 – 131 HLT DiPFJetAve60 HFJEC 4217 7860 5548
131 – 154 HLT DiPFJetAve80 HFJEC 587 1012 335
154 – 244 HLT DiPFJetAve100 HFJEC 2329 3336 743
244 – 321 HLT DiPFJetAve160 HFJEC 6008 4582 144
321 – 426 HLT DiPFJetAve220 HFJEC 3352 1223 2
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Figure 7.12.: The final residual correction calculated with the dijet pT balance (left)
and MPF (right) methods for events selected with nominal dijet and
dijet HF triggers.

7.5.4. Validation of the pileup simulation

In order to test the pileup simulation, a validation test based on the dependence of

the L2Res corrections on the number of reconstructed vertices is performed. This

test provides a cross-check to the previous jet energy correction steps, especially to

the pileup offset correction, which is designed to correct for the pileup influence on

the jet energy response.

The validation is performed by comparing the response obtained with the dijet

pT balance and MPF methods to the number of primary vertices in data and MC.

The comparison is made in each |η| bin, as shown in Appendix A.2; an examples for

one |η| bin in the barrel and endcap region are shown in Fig. 7.13. No dependence
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of the relative response on the number of primary vertices is observed, in both data

and MC simulation.
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Figure 7.13.: Relative response calculated with the MPF method in data and MC as
a function of the number of primary vertices for the 0.261 < |η| < 0.522
(barrel region) and 1.93 < |η| < 2.172 (endcap region).

7.6. L2 residual correction uncertainties

Since the L2 residual corrections are based on data, several biases are expected to

come from the detector response and unaccounted for contributions to the dijet

event, like the ISR and FSR. Although these effects were corrected for during the

method implementation, it is still necessary to account for a possible systematic

uncertainty. Thus, by comparing the nominal result with the result obtained for

the corresponding systematic variation, a measure of the systemic uncertainty can

be estimated. The statistical and systematical uncertainties are discussed in the

following.

Statistical uncertainties

Since the parameters obtained by the fitting procedure are used for the L2 resid-

ual corrections calculation, the statistical uncertainty for each of them is taken into

account during the estimation of the statistical uncertainty. The statistical uncer-

tainty for L2 residual correction in each |η| bin is estimated by a Gaussian error

propagation of the statistical uncertainties in the fit parameters from the fit used

to obtain the kFSR factors, as well as from the pT - dependent fit. The statistical

uncertainties in the barrel region are found to be negligible. In the endcap region

they correspond to 0.5%, and in the forward region the statistical uncertainty is

about 2%.
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Systematic uncertainties

Pileup: Simulated events are reweighted according to their pileup in order to match

the data, as described in Section 7.3.3. The estimation of the number of pileup

events in data is based on the total inelastic pp cross section of 69 mb. The

uncertainty due to pileup is estimated by changing the cross section from the

69 mb to 80 mb, the first recommended value [202].

The impact of the pileup variation on the L2 residual is shown in Fig. 7.14

for the dijet pT balance and MPF methods. The uncertainty due to pileup

is found to be negligible in the barrel region, while for the dijet pT balance

method in the forward region a certain discrepancy is visible. Since, the final

L3 residual correction is derived with the MPF method, the pileup uncertainty

accounts for a negligible portion of the total systematic uncertainty.
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Figure 7.14.: The total L2 residual correction calculated with the dijet pT balance
(left) and MPF (right) methods. Results for two different pileup pro-
files are shown, where the total inelastic pp cross sections of 69 mb
(red) and 80 mb (black) are used.

Jet pT resolution: The jet pT resolution (JER) of jets in data is different from

simulation. The pT of the reconstructed jets in the MC events are smeared to

match the data, as discussed in Section 7.4. The JER depends on η and pT,

and is varied in simulation within it ± 1 standard deviation with respect to

the resolution in data listed in Tab. 7.5.

Figure 7.15 shows the effect of the JER variation on the L2 residual correction

factors. Minor changes in the result are observed in the barrel region, while

for |η| > 2.5 an uncertainty of 3% for dijet pT balance and 1% for MPF is

found.

Time dependence: A set of nine data taking periods with approximately compa-

rable integrated luminosity of about 220 pb−1 are used in order to derive
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Figure 7.15.: The total L2Res correction calculated with the dijet pT balance (left)
and MPF (right) methods. Results are given for the central JER
smearing (red) and for the up (green) and down (black) JER varia-
tion.

the uncertainty due to the time dependence of run conditions and detector

functionality. More details on the corresponding data sets are given in Ap-

pendix A.2. A variation is expected to arise from changes in the energy re-

sponse in the ECAL and HCAL, due to their cumulative radiation damage

at high rapidities. The corresponding uncertainty is calculated by taking the

root mean square of the L2 residual results obtained for nine data sets, which

are shown in Fig. 7.16. As expected, there is almost no deviation in the barrel

region, while for the region with |η| > 2.5, an uncertainty of 2 to 3% is found.
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Figure 7.16.: The total L2Res correction calculated with the dijet pT balance (left)
and MPF (right) methods for nine data sets with average integrated
luminosity of about 220 pb−1 each.
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pT dependence: The final L2 residual results are calculated according to Eq. 7.19,

where the log-linear fit is used to extrapolate the pT dependence of the re-

sult. Additionally, the pT dependence can be estimated by using a constant

fit according to Eq. 7.18. Thus, in order to account for possible uncertainties

arising due to the choice of the pT extrapolation fit function, half of the dif-

ference between the corrections derived with the log-linear and constant fit is

used as a systematic uncertainty, which is found to be less than 1.5%.

Additionally, the average transverse momentum of dijet systems pave
T ≡ p̄T

used in the log-linear fit is varied by a factor of 2 up and down. Figure 7.17

shows that only in the endcap region some small deviation is visible and the

corresponding systematic uncertainty is about 1%.
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Figure 7.17.: The total L2 residual correction calculated with the dijet pT balance
(left) and MPF (right) methods and the variation by factor of 2 of the
average transverse momentum used in Eq. 7.17.

Relative Balance: The results for L2 residual corrections obtained by the MPF

and dijet pT balance methods have good overall agreement. However, in the

forward region, differences up to 2% are found. The difference in the final

residual correction between both methods is covered by the relative balance

systematic uncertainty, which is obtained as the bin-by-bin ratio of the two

results. The corresponding uncertainty is used to calculate the final systematic

uncertainty in the analysis. In previous studies at 8 TeV, this uncertainty was

not used and the dijet method was considered for the cross check.
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7.7. Results

The final L2 residual jet energy corrections measured with the MPF method are

shown in Fig. 7.18. Statistical uncertainties of the result are on the order of 1% in

the barrel region and 2% in the forward region. Systematic uncertainties are found

to be on the order of 1% in the barrel region, while for the endcap and forward

regions of the detector, the corresponding uncertainties increase to up to 5%. The

dominant uncertainty source is given by the time dependence.
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Figure 7.18.: The final L2 residual correction factors for the data collected at 13 TeV
with CMS detector in 2015. The results are measured with MPF
method. The green band corresponds to the statistic uncertainties
of the results, while the orange band represents the systematic uncer-
tainty.

7.8. Summary

The derivation of the L2 residual jet energy corrections are an essential part in

the determination of the overall JEC and are successfully calculated in this study.

The measurement is based on a data-driven method, that compares the jet energy

response in data and MC, where the response is calculated with the dijet pT bal-

ance and MPF methods. Biases that may occur due to the modeling of the jet pT

resolution, ISR and FSR and pT distributions of the jets, were taken into account.

The L2 residual jet energy corrections were derived constantly during the 2015

data taking period and are available at [199]. The obtained JEC is provided to the

CMS collaboration and used by many CMS analyses based on the data recorded in

2015.
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The obtained residual corrections are in a good agreement with 8 TeV results [13].

The central value of the L2 residual correction scale factors in the last |η| bin is

slightly different from the one obtained at 8 TeV, but results agree within their un-

certainty. In order to improve the obtained results, the analysis was performed using

pT binned simulated samples that have higher statistic. Moreover, the correction

factor kFSR was parameterized in terms of |η| with the function given in [176]. The

final results for the L2 residual JEC5 performed with 13 TeV data are summarized

in [177].

5Note that presented L2 residual correction were performed by the author of this thesis together
with Marc Stöver [191].





8. Top quark mass measurement

The precise measurement of the top quark mass mt is a fundamental task of the LHC

physics program. The accuracy of the mt measurement has a direct impact on the

limits set on new physics models, as well as on the standard model (SM) Higgs boson

coupling to the top quark. The most accurate value of the top quark mass mt =

172.35± 0.16 (stat)± 0.48 (syst) GeV [7] was measured by the CMS collaboration [6]

using pp collision Run 1 LHC data at a center-of-mass energy
√
s = 8 TeV. The

combined measurement of mt from the ATLAS, CMS, CDF, and D0 experiments

yield a world average mass of mt = 173.34± 0.27 (stat)± 0.71 (syst) GeV [9]. The

theoretical interpretations of the experimentally measured mt value within different

field-theoretical mass schemes are presented in [50, 203–207] and is discussed in

Section 8.8.

With respect to the published CMS Run 1 results, new Monte Carlo (MC) event

generators have been integrated and a larger amount of data has been collected at

a higher center-of-mass energy,
√
s = 13 TeV. The MC is based on new next-to-

leading order (NLO) matrix element (ME) calculations and a new parton shower

(PS) implementation. Together with the newly available studies of the underlying

event (UE) and the color reconnection (CR), the new samples are expected to provide

better signal and background modeling, and thus give a more reliable estimation of

the dominant theoretical uncertainties of the mt measurement.

The top quark is the only quark that decays before it hadronizes. Therefore, it

is possible to reconstruct the mass peak very well by measuring its decay products.

This is implemented in the direct methods and gives the most accurate value of

mt. Alternative methods measure mt based on other observables sensitive to the

top quark mass, i.e., the B hadron decay length [208], and allow a reduction in

the dependence on the detector calibration and to test the stability of the results.

The latest results on the top quark mass measurements at CMS with direct and

alternative methods are summarized in [209].

In this work, the most precise top quark mass measurement using the full data

sample collected in 2016 by the CMS detector at a center-of-mass energy of 13 TeV

is presented. The analyzed data corresponds to an integrated luminosity of 35.9 ±
0.9 fb−1 [11]. The direct method of the mt measurement is performed by analyzing

top quark pair tt̄ production with lepton+jets final states. The investigated quantity

is measured with the ideogram method [12] that is implemented and evaluated by

utilizing simulated events. The corresponding MC samples use refined NLO ME as
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well as an optimized simulation of the jet activity in tt̄ events based on the Run 1

data and implemented with new event generation parameters (event tune). Thus,

the new MC generators allow a more refined estimation of the systematic modeling

uncertainties, like color reconnection, initial- and final-state parton showers, and

matrix element calculation, while the analysis techniques and final state are the

same as in [7]. The large data set used in the current analysis results in a very small

statistical error of the measurement and gives the opportunity to check various

dependencies of mt on the kinematic quantities with high statistical accuracy.

In this chapter, the analysis strategy is presented. The data samples are in-

troduced, followed by the description of the selection of the muon+jets and elec-

tron+jets events. Afterwards, the reconstruction of the tt̄ events is discussed. The

implementation of the kinematic fit of the decay products to a tt̄ hypothesis, which

is utilized in order to improve the resolution of the reconstructed quantities, is also

shown. Finally, the estimation of the top quark mass with an ideogram method

and their respective systematic uncertainties are presented for the muon+jets, elec-

tron+jets, and combined lepton+jets channel.

8.1. Measurement strategy

The goal of this analysis is to provide the most accurate measurement of the top

quark mass. This implies also having the best understanding of the systematic un-

certainties sources. The analysis is performed in the lepton+jets final state, which

has a high production rate and a relatively low background contamination. Even

though the full reconstruction of the event is not possible due to the presence of

the neutrino from the leptonically decaying top quark, the existence of the lepton

improves the tt̄ event selection. The hadronically decaying top quark can be fully

reconstructed and is used for the top quark mass measurement, since the invariant

mass of the corresponding jets is the most sensitive observable for this study. How-

ever, the presence of the four jets, two light jets from a W boson decay and two

other jets associated to the b quarks, demands a proper jet-parton assignment. Thus,

for the simulated tt̄ events three possible parton-jet permutation categories can be

defined using parton-level information. Only the leading four jets are considered.

tt̄ correct The correct permutations (cp) refer to hypotheses with the correct match

of the generated partons to the selected jets, by looking at the distance ∆Rij =√
(∆ηij)2 + (∆φij)2 between each quark i from the tt̄ decay and each leading

jets j such that ∆Rij < 0.4. In this case two jets are marked as light quark

jets and are associated with the b tagged jet arising from the same top quark

decay.

tt̄ wrong The wrong permutations (wp) refer to hypotheses where each selected jet

comes from the tt̄ event, but the parton-jet association is performed wrong,
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e.g., the b jets are swapped between the two top quarks.

tt̄ unmatched The unmatched permutations (un) refer to hypotheses in which at

least one quark from the tt̄ pair decay can not be unambiguously matched to

any of the four jets. This situation may occur, when one highly energetic jet

from the underlying event was accidentally selected.

Of these categories, the proper parton-jet assignment results in the best resolution

of the kinematic properties of the reconstructed objects and derived quantities, and

thus the measurement of the top quark mass itself. The next step of the analysis is

an application of the event-by-event kinematic fit to each tt̄ hypothesis, discussed in

details in Section 8.3.4. The fit is performed by applying additional constraints on

the measured objects and minimizing a χ2 function. The χ2 is built from the four-

vectors and the resolutions of the measured tt̄ final-state observables, by varying the

measured quantities within their resolution. This procedure improves the estimation

of the compatibility of the reconstructed event with the tt̄ hypothesis, resulting in

an improvement in the resolution of the kinematic observables. The last step of the

measurement strategy is to determine the most probable top quark mass by using

the ideogram method, discussed in detail in Section 8.4.1. The ideogram method

utilizes the fitted observables as well as the predicted permutation fractions for each

event.

8.2. Data samples

Collision data

For the presented measurement, proton-proton (pp) collision data collected by the

CMS detector at a center-of-mass energy of 13 TeV during Run 2 of the LHC are

used. According to the LHC running conditions, the data collection period was

separated into seven run periods. The corresponding single muon and single electron

data samples used in this analysis are presented in Tab. 8.1 with the corresponding

event numbers and luminosity estimates. The dataset1 is certified by the DQM

team [63,211] and corresponds to an integrated luminosity of L = 35.9 fb−1.

For each set of recorded data, the number of additional pp interactions (pileup)

is calculated using the BRIL Work Suite software [201]. The best-fit value for the

total pp cross section to get the measured PU distribution in data corresponds to

69.2 mb [175] with an uncertainty of 4.6%. Fig. 8.1 shows the calculated distribution

of pileup events for the utilized data, and is given by the black solid line.

1Cert 271036-284044 13TeV 23Sep2016ReReco Collisions16 JSON.txt [210]
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Table 8.1.: Single lepton datasets for Run 2 data at 13 TeV with a corresponding
number of events (Nevents) and integrated luminosity (Lint).

Dataset name Nevents Lint, fb−1

/SingleMuon/Run2016B-03Feb2017 ver2-v2/MINIAOD 158,145,722 5.784
/SingleMuon/Run2016C-03Feb2017-v1/MINIAOD 67,441,308 2.573
/SingleMuon/Run2016D-03Feb2017-v1/MINIAOD 98,017,996 4.248
/SingleMuon/Run2016E-03Feb2017-v1/MINIAOD 90,963,495 4.008
/SingleMuon/Run2016F-03Feb2017-v1/MINIAOD 65,489,554 3.102
/SingleMuon/Run2016G-03Feb2017-v1/MINIAOD 14,9916,849 7.541
/SingleMuon/Run2016H-03Feb2017 ver2-v1/MINIAOD 169,642,135 8.391
/SingleMuon/Run2016H-03Feb2017 ver3-v1/MINIAOD 4,393,029 0.215∑

(Single Muon Data) 804,010,088 35.862

/SingleElectron/Run2016B-03Feb2017 ver2-v2/MINIAOD 246,440,440 5.788
/SingleElectron/Run2016C-03Feb2017-v1/MINIAOD 97,259,854 2.573
/SingleElectron/Run2016D-03Feb2017-v1/MINIAOD 148,167,727 4.248
/SingleElectron/Run2016E-03Feb2017-v1/MINIAOD 117,321,545 4.009
/SingleElectron/Run2016F-03Feb2017-v1/MINIAOD 70,593,532 3.102
/SingleElectron/Run2016G-03Feb2017-v1/MINIAOD 153,330,123 7.540
/SingleElectron/Run2016H-03Feb2017 ver2-v1/MINIAOD 125,826,667 8.390
/SingleElectron/Run2016H-03Feb2017 ver3-v1/MINIAOD 3,191,585 0.215∑

(Single Electron Data) 962,131,473 35.866
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Figure 8.1.: Number of expected pileup interactions in the data collected during the
full 2016 run period of Run 2 (solid black line). Number of pileup events
in PUMoriond17 MC scenario (green filled area) and reweighted pileup
distribution in simulation with up and down uncertainty variation (red
and blue lines). The histograms are normalised.
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Simulated Monte Carlo events

The understanding of the physics of the studied process is essential for the mt mea-

surement. Therefore, Monte Carlo (MC) events are simulated and used to develop

the analysis techniques. The simulation of the tt̄ events, together with correspond-

ing MC generators, is presented in Chapter 4. In this section, the simulated samples

are described.

Simulated signal tt̄ events were generated with the powheg V2 matrix element

generator [96–99] and the pythia 8.219 parton-shower generator [16, 17] using the

new CUETP8M2T4 underlying event (UN) tune [110] for seven different top quark

mass values: 166.5, 169.5, 171.5, 172.5, 173.5, 175.5, and 178.5 GeV. The nominal

input top quark mass is set to 172.5 GeV. All these samples are used for the top

mass extraction method discussed in Section 8.4.1. All signal pythia 8 samples

are generated with the option “early resonance decay” off (erdOFF), which allows

the color reconnection to take place before the top quark decay. The generator

cross section is calculated using the parametrisation for the mass dependence of

the top pair cross section proposed in [45]. Thus, the expected next-to-next-to-

leading order (NNLO) tt̄ cross section at center-of-mass energy of 13 TeV for the

top quark mass of 172.5 GeV is equal to 831.76+19.77
−29.20 (scale) ± 35.06 (PDF+αS) pb.

The parton distribution function (PDF) set NNPDF3.0 [83] at NLO (αs = 0.118)

is used as the default parametrization of the PDF in the signal tt̄ simulations. The

MC samples include effects of additional overlapping minimum-bias events (pileup).

The PUMoriond17 [202] pileup scenario is used in simulations. The corresponding

distribution is shown in Fig. 8.1 as a green filled area.

Several background sources are relevant in this analysis, and are also simulated.

The diboson [212] (WW, ZZ and WZ) and QCD multijet background events are gen-

erated using pythia 8.219. The Drell-Yan and single top s-channel events are simu-

lated with amc@nlo v2.2.2 [95], additionally for the Drell-Yan case the FxFx merg-

ing [104] at next-to-leading order (NLO) level is applied. The MadGraph5 genera-

tor is used for the W+jets events at leading order (LO) with MLM matching [103].

The background events from tW [213] are generated using powheg v2 [214], while

the single top t-channel background is simulated using powheg v2 and Mad-

Spin [215,216]. In all background simulations, the pythia 8.219 parton-shower gen-

erator with the CUETP8M1 UN tune [116] is used, with the PDF set NNPDF2.3

[217] LO (αs = 0.1365). All events are further processed through a full simulation

of the CMS detector based on Geant4 [118, 119]. The MC campaign corresponds

to the RunIISummer16 version.

The list of signal and background samples used in the analysis are shown in

Tab. 8.2 and 8.3. The tt̄ MC samples used for the systematic variations are given

in Tab. 8.4 and are discussed in Section 8.5.
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Table 8.2.: List of of signal and background tt̄ samples used in this analysis with
the corresponding number of events (Nevents) and cross sections (σ).

Dataset name Nevents σ ( pb)
tt̄ signal
powheg + pythia 8 with CUETP8M2T4 tune and erdOFF
TT central mt = 172,5 GeV 78006311 832
TT mt = 166,5 GeV 19380254 982
TT mt = 169,5 GeV (ext1, ext2) 58542590 903
TT mt = 171,5 GeV 19578812 855
TT mt = 173,5 GeV 19419050 809
TT mt = 175,5 GeV (ext1, ext2) 59384660 767
TT mt = 178,5 GeV 16377176 708

Background
Single top (pythia 8 with CUETP8M1)
ST tW top 5f inclusiveDecays powheg 6952830 35,6
ST tW antitop 5f inclusiveDecays powheg 6933094 35,6
ST t-channel top 4f inclusiveDecays powheg 67240808 44.33
ST t-channel antitop 4f inclusiveDecays powheg 38811017 26.38
ST s-channel 4f leptonDecays amc@nlo 1000000 3.36
V+jets (pythia 8 with CUETP8M1)
WJetsToLNu MadGraph MLM (ext1) 86731806 61526.7
DYJetsToLL M 50 amc@nlo FXFX 122055388 6025.2
DYJetsToLL M 10to50 amc@nlo FXFX (ext1) 60626344 22635.1
Diboson (pythia 8 with CUETP8M1)
WW (ext1) 30694166 115.
WZ (ext1) 3995828 47.1
ZZ (ext1) 1988098 16.5
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Table 8.3.: List of QCD multijet MC samples used for the 13 TeV top quark mass
analysis.

Dataset name Events σ ( pb) filter eff-cy
QCD multijet (pythia 8 with CUETP8M1)
QCD Pt 15to20 MuEnrichedPt5 4141251 1273190000 0.003
QCD Pt 20to30 MuEnrichedPt5 31475157 558528000 0.0053
QCD Pt 30to50 MuEnrichedPt5 29954815 139803000 0.01182
QCD Pt 50to80 MuEnrichedPt5 19806915 19222500 0.02276
QCD Pt 80to120 MuEnrichedPt5 (ext1) 23584215 2758420 0.03844
QCD Pt 120to170 MuEnrichedPt5 8042721 469797 0.05362
QCD Pt 170to300 MuEnrichedPt5 (ext1) 17350231 117989 0.07335
QCD Pt 300to470 MuEnrichedPt5 (ext1, ext2) 48995686 7820.25 0.10196
QCD Pt 470to600 MuEnrichedPt5 (ext1, ext2) 19362943 645.528 0.12242
QCD Pt 600to800 MuEnrichedPt5 (ext1) 9981311 187.109 0.13412
QCD Pt 800to1000 MuEnrichedPt5 (ext1, ext2) 19767439 32.3486 0.14552
QCD Pt 1000toInf MuEnrichedPt5 (ext1) 13599938 10.4305 0.15544

QCD Pt 20to30 EMEnriched 9218954 557600000 0.0096
QCD Pt 30to50 EMEnriched (ext1) 11498579 136000000 0.073
QCD Pt 50to80 EMEnriched (ext1) 45811241 19800000 0.146
QCD Pt 80to120 EMEnriched (ext1) 77695287 2800000 0.125
QCD Pt 120to170 EMEnriched (ext1) 77771316 477000 0.132
QCD Pt 170to300 EMEnriched 11540163 114000 0.165
QCD Pt 300toInf EMEnriched 7373633 9000 0.15
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Table 8.4.: List of the signal tt̄ samples used for the systematic variations in the top
quark mass analysis. See Section 8.5 for explanations.

Dataset name Number of events σ ( pb)
tt̄ systematic variations (powheg + pythia 8 with TuneCUETP8M2T4)
for underlying event
TT scaleup (ext1) 58953660 832
TT scaledown (ext1) 58338240 832
for color reconnection
TT erdON (ext1) 59882210 832
TT QCDbasedCRTune erdON (ext1) 59620206 832
TT GluonMoveCRTune erdON 56168970 832
TT GluonMoveCRTune erdOFF 59037234 832
for shower scales
TT fsrup (ext1) 59230899 832
TT fsrdown (ext1) 59306906 832
TT isrup 59033604 832
TT isrdown (ext1) 58999580 832
for ME-PS matching
TT hdampup (ext1) 58858606 832
TT hdampdown (ext1) 58163976 832
for ME generator
TTJets TuneCUETP8M2T4 amc@nlo FxFx 43561608 832
other tt̄ MC generators
TTJets TuneCUETP8M1 MadGraph MLM 10139950 832
TT TuneEE5C herwig++ (ext2, ext3) 59174465 832
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8.3. Lepton+jets event selection and reconstruction

The event selection aims to obtain a clean sample of lepton+jets tt̄ events based

on the decay topology tt̄ → WbWb → (lνlb)(qq̄b), when one of the two W bosons

decays to one muon or electron and the corresponding neutrino, while the other W

boson decays into two light flavor quarks, i.e., fully hadronically. Consequently, the

final state consists of four jets, a muon or electron, and an undetected neutrino. It

is noted, that events where a muon or electron from a τ lepton decay passes the

selection criterias can also be included.

To reconstruct the final state particle candidates, the particle flow (PF) algo-

rithm [142] is used, which combines the information from all CMS sub-detectors to

identify and reconstruct individual objects. The reconstructed objects like muons,

electrons, charged and neutral hadrons are going to be used in the event selection.

The PF algorithm is discussed in more detail in Chapter 6. The selection strategy

consists of the following steps:

− an online selection - triggering of the events during the data taking,

− a preselection - one isolated lepton and four jets are selected,

− a baseline - two jets must be associated to the hadronization of the b quarks,

− a final selection when additionally the kinematic fit to the tt̄ hypothesis is

used.

8.3.1. Online selection

The online selection is designed to reject uninteresting low-momentum events, thus

reducing the CPU time and storage requirements for the online reconstruction. More

details on the online event selection are listed in Section 7.3.2. The events are re-

quired to pass the single-muon HLT trigger with a minimum threshold on the trans-

verse momentum (pT) of an isolated muon of 24 GeV or the single-electron HLT

trigger with a pT threshold for isolated electrons of 32 GeV. Within the CMS exper-

iment the trigger paths are denoted as HLT_IsoMu24_v* or HLT_IsoTkMu24_v* for

the muon+jets case and HLT_Ele32_eta2p1_WPTight_Gsf_v* for the electron+jets

one. The resulting trigger efficiency, determined by the tag-and-probe method, and

the derived data-to-MC scale factors (the ratios of the efficiencies) are discussed in

Section 6.3 and 6.4. The obtained trigger scale factors are used during the systematic

uncertainty estimation (see Section 8.5) to account for any remaining data-to-MC

differences.

8.3.2. Preselection

In the lepton+jets event topology, exactly one lepton assigned to the primary vertex

and at least four jets are required. The leptons reconstructed by the particle flow
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(PF) algorithm have to pass the isolation and identification requirements listed

in Chapter 6. The charged hadron subtracted PF jets clustered by the anti-kT

algorithm with radius parameter of R = 0.4 are used. Additionally, jets are corrected

using jet energy correction (JEC)2 [199] and jet energy resolution (JER)3 [180]

scaling factors, according to Section 6.5. Hence, the missing transverse energy from

the undetected neutrino is corrected and so-called type-1 PF Emiss
T is used.

Events are required to have exactly one isolated muon with transverse momentum

pT > 26 GeV and pseudorapidity |η| < 2.4 or one isolated electron with pT > 34 GeV

and |η| < 2.1, which corresponds to the efficient region of the triggers. In addition,

at least four jets with pT > 30 GeV and |η| < 2.4 are selected, that have a distance

parameter ∆R(l, jet) =
√

(ηl − ηjet)2 + (φl − φjet)2 between muon (electron) and

each jet larger than 0.4 (0.3). In order to ensure that no additional lepton is present,

a veto on any additional muons or electrons is applied, according to the procedure

written in Section 6.3 and 6.4. This helps to suppress the background contributions

from tt̄ dilepton decays as well as from Z+jets processes. No b-tagging is used at

the preselection stage.

Comparing the distributions of the kinematic variables of the reconstructed ob-

jects, the effect of the applied selection criteria at each selection stage, as well as

the data-to-MC difference, can be seen. In this work, the combined lepton+jets

final state distributions are presented, while the individual cases for muon+jets or

electron+jets final state are shown in Appendix A.3. For each data-to-MC compar-

ison, the simulation is normalized to the luminosity by scaling the MC contribution

to the in-situ measured total inclusive cross section. Additionally to the statistic

limitations of the simulation samples, uncertainties from the signal and background

processes cross sections are included. Thus, the uncertainties in the used cross-

sections are 6% for tt̄ signal, 30% for W+jets, 10% for single top, 100% for QCD

multijet, and 10% for diboson and Z+jets background. In order to remove events

with a very large weight in the simulation, the combined weight, which includes

the pileup reweighting, lepton isolation and identification SF and trigger weights,

is required to be less then 20 that reject less then 1% of the events. All possible

permutations in the signal sample, e.g. tt̄ correct, tt̄ wrong and tt̄ unmatched, as

defined in Section 8.1, are considered. Additionally, the data-to-MC ratios with

their corresponding uncertainties are presented.

Figure 8.2 shows the transverse momentum, pseudorapidity, lepton flavor, and the

azimuthal angle distributions of the lepton observables, after the preselection criteria

are applied. At this stage, a large contamination from background events is observed,

with the largest fraction coming from W+jets and QCD multijet processes. The

reconstructed data are well described by the simulation. More leptons are detected

in the barrel region of the detector than in the forward one, which leads to a specific

2Summer16 23Sep2016AllV4 DATA, Summer16 23Sep2016V4 MC
3Spring16 25nsV10
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Figure 8.2.: Reconstructed lepton pT (upper left) and η (upper right), together with
the lepton flavor (lower left) and the azimuthal angle φ (lower right) for
the lepton+jets channel after the preselection. The lepton flavor are -
13, 13, -11, 11 for µ+, µ−, e+, e−, respectively. The plots are normalized
to the luminosity. The hatched area indicates uncertainties from MC
statistics and production cross sections.

shape of the pseudorapidity distribution. However the background processes, e.g.,

W+jets, show a flat behavior. This arises due to the charge asymmetry nature of

proton-proton collisions at the LHC, which leads to the asymmetry between the

pseudorapidity distributions of the charged leptons from W+ and W− bosons [218,

219] and to the smaller production rate of W− compared to W+ bosons. At larger

rapidities, an enhancement in the W+ distribution is observed, which is explained

by the harder x in the valence sea quark scattering of two up quarks in the proton,

since up quarks carry more proton momentum fraction than down quarks [220,221].

The jet multiplicity, the missing transverse energy, as well as the distance between

the selected lepton and the nearest jet in the η − φ space, are presented in Fig. 8.3.

Additionally, the number of b-tagged jets among four leading jets that are going to

be used in the next selection step are shown. Here the b-jets are identified by the
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CSVv2 b-tagging algorithm [162]. More details on the b-tag approaches are given

in Section 6.5. Overall, a good MC to data agreement is observed. However, for low
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Figure 8.3.: Jet multiplicity for jets with pT > 30 GeV (upper left), the number
b-tags among the four leading jets with pT > 30 GeV (upper right), the
missing transverse energy (lower left), and minimum distance between
selected lepton and four selected jets (lower right) for the lepton+jets
channel after the preselection. The simulations are normalized to the
integrated luminosity of the data sample.

values of ∆R(l, nearest jet), a difference between data and MC is observed. This

discrepancy arises from the electron+jets decay channel, as shown in Appendix A.3,

presumably because of bremsstrahlung effects during the electron interaction with

the tracker. The apparent differences in the multiplicity of the jets is due to the

limited statistics in the MC.

The total number of events after the preselection step, as shown in Tab. 8.5 –

8.7 in the column “preselection”, is 3 189 837 in the lepton+jets channel. 1 954 682

events come from the muon+jets and 1 235 155 events come from the electron+jets

channel. The total fraction of tt̄ signal events, as estimated from the simulation,

is above 58%. The largest background contamination relative to data comes from
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W+jets and QCD mulijet processes, 26% and 9.6%, respectively.

Table 8.5.: Event yields and fractions for signal and background processes for the
lepton+jets channel. The uncertainties arise from MC statistics and
cross-section. For the tt̄-dominated “baseline” and “final” selections,
the uncertainties also contain contributions from jet energy scale and
resolution, shower scale variation, pileup, ME-PS matching, underlying
event, b fragmentation, B semi-leptonic BR and b tag SF variations.

preselection baseline selection final selection
(1 `, 4 jets, ∆R(`, jet)) (+ 2b) (+ Pgof > 0.2)
events ± [%] events ± [%] events ± [%]

tt̄ +jets 1856854 81803 58.3 628900 26329 92.4 155297 5117 95.7
Z+jets 89643 9168 2.8 2388 386 0.4 326 109 0.2
W+jets 828184 248629 26.0 14558 4531 2.1 1171 489 0.7
Single top 97625 9766 3.1 23229 2326 3.4 3996 403 2.5
QCD multijet 306592 306802 9.6 11253 11426 1.7 1517 1743 0.9
Diboson 8090 815 0.3 335 39.8 0.0 44 9 0.0
MC total 3186988 403504 100 680663 29152 100 162351 5443 100
Data 3189837 3549 – 669109 1623 – 161496 797 –

Table 8.6.: Event yields and fractions for signal and background processes for the
muon+jets channel. The uncertainties arise from MC statistics and cross-
section. For the tt̄-dominated “baseline” and “final” selections, the un-
certainties also contain contributions from jet energy scale and resolu-
tion, shower scale variation, pileup, ME-PS matching, underlying event,
b fragmentation, B semi-leptonic BR and b tag SF variations.

preselection baseline selection final selection
(1 `, 4 jets, ∆R(`, jet)) (+ 2b) (+ Pgof > 0.2)
events ± [%] events ± [%] events ± [%]

tt̄ +jets 1153278 50811 58.5 390443 16346 92.2 97684 3210 95.6
Z+jets 47493 4870 2.4 1156 208 0.3 146 59 0.1
W+jets 530197 159146 26.9 9450 2918 2.2 801 314 0.8
Single top 59486 5950 3.0 14186 1420 3.4 2490 251 2.4
QCD multijet 174519 174640 8.9 7990 8102 1.9 998 1125 1.0
Diboson 4844 487 0.2 195 23 0.0 24 5 0.0
MC total 1969817 241801 100 423420 18531 100 102143 3426 100
Data 1954682 1977 – 416288 912 – 101992 452 –

8.3.3. Baseline selection

The baseline selection aims to exclude contamination from the QCD related pro-

cesses, e.g., QCD multijet events. Therefore, the b-tag algorithm, which helps to

identify jets from b quarks, as described in Section 6.5, is used. For the tt̄ event

selection two b-jets among the leading jets, defined by the Combined Secondary

Vertex version 2 (CSVv2) algorithm [162], are required. The CSVv2 combines the

information about the number of reconstructed secondary vertex candidates, num-

ber of tracks in the jet and ∆R between the secondary vertex flight direction and
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Table 8.7.: Event yields and fractions for signal and background processes for the
electron+jets channel. The uncertainties arise from MC statistics and
cross-section. For the tt̄-dominated “baseline” and “final” selections,
the uncertainties also contain contributions from jet energy scale and
resolution, shower scale variation, pileup, ME-PS matching, underlying
event, b fragmentation, B semi-leptonic BR and b tag SF variations.

preselection baseline selection final selection
(1 `, 4 jets, ∆R(`, jet)) (+ 2b) (+ Pgof > 0.2)
events ± [%] events ± [%] events ± [%]

tt̄ +jets 703576 30992 57.8 238457 9983 92.7 57612 1907 95.7
Z+jets 42150 4298 3.5 1232 178 0.5 180 49 0.3
W+jets 297987 89482 24.5 5108 1613 2.0 371 174.7 0.6
Single top 38139 3816 3.1 9043 906 3.5 1506 152 2.5
QCD multijet 132074 132161 10.9 3263 3324 1.3 518 617 0.9
Diboson 3246 328 0.3 141 17.1 0.1 21 4 0.0
MC total 1217172 162688 100 257244 10685 100 60208 2019 100
Data 1235155 1571.6 – 252821 711 – 59504 345 –

the jet axis in the η − φ space. The medium working point that corresponds to the

discriminator cut of 0.8484 and denotes a mistag rate for light quark of 1%, where

light-flavor jets are misidentified as b-jets. For this working point, the CSVv2M

algorithm has a b-tagging efficiency of approximatively 69% [184].

Since the b-tagging efficiency in data and simulation is different, a weight to the

selected MC events is applied in order to predict the correct event yields in data.

In the current analysis an event reweighting using scale factors and MC b-tagging

efficiencies [222] is used. This procedure is safe for the migration of events from

one b-tag multiplicity bin to the other. The event weight is calculated as a ratio

of probabilities for a given configuration of jets in data and MC event simulation,

ω = P (data)/P(MC). The probabilities are defined as:

P (data) =
∏

i=tagged

SFiεi
∏

j=not tagged

(1− SFjεj), (8.1)

P (MC) =
∏

i=tagged

εi
∏

j=not tagged

(1− εj), (8.2)

where i and j go through each of the four leading lets, scale factors (SFs) are defined

as the ratio of the data to MC b-tagging efficiencies, and εi is the MC b-tagging

efficiency. Both variables are η, pT and jet-tag flavor dependent. Thus, for each

flavor of the jets the b-tagged SFs are available. An example for the SFs used in

the tt̄ event selection to correct the contribution of the light jets is presented in

Fig. 6.14.

To check the efficiency of the baseline selection, the same lepton and jet observ-

ables as for the preselection are shown in Fig. 8.4 and 8.5.

A good agreement between the data and MC distributions is found. As expected,
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Figure 8.4.: The reconstructed lepton pT (upper left) and η (upper right), together
with the lepton flavor (lower left) and the azimuthal angle φ (lower right)
for the lepton+jets channel after the baseline selection. The lepton
flavor are -13, 13, -11, 11 for µ+, µ−, e+, e−, respectively. The plots are
normalized to luminosity. The hatched area indicates uncertainties from
MC statistics, cross-section, pile-up, jet energy scale and resolution,
µR,F , and top-pT reweighting.

the presence of the background events is very much reduced, and thus a clean tt̄

sample is obtained. In contrast to the preselection plots, the uncertainty bands

take into account not only MC statistics and cross section uncertainties, but also

the systematic uncertainties for shower scale variation, pileup, jet energy scale and

resolution, ME-PS matching, underlying event, b fragmentation, B semi-leptonic

BR and b tag SF variations, which are described in detail in Section 8.5. The

requirements of two b-tagged jets suppresses the events where zero or one b-tagged

jets are found, as demonstrated by the distribution of the multiplicity of the b-tagged

jets among four leading jets distribution. However, the situation when a fifth jet is

b-tagged is still possible, and some events are shown in the second bin of the N4
b jet

distribution. Additionally, the transverse momenta of the first six leading jets are
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Figure 8.5.: The jet multiplicity, for jets with pT > 30 GeV (upper left) and the num-
ber b-tags among four leading jets with pT > 30 GeV (upper right), the
missing transverse energy (lower left) and minimum distance between
selected lepton and four selected jets (lower right) for the lepton+jets
channel after the baseline selection. The simulations are normalized to
the integrated luminosity of the data sample.

shown in Fig. 8.6, that appears to be slightly softer in data than in simulation, which

may be due to the modelling of the top quark pT that propagates to its final-states.

Once the baseline event selection and correction of MC simulations are performed,

the event yields in data and in MC can be estimated, as shown in Tab. 8.5 to 8.7

in the column “baseline selection”. In the lepton+jets channel 669 109 data tt̄

candidate events are selected, where 416 288 come from muon+jets and 252 821

from electron+jets channels. The fractions of the individual signal and background

processes contributions are changed significantly. Already at this stage a very clean

sample of tt̄ events is found. From simulation, the event composition is expected to

be 92.4% tt̄, 3.4% single top quark, 2.1% W+jets, and 1.7% QCD multijet events.

Other processes like diboson production and Z+jets background are found to be
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Figure 8.6.: The reconstructed transverse momenta of the six leading jets for the
lepton+jets channel after the baseline selection. The simulations are
normalized to the integrated luminosity of the data sample.
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negligible.

8.3.4. Kinematic reconstruction of the top quark mass

The invariant mass of two untagged jets yield the hadronically decaying W boson

mass mreco
W , while the mass mreco

t is computed from the untagged jets and each of the

two b-tagged jets. Both masses are shown in Fig. 8.7 and the mass for the correct

permutation has a Gaussian shape, while the masses for the wrong and unmatched

permutations have a worse resolution, showing a contribution at higher masses that

is visible as a tail. Thus, at this stage the fraction of the correct permutation in

the reconstructed top quark mass for the lepton+jets channel is found to be only

14.9%, as is shown in Tab. 8.8. The corresponding permutation fractions for the

muon+jets and electron+jets channels are presented in Appendix A.4.
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Figure 8.7.: The invariant mass mreco
W of the two untagged jets (left) and invariant

mass mreco
t of the two untagged jets and one of the b-tagged jets (right)

after the b tagging requirement for lepton+jets channel [10]. The verti-
cal bars show the statistical uncertainty and the hatched bands show the
statistical and systematic uncertainties considered in Section 8.5 added
in quadrature. The bottom panels show the ratio of the yields between
the collision data and the simulation. The simulations are normalized
to the integrated luminosity of the data sample.

In order to obtain a better reconstruction of the mass distribution, a kinematic

fit [223] is applied to the events passing baseline selection. The fit performs a

compatibility check of the selected events with a tt̄ hypothesis, and thus improves

the resolution of reconstructed quantities.

The kinematic fit uses the four-vectors and the resolutions of the final-state ob-

jects as an input parameters. Thus, for the lepton+jets in the tt̄ decay, one lepton

(µ or e), four leading jets (two b-jets and two light jets) and neutrino are considered.
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Table 8.8.: Permutation fractions for different for the lepton+jets channel after the
baseline, final and effective selection.

baseline final effective
Pgof > 0.2 ×Pgof

tt̄ correct 14.9 % 45.7 % 48.0 %
tt̄ wrong 8.0 % 15.6 % 16.4 %
tt̄ unmatched 77.1 % 38.7 % 35.6 %

Therefore, to constrain the kinematic equations associated to the signal topology,

the presence of the 24 or 18 measurements, i.e., the three momentum of each ob-

ject4, is required. Here the leptons, neutrinos and light quarks are assumed to be

massless, while the mass of the b quark5 is set to 4.7 GeV. Moreover, to represent

the transverse momentum of the neutrino, the missing transverse energy is required.

However, missing transverse energy is highly correlated with other energy measure-

ments, since it is calculated from the the measured properties of all other objects.

Instead, the x and y component of the transverse momentum of the tt̄, defined by

the vector ~kT

~kT = ~Emiss
T + ~p lep

T +

4 jets∑
i=1

~p jet
T,i (8.3)

is used as a fit variables. The longitudinal component of the missing momentum is

calculated by applying a kinematic constraint on the masses of the decaying particles.

The invariant mass of the lepton-neutrino pair as well as one of quark-antiquark pair

is fixed to the mass of W boson6, mW = 80.4 GeV. Furthermore, the top quark and

top antiquark are required to have equal masses. Having the W boson mass and top

quark mass constraints, the neutrino longitudinal momentum pνz , can be obtained

as shown in [224]. Moreover, for each b-jet assignment, a corresponding value of pνz
is calculated, which doubles the number of permutations in the event.

The defined vectors are used by the HitFit [224] fitting package, which constructs

a χ2 function for each parton-jet permutation,

χ2 =
(
xf − xm

)T
R
(
xf − xm

)
. (8.4)

The vector of measured and fitted observables is given by xm and xf , respectively.

These observables are the kinematic properties, e.g., transverse momentum pT, pseu-

dorapidity η and azimuthal angle φ, of the input objects, like lepton, neutrino, b

jets and light jets. The inverse error matrix R that contains the resolutions of the

4If the mass-energy relation is accounted for.
5The energy component of the four-vector is set to the desired mass, while the momentum com-

ponents of the b-jet are taken as a measurement. Since the b-jet mass is much smaller than
the jet energies, that are required to be larger than 30 GeV, this has no large influence on the
final result

6The uncertainty in the W boson mass of 0.02% [18] is negligible for this analysis.
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observables is given by

R =

σ
−2
µ,pT

0 · · ·
0 σ−2

µ,η · · ·
...

...
. . .

 , (8.5)

and considers all resolutions to be Gaussian. All errors are assumed to be uncorre-

lated.

The HitFit package fits events to a tt̄ hypothesis by minimizing a χ2 to the

constraints, namely mWlep
= mWhad

= 80.4 GeV and mt = mt̄, by varying the mea-

sured observables within their resolution. To perform this, the method of Lagrange

multipliers is used [225], which adds the Lagrange multiplier for the constants to

the χ2 function

χ2 =
(
xf − xm

)T
R
(
xf − xm

)
+ 2λTC. (8.6)

The vector of the Lagrange multipliers is given by λ(λ1, λ3, λ3) and the vector of

constants is given by C(C1, C2, C3), where the components are given by

C1 =
(mreco

lν −mW)2

Γ2
W

, (8.7)

C2 =
(mreco

qq̄′ −mW)2

Γ2
W

, (8.8)

C3 =
(mreco

bqq̄′ −mreco
blν )2

Γ2
t

. (8.9)

For the W boson and top quark, the finite decay width Γ = 1 is neglected. The

minimization is performed with a given starting step size and continues until the

constraint sum does not decrease anymore after several iterations. Thus, the case

when the constraints are ideally fulfilled, e.g., when C1 = 0, and the observables of

the input objects have minimal changes, corresponds to the fit minimum and hence

the solution is reached. In this case, HitFit returns for each permutation the fitted

observables and their kinematic properties. The quality of the fit is given by the χ2

value and a goodness of fit probability (gof)7 is evaluated via Pgof = exp
(
−1

2
χ2
)
.

Figure 8.8 proves that the mass of the top quark after the kinematic fit has an

improved resolution, although the fractions of wrong and unmatched permutations

are still large. The fitted W boson mass is always equal to 80.4 GeV, since its mass

is constrained in the kinematic fit. To increase the fraction of correct permutation,

one can look at the distribution for the goodness-of-fit probability for the kinematic

fit Pgof . Since the events with correct jet assignment will naturally fulfill the kine-

matic constraints, the obtained probability Pgof will be flat. In contrast to this, the

events with wrong and unmatched permutations have rather poor fit quality and χ2

probability showing up as the sharp peak at zero, as is illustrated in Fig. 8.9 for the

7In case of lepton+jets channel Pgof has two degrees of freedom



8.3. Lepton+jets event selection and reconstruction 145

 [GeV]fit
tm

100 200 300 400D
at

a/
M

C

0.5
1

1.5

 P
er

m
ut

at
io

ns
 / 

5 
G

eV

20
40
60
80

100
120
140
160
180
200

310×
 correcttt
 wrongtt
 unmatchedtt

Data

Single t
W+jets
Z+jets
QCD multijet
Diboson

 (13 TeV)-1Lepton+jets, 35.9 fb

Figure 8.8.: The fitted top quark masses mfit
t for the lepton+jets channel after the

baseline selection. The vertical bars show the statistical uncertainty
and the hatched bands show the statistical and systematic uncertainties
considered in Section 8.5 added in quadrature.

kinematic fit. Therefore, by weighting the permutation with Pgof , the high-mass tail

for the mfit
t distribution is reduced. However, a more efficient way to increase the

fraction of events with correctly assigned jets is to introduce the minimum of the

Pgof , even though the statistics will be reduced.
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Figure 8.9.: The χ2 of the kinematic fit (left) and the goodness-of-fit probability
Pgof (right) for the lepton+jets channel after the baseline selection. The
number of permutations in simulation is normalized to the number ob-
served in data.

In order, to find the optimal value for the Pgof minimum, a study of the signal frac-

tion and signal significance for the different values of the goodness-of-fit probability

is performed. Events with correct permutations are denoted as signal S, and the
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events with wrong and unmatched permutations are denoted to be background B.

Thus, S/(S+B) and S/
√
B characterize the signal fraction and signal significance8

in the selected events, respectively, and are shown in Fig. 8.10. The minimum cut
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Figure 8.10.: Signal-to-background performance for a cut on Pgof . The signal signif-
icance S/

√
B is scaled by 1/875 to be shown together with the signal

fraction S/(S +B).

on Pgof should be optimized for the best signal significance as well as for the larger

signal fraction. The given distribution of the signal significance shows a shallow

optimum and falls for larger Pgof , while the signal fraction increases constantly.

Thus, the minimum value for the Pgof cut should be optimal for S/
√
B. The results

of the two requirements for the goodness-of-fit probability is studied: Pgof > 0.15

increases the fraction for the tt̄ correct permutation to 43.8%, while for Pgof > 0.2,

44.9% of events with correct parton-jet assignments are found.

8.3.5. Final selection

To perform the final selection, exactly two b-tagged jets are required among the four

leading jets. These b-tagged jets are used as candidates for the b quarks in the tt̄

hypothesis in the kinematic fit. Two untagged jets are used as candidates for the

light quarks from the W boson decays.

According to the study of signal significance, the goodness-of-fit probability is

required to be at least 0.2, which increases the fraction of correct permutations

estimated from simulation from 14.9% to 44.9% as shown in Tab. 8.8 the column

“final”. The weighting of the permutation by their Pgof values yields an effective

fraction of correct permutations of 48% for the mass extraction.

8signal significance ≈ S√
S +B

, if S << B then S +B can be approximated by B
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Since two parton-jet assignments per event and two solutions for the z-component

of the neutrino momentum are possible, the number of permutations after applying

the kinematic fit will increase. It was found that the selection yields 155 297 events

for the mass measurement, containing 419 565 permutations. While, the number of

reconstructed data events in the lepton+jets channel correspond to 161 496, where

101 992 come from muon+jets and 59 504 from electron+jets channels, as shown in

Tab. 8.5 – 8.7 in the column “final selection”. From simulation, the event compo-

sition is expected to be 95.7% tt̄, 2.5% single top quark and all other background

processes are found to be negligible.

The reconstructed W boson massmreco
W and the top-quark mass from the kinematic

fit mfit
t , after the Pgof selection, but without Pgof weight are shown in Fig. 8.11 for

all possible permutations. These two observables are used in the mass extraction.
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Figure 8.11.: The reconstructed W boson masses mreco
W (left) and fitted top quark

massesmfit
t (right) after the goodness-of-fit selection for the lepton+jets

channel [10]. The simulations are normalized to the integrated lumi-
nosity of the data sample.
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8.4. Top quark mass extraction

The top quark mass can be extracted with various methods. The most popular are

the template, the matrix element, the ideogram, and the analytical matrix-weighting

methods.

Template method [226] uses template distributions for variables sensitive to differ-

ent top quark mass input values, derived from simulated events. The template

distributions are fitted with a corresponding fit functions and the fit parame-

ters that have mass dependence are used to define the likelihood function with

mt as the only free parameter. Finally, the likelihood fit is applied to data,

and the most likely top quark mass is measured by looking into the negative

logarithm of the likelihood function relative to its maximum.

Matrix element method [227] aims to minimize the statistical uncertainty by es-

timating the probability densities for a selected event to be a genuine tt̄ pro-

cesses. The probability is estimated from the predictions of the differential

cross-sections of the studied processes and the detector resolutions. Thus, the

core of this probability is the matrix element that is used to give the differential

cross-sections of the corresponding process. The probability is calculated as

a function of the unknown parameter values to be measured and can be used

to determine several unknown quantities simultaneously. The matrix element

technique uses full event kinematic information and allows signal-like events

to contribute more to the final result. Finally, the most probable values of the

unknown quantities are those where the probability is maximal.

Ideogram method [12] combines the template and matrix element techniques. It

constructs a two-dimensional event-by-event likelihood function with a jet en-

ergy scale factor (JSF) left as a free parameter in addition to the top quark

mass itself. The jet energy scale factor (JSF) is aiming to correct for uncer-

tainty coming from jet energy correction (JEC) which is one of the leading

systematic uncertainties. The event likelihood function takes into account all

possible permutations per event, and applies the goodness-of-fit probability

from the kinematic fit. The ideogram method is used in this analysis and is

described in detail in Section 8.4.1.

Analytical matrix-weighting technique The analytical matrix-weighting technique

is (AMWT) [228] used in the dilepton channel, due to the presence of two

neutrinos among the decay products of tt̄. The method scans the possible mt

values in small increments, sharing among the two neutrinos the momentum

imbalance, resulting from the multiple possible solutions per event, where for

each expected result a weight is assigned based on the probability of observing

a charged lepton of energy E in a top frame [229]. Solutions with the highest
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average weight are named mAMWT
t . Thus, in the AMWT method the top quark

mass is determined by comparing the mAMWT
t distribution to simulations for

different mt hypotheses.

8.4.1. Ideogram method

The ideogram method is one of the most popular techniques used for the direct

measurement of the top quark mass [7, 121, 230, 231] as well as W boson mass [12].

The method makes use of MC-derived templates, where event-by-event likelihoods

are constructed to reflect the ambiguity in the events arising from the different

possible jet permutations.

In this analysis, two free parameters are used in the joint likelihood fit: the top

quark mass and a jet energy scale factor (JSF), where the latter aims to reduce

the uncertainty coming from the jet energy correction, one of the largest systematic

source in the top quark mass measurements. Another advantage of the JSF measur-

ing in situ is that it is obtained with the same sample that is used for the top quark

mass measurement and thus removes the sample dependence of the JEC scale. In

lepton+jets tt̄ events the jet energy correction scale is calibrated using the hadron-

ically decaying W boson, therefore the reconstructed W boson mass mreco
W , before

it is constrained by the kinematic fit; the scale is then used as an input parameter

to the fit. Another input parameter is the fitted top quark mass mfit
t obtained after

applying the constrained kinematic fit, described previously, which is used to mea-

sure the most probable top quark mass mt. The distribution of mfit
t and mreco

W are

extracted from the available MC simulations of seven different mt and five different

JSF values.

In order to perform the ideogram method, the probability P (mt, JSF|sample)

for measuring the top quark mass, mt, and jet energy scale factor, JSF, given an

observed sample, is calculated according to Bayes’ theorem:

P (mt, JSF|sample) = P (sample|mt, JSF)× P (mt) P (JSF)

P (sample)
. (8.10)

Here the P (sample|mt, JSF) is a probability to observe the sample given mt and JSF,

and P (mt), P (JSF) and P (sample) present the prior knowledge of the mt, JSF and

the experimental outcome, respectively. The prior for the top quark mass P (mt) and

the sample P (sample) is taken to be flat inmt and data, and the resulting P (mt) and

P (sample) yield a constant factor in the total probability. The most likely mt and

JSF, given a certain sample, are those where the probability in Eq. 8.10 is maximal

or in terms of a ”likelihood”9 the maximal value of −2ln[L(mt, JSF| sample)].

First the mfit
t and mreco

W distributions are utilized to build probability density

functions Pj, which are derived separately for different permutations, where j rep-

9Denoting an unnormalized probability a “likelihood” L (mt, JSF| sample)
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resents the correct (cp), wrong (wp) or unmatched (un) permutation types. Since

the light quark jets in mfit
t are constrained to the W boson mass mW = 80.4 GeV by

the kinematic fit, mfit
t and mreco

W have a low correlation coefficient of 0,02. There-

fore, two probability density functions can be estimated, Pj
(
mfit

t |mt, JSF
)

and

Pj (mreco
W |mt, JSF), which depend on mt and JSF and are used to calculate the

two-dimensional permutation probability density:

P (mfit
t ,m

reco
W |mt, JSF) =

∑
j

fjPj (mfit
t |mt, JSF)× Pj (mreco

W |mt, JSF), (8.11)

where fj is the relative fraction of each permutation calculated for the simulated

sample which was generated withmgen
t =127.5 GeV. By taking the sum of the defined

P (mfit
t ,m

reco
W |mt, JSF), where each permutation is weighted by the goodness-of-fit

probability Pgof , defined in Section 8.3.4, a single-event likelihood is constructed:

L (event|mt, JSF) =
n∑

i=1

Pgof(i)P(mfit
t,i ,m

reco
W,i |mt, JSF), (8.12)

where i runs over n permutations in each event. By definition, individual event like-

lihoods are named ideograms. By taking the product over all single-event likelihood

the likelihood, for the whole sample can be calculated:

L (sample|mt, JSF) =
∏

events

(
L (event|mt, JSF)

)wevent
, (8.13)

where, additionally, an event weight wevent = c
∑n

i=1 Pgof (i) is introduced to reduce

the impact of events without correct permutations. The constant c normalizes the

average wevent to 1 and is defined as c = Nevents/
∑

events

wevent. Finally, by using the

prior knowledge for the JSF in the likelihood, the P (mt, JSF| sample) can be defined

as:

P (mt, JSF|sample) = L (sample|mt, JSF)× P (JSF). (8.14)

Unlike the similar analysis performed in the all-jets channel [232], the contribu-

tion from background is not included in the final expression for the lepton+jets

case. Since the faction of background events relative to the data corresponds to the

4.3%, which is found to be negligible at this stage of the analysis, the background

can be taking into account during the calibration of the method, as described in

Sections 8.4.3.

A different choice for the JSF prior P (JSF) in the likelihood fit, results in sev-

eral final measures of the mt and JSF. Thus, if the JSF is fixed to unity the

Pj(m
reco
W,i |mt, JSF) can be approximated as constant, since they hardly depend on

mt, as mentioned before. Hence, only the mfit
t observable is fitted, and this ap-

proach is called 1D method. The approach without including the prior knowledge
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on JSF is called 2D method and P (JSF) yields a constant factor. Finally, in the

“hybrid” method the prior knowledge from the jet energy correction, as discussed in

Section 6.5, is taken into account. Therefore, the prior P (JSF) is centered at 1.0 and

has a Gaussian shape with a width σprior = δJSF2D
stat

√
1/whyb − 1 = 0.0012, where

whyb = 0.3 is the relative weight assigned to the prior knowledge on the JSF derived

from the uncertainties in the jet energy corrections [13]. However, the value of whyb

for the current analysis is found to be lower than in the Run 1 analysis [7] where the

prior JSF knowledge contributes to 50% of the information. This is due to the larger

jet energy uncertainties at the beginning of Run 2. The statistical uncertainty in

the JSF expected for the 2D method is additionally utilized by δJSF2D
stat = 0.0008.

Thus, minimizing Eq. 8.14 yields the measurement of the parameters, mt and JSF.

8.4.2. Method implementation

The ideogram method is individually applied in the muon+jets and electron+jets

decay channels and the final result is given by multiplying the likelihood for both

cases, e.g., Ll+jets = Lµ+jets × Le+jets. The mass distribution (either mfit
t or mreco

W )

used by the likelihood function is derived for a particular generated top quark mass10

and jet energy scale factor11 and is referred to as a template. Thus, for any given top

quark mass and jet energy scale, the probability density function for mfit
t or mreco

W is

specified by fitting a functional form to the corresponding template.

The fitted top quark mass and reconstructed W boson mass distributions of correct

(cp), wrong (wp), unmatched (un) permutations, reconstructed for each subsample

and each decay channel, are fitted by the corresponding fit function. The top quark

mass of the correct permutations mfit
t,cp is fitted with a Voigt functions consisting of

the Breit-Wigner function convoluted with the Gaussian resolution function:

V (m;µ, σ,Γ ) =

∫
dm ′BW (m ′;µ,Γ )×G(m; m ′, σ), (8.15)

where µ corresponds to the mean value of the distribution, σ characterizes the Gaus-

sian resolution and Γ describes the width. The Breit-Wigner function represents the

expected distribution of the average invariant mass of the top quark and is described

as

BW (m;µ,Γ ) =
1

2π
· Γ

((m − µ)2) + Γ 2/4
, (8.16)

where the width is set to a value of 2 GeV, the standard model value of the top quark

decay width. The Gaussian function describes the experimental finite resolution and

is given as

G(m;µ, σ) =
1

σ
√

2π
· exp

((m− µ)2

2σ2

)
. (8.17)

10mt,gen of 166.5, 169.5, 171.5, 172.5, 173.5, 175.5 and 178.5 GeV
11JSF of 0.96, 0.98, 1.00, 1.02, 1.04
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The top quark mass of the wrong mfit
t,wp and unmatched mfit

t,un permutations is fitted

by a Crystal Ball function, which is described by a Gaussian that from one side is

cut off and then replaced with a power-law function, to account for the larger high

mass tail:

CB(m;µ, σ, α, n) = N ·


exp
(
− (m−µ)

σ

)−n

, for m−µ
σ

> −α

A ·
(
B − (m−µ)2

2σ2

)
, for m−µ

σ
6 −α

(8.18)

with

A =
( n

|α|
)n
· exp

(
− |α|

2

2

)
, B =

n

|α| − |α|. (8.19)

Finally, the mass of the W boson mreco
W,i for all permutations i = cp, wp, un is fitted

by the asymmetric Gauss function:

AG(m;µ, σ1 , σ2 ) =


1

σ1
√

2π
· exp

(
(m−µ)2

2σ2
1

)
, for m−µ

σ1
< 0

1
σ2
√

2π
· exp

(
(m−µ)2

2σ2
2

)
, for m−µ

σ1
> 0,

(8.20)

where µ is a mean value and σ1 and σ2 are resolutions. Examples for the template

shapes of the fitted top mass and the reconstructed W boson mass from each event

category in the muon+jets channel are shown in Fig. 8.12 and Fig. 8.13, respec-

tively. The same distributions for the electron+jets decay channel are presented in

Appendix A.5.

The distributions show the influence of the mt,gen and JSF variation to the re-

constructed distribution shape. However, the observable of mreco
W has mostly no

dependence on the generator top quark mass because mreco
W is distorted by the anal-

ysis selection and the weighting from the fit probability of the kinematic fit, which

requires the mass of two light jets to be equal 80.4 GeV.

The fitted parameters for correct, wrong and unmatched permutations show a

linear behavior as a function of the top quark mass and JSF. Therefore, the next

step is to determine the dependence of each free parameter of the fit on the input

mt,gen and JSF. It is possible to parametrize each free parameter from the template

fit using the relation

f(mt, JSF ) = p0 + p1(
mt

GeV
− 172.5) + p2(JSF − 1) + p3(

mt

GeV
− 172.5)(JSF − 1),

(8.21)

where parameter p0 denotes the mean value, p1 corresponds to the slope with respect

to the mt, p2 refers to slope with respect to the JSF, and p3 gives the correlation

strength between mt and JSF. To obtain all these parameters, all free parameters

from the template fits, namely parameters for the Gaussian mean and widths, are

fitted first as a linear function of (JSF − 1) for fixed mt,gen. Figure A.25 shows
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Figure 8.12.: Simulated mfit
t distributions of correct (left column), wrong (middle

column), and unmatched (right column) tt̄ permutations, for seven
generated masses mt,gen with JSF = 1 in the upper row and for five jet
scale factors with mt,gen = 172.5 GeV in the lower row for muon+jets
events. The vertical dashed line corresponds to mfit

t = 172.5 GeV.

Figure 8.13.: Simulated mreco
W distributions are shown for correct (left), wrong (mid-

dle), and unmatched (right) tt̄ permutations for five jet scale factors
with mt,gen = 172.5 GeV for muon+jets events. The vertical dashed
lines indicate the accepted value of the W boson mass of 80.4 GeV.

the parameters obtained for the mfit
t and mreco

W for the correct permutations in the

muon+jets channel, the results for wrong and unmatched permutations as well as

for the electron+jet channel are given in Appendix A.5. The dependence of the

mean and resolution on the JSF are visible. As expected, not much dependence for

different input values for mt,gen on mreco
W is visible, due to the kinematic fit used in

the analysis. The parameters obtained in terms of the JSF are fitted linearly as
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Figure 8.14.: The Gaussian mean (left) and resolution (right) of the mfit
t (upper row)

and mreco
W (lower row) distributions of correct tt̄ permutations, for seven

generated masses mt,gen and five JSF in the muon+jets events.

a function of ( mt

GeV
− 172.5). The result of the linear fitting is shown in Fig. 8.15

and Fig. 8.16, where the terms “const” denotes the central mass or its width, and

“slope” refers to the dependency on the JSF found in the previous step. The results

of the fitting procedure in the case of the wrong and unmatched permutations in

the electron+jets channel are given in Appendix A.5.

The parameters obtained from the second set of linear fits shown in Fig. 8.15 and

Fig. 8.16 correspond to the free parameters in Eq. 8.21 and are shown in Tab. 8.9

and 8.10 for mfit
t and mreco

W for all possible permutations in muon+jets and elec-

tron+jets channel, respectively.

By defining each free parameter of the template fit as a function of mt,gen and

JSF, the probability density for mfit
t or mreco

W is determined, i.e., Pcp(m
fit
t,i|mt, JSF ) ≡

V (mfit
t,i ;µ(mt, JSF ), σ(mt, JSF ),Γ ≈ 2 GeV), where i denotes the contributions cp,

wp, or un. Together with the permutation fractions fj, listed in Tab. 8.11 for both

muon and electron channels, the parameters are used to construct a joint likelihood

function. Finally, the most likely top quark mass and JSF is obtained by minimizing

the negative logarithm of the likelihood −2 lnL (mt, JSF|sample).

8.4.3. Method and statistical uncertainty validation

Due to neglecting the background contamination in the ideogram method as well

as the presence of some simplifications, e.g., fixing the values for the permutation

fraction, a possible bias may arise in the estimate of mt. Therefore, the method is
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Figure 8.15.: The Gaussian mean (upper left) and resolution (lower left) and their
dependency on JSF (upper and lower right) of the mfit

t distributions
of correct tt̄ permutations, for seven generated masses mt,gen in the
muon+jets events.

calibrated for each combination of seven mt,gen values and the five JSF scales using

Monte Carlo simulation. Both the bias on the measured mass and the correctness

of the estimation of the statistical uncertainty are studied by applying an ensemble

test, in which 10 000 pseudo-experiments, separately for the muon and electron

channels12, are generated, each matching the size of the observed data13 sample. The

background processes used in the analysis are included in the pseudo-experiments.

The calibration is done only for the 2D approach, but is valid for the 1D and hybrid

approaches.

First, for eachmt,gen -JSF combination, the corresponding set of pseudo-experiments

is constructed. For each such set, the most probable top quark mass mt,extr and jet

12The number of selected events in data in the muon+jets channel is 101992, while in electron+jets
channel it corresponds to 59504 events

13The number of events in each pseudo-experiment is given by a Poisson distribution around the
number of events observed in data for the individual or combined channels.
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Figure 8.16.: The Gaussian mean (upper left) and its widths (middle and lower
left) and their respective dependency on JSF (upper, middle and lower
right) of the mreco

W distributions of correct tt̄ permutations, for seven
generated masses mt,gen in the muon+jets channel.
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Table 8.9.: Parameters of the fit functions V (m;µ, σ,Γ ≈ 2 GeV) for mfit
t,cp,

CB(m;µ, σ, α, n) for mfit
t,cp and mfit

t,un and AG(m;µ, σ1, σ2) for mreco
W for

the muon+jets channel. The parameter p0 denotes the mean value, p1 is
the slope with respect to the mt, p2 is the slope with respect to the JSF,
and p3 gives the correlation strength between mt and JSF.

Distribution Permutation Parameter p0 p1 p2 p3

mfit
t

correct
µ 168.903 0.966648 72.7285 0.673338
σ 11.2474 0.0990394 10.1094 0.114957

wrong
µ 171.372 0.951018 85.962 0.747902
σ 29.904 0.463822 31.7932 0.291482
α 0.352363 0.00413678 0.276496 0.00285401

unmatched
µ 166.662 0.795324 73.9572 0.730175
σ 22.9724 0.267643 14.1756 -0.296404
α 0.766839 0.00699443 0.415425 -0.0218869

mreco
W

correct
µ 81.7215 0.0168941 42.2974 0.51165
σ1 6.72345 -0.00370375 10.386 0.342442
σ2 7.95257 -0.0243178 2.39579 -0.351668

wrong
µ 81.4659 0.0508487 41.8046 0.387282
σ1 6.66013 0.0174422 11.1738 0.376439
σ2 8.29277 8.29277 -0.992615 -0.0444368

unmatched
µ 81.5526 0.0114018 21.9529 0.390227
σ1 7.60138 -0.00556115 8.78498 0.224483
σ2 11.2402 -0.0213487 -11.6002 -0.216464

scale factor JSFextr are extracted, as shown in Fig. 8.17 for the muon+jets chan-

nel. For every pseudo-experiment set, the top quark mass and JSF are fitted by a
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Table 8.10.: Parameters of the fit functions V (m;µ, σ,Γ ≈ 2 GeV) for mfit
t,cp,

CB(m;µ, σ, α, n) for mfit
t,cp and mfit

t,un and AG(m;µ, σ1, σ2) for mreco
W for

the electron+jets channel. The parameter p0 denotes the mean value,
p1 is the slope with respect to the mt, p2 is the slope with respect to
the JSF, and p3 gives the correlation strength between mt and JSF.

Distribution Permutation Parameter p0 p1 p2 p3

mfit
t

correct
µ 169.016 0.951853 75.6938 0.810477
σ 11.1851 0.0977989 10.1927 0.0122348

wrong
µ 172.74 0.693914 90.9727 3.67504
σ 30.7825 0.168547 34.1595 2.33937
α 0.337052 0.000273241 0.210567 0.0417988

unmatched
µ 166.643 0.81974 77.3164 0.788619
σ 22.6301 0.271993 14.2216 -0.376767
α 0.759073 0.00830221 0.277106 0.00247072

mreco
W

correct
µ 81.8772 0.0426048 44.7667 -0.227307
σ1 6.73424 0.021648 12.6037 -0.0950635
σ2 7.8487 -0.0257919 0.17861 0.227245

wrong
µ 81.7721 0.0194891 44.6181 -0.617021
σ1 6.75697 0.0184562 14.1412 -0.403639
σ2 8.05543 -0.0130362 -2.98919 0.450587

unmatched
µ 81.6445 0.0256832 17.3373 -0.0105077
σ1 7.62231 0.0100573 6.37459 0.0360975
σ2 11.2211 -0.0134243 -8.22603 -0.0621621

Table 8.11.: Relative permutation fractions fj for the muon+jets and electron+jets
channels.

µ+ jets e+ jets

fcp 0.451 0.468
fwp 0.157 0.154
fun 0.393 0.377

Gaussian function that is used to extract the biases:

mass bias =
〈
mt,extr −mt,gen

〉
, (8.22)

JSF bias =
〈
JSFextr − JSF

〉
, (8.23)

where the mean value and widths of the Gaussian refer to the exacted value and its

uncertainty for the current sample of the pseudo-experiments. Figure 8.18 shows

small deviations in the top quark mass and in the JSF as a function of mt,gen

calculated for each set of pseudo-experiments. For each generated JSF, the biases are

fitted with a linear function. The parameters of the fits are used to derive calibration

factors for the extracted values, similarly to the template paremetrization, using

Eq. 8.21. The calibration parameters depend linearly on mt ans JSF, and on the

product of the two. They are listed in Tab. 8.12. Applying this calibration to
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Figure 8.18.: The bias values of mt and JSF, before the calibration, as a func-
tion of different generated mt,gen and five values of JSF for the muon
channel (left) and the electron channel (right). The colored dashed
lines correspond to straight line fits, the black solid line corresponds
to a constant fit to all calibration points. The error bars indicate the
statistical uncertainty in the mean difference.

Table 8.12.: The calibration parameters used to correct the biases in top quark mass
and JSF in the muon+jets and electron+jets decay channels. The pa-
rameter p0 denotes the mean value, p1 is the slope with respect to the
mt, p2 is the slope with respect to the JSF, and p3 gives the correlation
strength between mt and JSF.

Channel Parameter p0 p1 p2 p3

µ+jets
mt -6.14649 ×10−1 -1.62321 ×10−2 3.16208 2.96164 ×10−2

JSF -6.37079e ×10−4 -9.25061 ×10−5 -4.82111 ×10−2 1.51420 ×10−3

e+jets
mt -4.20965 ×10−1 -5.56753 ×10−2 7.40424 2.29851 ×10−1

JSF -4.25533 ×10−4 3.03672 ×10−4 -9.15393 ×10−2 -2.03800 ×10−3

the extracted values of mt,extr and JSFextr, all biases in the measured values are

negligible. A final validation using pseudo-experiments is shown in Fig. 8.19, which

shows that the calibrated top quark mass mt,cal and jet scale factor JSFcal agree

with the input values of mt and JSF, indicating that the biases are close to zero.

In order to validate the estimated statistical uncertainty of the method the pull

distribution for every pseudo-experiment is studied. The pull is defined as

mass pull =
mt,cal −mt,gen

σ(mt,cal)
, (8.24)

JSF pull =
JSFcal − JSF

σ(JSFcal)
, (8.25)

where σ(mt,cal) and σ(JSFcal) is the statistical uncertainty of an individual mt,cal and
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Figure 8.19.: Mean difference between the calibrated and generated values of mt

and JSF as a function of different generated mt,gen and five values of
JSF for the muon channel (left) and the electron channel (right) [10].
The colored dashed lines correspond to straight line fits, the black solid
line corresponds to a constant fit to all calibration points. The error
bars indicate the statistical uncertainty in the mean difference.

JSFcal for a pseudo-experiment at mt,gen and JSF, respectively. The pull distribution

for all calibrated pseudo-experiments is fitted with a Gaussian function in order to

extract the width, which is called the pull width. The deviation of the pull width

from unity gives the correction for the statistical uncertainties of the method and

is found to have a size of 5% as shown in Fig. 8.20. Therefore, the pull values are

varied within 5% for different top quark masses and JSF values. However, this effect

is negligible as the expected statistical uncertainty in mt in the 2D approach is only

0.11 GeV and 0.15 GeV in the muon+jets and electron+jets channels, respectively.

This is much smaller than the systematic error.
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Figure 8.20.: The pull widths of the mt and JSF as a function of different gen-
erated mt,gen and five values of JSF for the muon channel (left) and
the electron channel (right). The colored dashed lines correspond to
straight line fits. The black solid line corresponds to a constant fit to
all calibration points assuming no dependence on mt or JSF.

8.5. Systematic uncertainties

The ideogram method used for the top quark mass measurement as well as its cal-

ibration rely on Monte Carlo simulation. Therefore, in order to avoid any bias

between data and simulation, at least 10 000 pseudo-experiments for each system-

atic variation are produced. Each pseudo-experiment corresponds to an integrated

luminosity of 35.9 fb−1. The shift in the mean value of the Gaussian fit to the en-

semble of the top quark mass or JSF compared to the default value gives the size of

the corresponding systematic uncertainty. Both positive and negative signs of the

shifts are possible, where the positive ones appear if a variation to a lower value

leads to a higher extracted mt, and vice versa. To determine the impact of each

uncertainty, up and down variations are performed, changing the parameters by ±1

standard deviation, where the largest observed shift on the result is taken as the

corresponding systematic uncertainty.

Three different sets of systematic uncertainties for several systematic sources are

calculated, using 2D, 1D and hybrid approaches, as mentioned in Section 8.4.1, and

are shown in Tab. 8.19 for lepton+jets, Tab. 8.20 for muon+jets, and Tab. 8.21 for

electron+jets channels. In the 2D approach, no prior knowledge about jet energy

correction is assumed (that is, a flat prior is used), and both mt and JSF are evalu-

ated. In the 1D approach, the JSF is fixed to unity in Eq. 8.14 by P (JSF) = δ (1),

and only mt results are shown. In order to combine 1D results with 2D results, a

relative weight is introduced and used in the hybrid approach. The relative weight
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of the 1D approach is calculated by

w1D
hyb =

(
σ2D

JSF

)2
/
( (
σ2D

JSF

)2
+ (σc

JSF)2
)
, (8.26)

where σ2D
JSF is the statistical uncertainty obtained for the JSF in the 2D approach and

σc
JSF corresponds to the Gaussian width that is used to define the prior knowledge of

JSF, i.e., P (JSF) is chosen to be a Gaussian constrained with JSF = 1 ±σc
JSF. Thus,

by choosing the σc
JSF, it helps to extrapolate between the 1D and 2D approaches,

where σc
JSF → ∞ selects the 2D method and σc

JSF → 0 selects the 1D method. In

this work the relative weight w1D
hyb = 0.3 is used in the hybrid approach, as explained

in more detail in Section 8.6.

The relevant systematic uncertainties considered for this analysis and the meth-

ods used to evaluate them, are described in the following. The three main category

groups of systematic uncertainties sources are the experimental uncertainties, mod-

eling of the hadronization of the hard scattering process and of the non-perturbative

QCD contributions. The tt̄ signal samples used for the systematic uncertainties es-

timation are listed in Tab. 8.4. More detailed information about the exact extracted

mass for each sample and all signs of the shifts of the systematic variations are given

in the Appendix A.6. Shifts shown in brackets are shown as an overview over dif-

ferent uncertainty categories and are not used in the total uncertainty calculation.

The total systematic uncertainty in the top quark mass and JSF measurement is

done by adding all contributions in quadrature.

8.5.1. Experimental uncertainties

Systematic uncertainties arise from non perfect detector response and from the as-

sumptions employed by the method to infer the measured values.

Method calibration: To account for the non-linear effects of the method calibration,

the quadratic sum of statistical uncertainty and residual biases obtained after

the calibration is used as a systematic uncertainty.

Jet energy correction: The jet energy correction (JEC) is one of the most domi-

nant sources of uncertainty in the current measurement. The effect arises due

to the direct relation between mt, JSF, and the jet energy scale. Thus, the

limited ability to reconstruct the jet-dependent kinematic variables is taking

into account by estimating the pT- and η-dependency of jet energy uncer-

tainties. It is implemented by up and down scaling the energies of all jets

using the data/MC scale factors [177] obtained during the JEC estimation.

More details on the procedure for the jet energy correction determination

can be seen in Section 6.5. The JEC uncertainty includes several individual

sources. They can be splitted into multiple categories, as shown in [233] for
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the Summer16_23Sep2016V4 uncertainties set. The InterCalibration, MPFIn-

Situ and Uncorrelated groups are used in the analysis, each of them covers the

different correlation groups of ATLAS/CMS uncertainties, that makes it eas-

ier to combine this result with other experiments. The InterCalibration is an

η-dependent correction that stems from the FSR modeling. The MPFInSitu

is a correction for the differences in the Emiss
T projection on the jet versus FSR

in the data and simulation. The Uncorrelated correction corresponds to the

difference between a pT-dependent and flat residual correction for data only.

Jet energy resolution: The jet energy resolution (JER) is taken into account in ad-

dition to uncertainties in the reconstructed jet energy, by smearing the energy

of jets in the MC events to match the data. The JER depends on η and pT

and is modified in the simulation by varying it with ± 1 standard deviations

with respect to the resolution in data [180].

b tagging: The b tagging uncertainty is the uncertainty in the misidentification

rates and the efficiency of the identification of the b-jets using the CSVv2M

tagging algorithm [187]. It is estimated as the deviation between the nominal

value of mt or JSF and that computed after adjusting the b-tagging scale

factors by their reported uncertainties.

Pileup: The number of pileup events are considered and added to the simulated

hard scattering events, by reweighing the simulated pileup events to the data,

as shown in Fig. 8.1. The uncertainty due to the pileup is estimated by varying

the inelastic pp cross section by ±4.6% for all MC simulated samples, where

the inelastic pp cross section is determined from the number of reconstructed

vertices in Z → µ+µ− events as 69.2 ± 3.2 mb and is used together with

the instantaneous luminosity to determine the number of pp interactions per

bunch crossing.

Non-tt̄ background: The sensitivity of the measurement on the choice of non-tt̄

background model is evaluated by varying cross-section predictions used for

the normalization of the non-tt̄ background samples. Thus, the normalization

of the W+jets background samples is varied by ±30%, and for the Z+jets, the

di-boson samples, and for the single top samples by ±10%, and for the QCD-

multijet samples by ±100%. The luminosity that is used for the background

normalization, is centrally measured by CMS using Van der Meer scans and

has a corresponding uncertainty of 2.5% [11], which is found to be negligible,

compared to the theory cross-section predictions variations.

The lepton modelling uncertainties together with the uncertainties in the missing

transverse energy14 are found to be negligible and are not used for the total system-

atic calculation. The lepton modelling uncertainties include the uncertainties oi the

14All changes in the energies for the lepton or jets are propagated to the MET.
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lepton identification efficiency, reconstruction efficiency, trigger efficiency and the

lepton isolation efficiency. The missing transverse energy uncertainty is evaluated

by scaling the energy of the PF candidates that are not clustered into a jet with pT

> 10 GeV, 10% up and down.

8.5.2. Modeling uncertainties

The impact of the theoretical assumptions in the modeling of the hard scattering pro-

cess and of the non-perturbative QCD is discussed in the following. The correspond-

ing systematic uncertainty sources are estimated by using the dedicated tt̄ samples,

which are produced by varying the parameters within one model, powheg v2 +

pythia8 with the CUETP8M2T4 tune.

Modeling of hadronization

The uncertainty in the jet response for each flavor as well as the impact of b quark

fragmentation hardness is evaluated.

Flavor jet energy response: The largest uncertainty in this analysis arises due to

the flavor JEC. Since the difference in the response (pT /pT,particle−level) for dif-

ferent jet flavors comes mostly from the variations in jet fragmentation energy,

the Lund string fragmentation implemented in pythia 6.4 [16] is compared

to the cluster fragmentation of herwig++ 2.4 [102] for the flavor JEC un-

certainty evaluation. This is performed by varying the jet energies according

to the response differences observed between pythia 6.4 and herwig++ [13]

models with respect to the Z+jets flavor mixture. pythia 6.4 and herwig++

generators rely on a large set of tuning parameters that allow to modify the

individual fragmentation of jets initiated from gluons, light quarks, and b

quarks. Therefore, the uncertainty evaluation is done individually for each jet

flavor, namely jets initiated from gluons, light quarks, charm quarks, and b

quarks. These uncertainties are added linearly.

b jet modeling: The b jet modeling uncertainty includes three components that

are implemented using event weights. The first two stem from the non-

perturbative b quark fragmentation function, that accounts the momentum

transfer from the b quark to the B hadron, which can be measured from

data. The most sensitive observable for the b fragmentation function is xB =

pT(B)/pT(b jet) that was measured by the ALEPH [234] and DELPHI [235]

collaborations and is used to vary the fragmentation into b hadrons in simu-

lation. Thus, two scenarios of the fragmentation functions, Bowler–Lund and

Peterson, are used and tuned in pythia 8 to the xB data. The difference of the

results according to the ones given by these two approaches is quoted as an un-

certainty. Similarly the semileptonic b hadron branching fraction may change
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the b jet energy response significantly. Therefore, the semileptonic branching

ratio of B hadrons is varied by −0.45% and +0.77%, which is the range given

by the measurements of the B0/B+decays and their uncertainties [18]. These

uncertainties are added in quadrature to the total systematic uncertainty.

Modeling of the hard scattering process

Parton distribution functions: The PDF4LHC [236] prescriptions are used to cal-

culate the uncertainty due to the choice of the parton distribution functions

(PDFs). The updated NNPDF3.0 PDF sets [83] for αS(m2
Z) =0.118 at NLO,

which include more recent data on gauge boson and inclusive jets production

from ATLAS, CMS and LHCb, results from H1 and ZEUS on HERA inclusive

structure function from Run 2 data, and W+charm and top quark pair pro-

duction, are used in the generation of simulated events. Since NNPDF sets

are based on 100 MC replicas, the PDF uncertainties are evaluated by making

a distribution of the measured observable, i.e mt, for each replica. The largest

deviation is considered as the PDF uncertainty. In addition, the value of αS

used by the NNPDF30 PDF set was varied by ±0.001. Both uncertainties are

added in quadrature.

Renormalization and factorization scales: The uncertainty given by the amount

of radiation outside the top quark decays in the simulated events is estimated

by changing the choice of the renormalization (µR) and factorization (µF)

scales in powheg, which are set to µR = µF = Q2 with the scale of the hard

processes Q2 = m2
t +

∑
p2

T, where the p2
T of all additional final-state partons

in the ME calculations is summed. The µR and µF scales are varied by factors

of 0.5 and 2. The systematic uncertainty is given by the largest difference with

respect to the nominal µR and µF scales.

Matrix element/parton shower matching: The matching of the matrix elements

(ME) in powheg to the pythia parton showers (PS) is done by a dedicated

factor hdamp = 1.58+0.66
−0.59 [110] used in powheg. hdamp regulates the damping

of the real emissions when matching to the PS in the NLO calculation. hdamp

is varied within the considered uncertainties and corresponding additional tt̄

samples are produced, which are used to perform the uncertainty in the ME/PS

matching.

ISR PS scale: To account for an additional hard parton from initial state radiation

(ISR) for tt̄ events the corresponding parton shower scale value in pythia is

scaled up by 2 and down by 0.5. The uncertainty in the ISR is estimated with

the dedicated samples produced for the up and down scale variation. These

samples are used to estimate the effect of the choice of ISR αS.



166 8. Top quark mass measurement

FSR PS scale: Dedicated samples for the up and down variation of the parton

shower scale value used for the simulation of final state radiation in pythia

are used to derive the uncertainty in the FSR modeling. The parton shower

scale value [116] is scaled up by
√

2 and down by 1/
√

2. This affects the

fragmentation and hadronization of the jets initiated by the matrix-element

calculation and the possible emission of extra jets. Additionally, it was found

that the jet energy response of the light quarks in the varied FSR samples is

different by ±1.2% compared to the nominal sample. This response difference

would be removed by corresponding residual jet energy corrections derived

based on γ/Z+jet simulations with the same parton shower scale. Therefore,

the momentum of all jets in the dedicated FSR samples are scaled to match

the energy response for light quark induced jets in the default samples.

ME-generator: The effect of the different matrix element generators is estimated by

using MC samples with mg5 amc@nlo generator and the FxFx matching [104]

instead of the powheg v2 generator used as default.

Top pT: Recent calculations suggest that the pT spectrum of the individual top

quarks is strongly affected by next-to-next-to-leading-order effects [237]. More-

over, the top pT spectrum in data is found to be softer than predicted by the

simulation. Therefore, the top pT in simulation is varied to match the dis-

tribution measured by CMS [238, 239] and its effect on the measurement is

quoted as a systematic uncertainty.

Modeling of non-perturbative QCD

Underlying event: The pythia parameters are tuned to the measurements of the

underlying event [110, 116] that accounts for non-pertubative QCD effects.

Thus, the uncertainty in the modding of the underlying event is estimated by

varying the parameters of the tune within their uncertainties.

Color reconnection modeling: To account for color reconnection (CR) effects ac-

curing during the multiple parton interactions, two new alternative models of

color reconnection are used. The “QCD inspired” [14] model that describes

the string formation beyond leading color, and the “gluon move” [15] model

that can move the gluons from one string to another string such that the total

color string is as short as possible. More details on the models are given in

Section 5.1. These two models are tuned to measurements of the underlying

event [110, 116], as shown in Section 5.1. The new pythia 8 samples for the

corresponding CR tunes are produced and compared to default samples with

the “MPI based” CR model. The largest observed shift is considered as CR

systematic uncertainty.
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Early resonance decays: Additionally, the effects of color reconnection on the top

decay products can be used in pythia 8 by turning on the early resonance

decays (ERD), while in the default sample the ERD are turned off. All pos-

sible shifts in the CR and ERD in lepton+jets, muon+jets and electron+jets

channels are listed in Tab. 8.13, 8.14 and 8.15, respectively.

Table 8.13.: Observed shifts for different color reconnection scenarios for the lep-
ton+jets data set. The default results (def.) are compared to the
various CR and ERD results. Bold values are used for the color re-
connection systematic.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

def. to ”gluon move” (both ERD on) 0.34 –0.001 0.23 0.31 –0.001
def. to ”QCD inspired” (both ERD on) –0.11 –0.001 –0.19 –0.13 –0.001
def. ERD off to on –0.22 0.008 0.42 –0.03 0.005
”gluon move” ERD on and off –0.24 –0.006 –0.72 –0.38 –0.004
def. to ”gluon move” (both ERD off) –0.11 0.001 –0.06 –0.10 0.000
”QCD inspired” to ”gluon move” (both ERD on) 0.45 –0.000 0.42 0.44 <0.001

Table 8.14.: Observed shifts for different color reconnection scenarios for the
muon+jets data set. The default results (def.) are compared to the
various CR and ERD results. Bold values are used for the color recon-
nection systematic.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

def. to ”gluon move” (both ERD on) 0.29 –0.001 0.21 0.27 –0.001
def. to ”QCD inspired” (both ERD on) –0.15 –0.001 –0.22 –0.17 –0.001
def. ERD off to on –0.15 0.008 0.47 0.04 0.005
”gluon move” ERD on and off –0.31 –0.006 –0.76 –0.45 –0.004
def. to ”gluon move” (both ERD off) –0.17 0.001 –0.07 –0.14 0.001
”QCD inspired” to ”gluon move” (both ERD on) 0.44 –0.000 0.43 0.44 <0.001

Table 8.15.: Observed shifts for different color reconnection scenarios for the elec-
tron+jets data set. The default results (def.) are compared to the
various CR and ERD results. Bold values are used for the color recon-
nection systematic.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

def. to ”gluon move” (both ERD on) 0.42 –0.002 0.26 0.37 –0.001
def. to ”QCD inspired” (both ERD on) –0.03 –0.001 –0.14 –0.06 –0.001
def. ERD off to def. ERD on –0.34 0.008 0.34 –0.14 0.006
”gluon move” ERD on and off –0.08 –0.007 –0.65 –0.25 –0.005
def. to ”gluon move” (both ERD off) 0.00 –0.001 –0.05 –0.02 0.000
”QCD inspired” to ”gluon move” (both ERD on) 0.45 –0.001 0.40 0.43 <0.001
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8.5.3. Discussion of the systematic uncertainties

The total expected uncertainty in the top quark mass measurement, incorporating

statistical and systematic effects, is found to be 0.62 GeV in lepton+jets, 0.64 GeV

in muon+jets and 0.69 GeV in electron+jets events and is fully dominated by the

systematic uncertainty for the hybrid method.

The usage of the JSF as a nuisance parameter in the fit and its constraint by

the mreco
W observable helps to reduce not only the uncertainties coming from the jet

energy corrections, but also the modeling uncertainties, as can be seen from the

summary tables. Thus, the remaining systematic uncertainties are dominated by

effects that cannot be compensated through the simultaneous estimation of mt and

JSF. For example, the uncertainties in the flavor-dependent jet energy corrections

cannot be reduced by using the JSF, since it is an overall energy scale factor derived

mainly on light flavor jets and applied to all other jets. Other large uncertainties arise

from the jet energy corrections, ME generator, color reconnection modeling, and

early resonance decays, where the mfit
t observable is effected sometimes differently

than mreco
W .

Even though the uncertainty in the color reconnection (CR) is found to be larger

than that in Run 1, the better understanding of the CR of the partons belonging to

the different multiple parton interactions (MPI) occurring within the same collision

are now summarized in [14] and [15]. Hence, the usage of the various CR models

allows more reliable estimation of CR effects on the measurement. While in Run 1,

due to the lack of the studies on the CR, the CR uncertainties were treated by only

observing the effect of an underlying event tune without CR.

In addition to the default powheg v2 + pythia8 samples, the tt̄ sample provided

with amc@nlo is now used in the analysis. The results obtained in the lepton+jets,

muon+jets and electron+jets channels for the setups with the amc@nlo generator

and the FxFx matching [104], amc@nlo with the MLM matching [103] (both in-

terfaced to pythia8), and powheg v2 interfaced to herwig++ [102] (v2.7.1) with

the tune EE5C [111], are summarize in Tab. 8.16, 8.17 and 8.18, respectively. They

show rather large shifts. This effect is already confirmed by another analysis [110],

which found that the alternative generator setups do not describe the data well, as

shown in Chapter 9. Therefore, only the amc@nlo FxFx + pythia8 is used as an

alternative generator in the evaluation of the ME generator uncertainty, as shown

before. A very large shift for powheg v2 + herwig++ was observed, which is due

to the fact that matrix-element corrections to the top decay are not applied in the

herwig++ sample.

In order to study the data agreement and the kinematic dependence of these

generator setups and the color reconnection models, an additional study is performed

as reported in Sec. 9.1.
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Table 8.16.: Observed shifts for different ME-generators systematic for the lep-
ton+jets data set.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

pythia 8 to madgraphMLM 0.82 0.000 0.80 0.82 0.000
pythia 8 to powheg herwigpp –4.39 0.014 –3.26 –4.06 0.010
pythia 8 to aMCatNLOFXFX 0.19 0.001 0.29 0.22 0.001

Table 8.17.: Observed shifts for different ME-generators systematic for the
muon+jets data set.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

pythia 8 to madgraphMLM 0.68 0.001 0.77 0.70 0.001
pythia 8 to powheg herwigpp –4.37 0.014 –3.31 –4.06 0.010
pythia 8 to aMCatNLOFXFX 0.28 –0.001 0.23 0.26 –0.000

Table 8.18.: Observed shifts for different ME-generators systematic for the elec-
tron+jets data set.

2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

pythia 8 to madgraphMLM 1.09 –0.003 0.86 1.02 –0.002
pythia 8 to powheg herwigpp –4.42 0.015 –3.18 –4.05 0.010
pythia 8 to aMCatNLOFXFX –0.01 0.005 0.38 0.11 0.003
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Table 8.19.: List of systematic uncertainties for the fit to the lepton+jets data set.
2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

( GeV) ( GeV) ( GeV)

Experimental uncertainties

Method calibration 0.05 <0.001 0.05 0.05 <0.001
Jet energy corrections (quad. sum) 0.13 0.002 0.83 0.18 0.003
– JEC: InterCalibration (0.02) (<0.001) (0.16) (0.04) (<0.001)
– JEC: MPFInSitu (0.01) (<0.001) (0.23) (0.07) (<0.001)
– JEC: Uncorrelated (0.13) (0.002) (0.78) (0.16) (0.003)
Jet energy resolution 0.08 0.001 0.04 0.04 0.001
b tagging 0.03 <0.001 0.01 0.03 <0.001
Pileup 0.08 0.001 0.02 0.05 0.001
Non-tt̄ background 0.04 0.001 0.02 0.02 0.001

Modeling of hadronization

JEC: Flavor (linear sum) 0.42 0.001 0.31 0.39 <0.001
– light quarks (uds) (+0.10) (-0.001) (-0.01) (+0.06) (-0.001)
– charm (+0.02) (<0.001) (-0.01) (+0.01) (<0.001)
– bottom (-0.32) (<0.001) (-0.31) (-0.32) (<0.001)
– gluon (-0.22) (+0.003) (+0.02) (-0.15) (+0.002)
b-jet modeling (quad. sum) 0.13 0.001 0.09 0.12 <0.001
– b fragmentation Bowler-Lund (0.07) (< 0.001) (0.01) (0.05) (<0.001)
– b fragmentation Peterson (0.04) (< 0.001) (0.05) (0.04) (<0.001)
– semileptonic B hadron decays (0.11) (< 0.001) (0.08) (0.10) (<0.001)

Hard scattering and radiation

PDF 0.02 0.001 0.02 0.02 <0.001
Ren. and fact. scale 0.02 0.001 0.02 0.01 <0.001
ME/PS matching threshold 0.08 0.001 0.03 0.05 0.001
ME generator 0.19 0.001 0.29 0.22 0.001
ISR PS scale 0.07 0.001 0.10 0.06 <0.001
FSR PS scale 0.24 0.004 0.22 0.13 0.003
Top quark transverse momentum 0.02 0.001 0.06 0.01 0.001

Modeling of non-perturbative QCD

Underlying event 0.10 0.001 0.01 0.07 0.001
Early resonance decays 0.22 0.008 0.42 0.03 0.005
Color reconnection modeling 0.34 0.001 0.23 0.31 0.001

Total systematic 0.71 0.010 1.09 0.62 0.008

Statistical (expected) 0.09 0.001 0.05 0.07 0.001

Total (expected) 0.72 0.010 1.09 0.62 0.008
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Table 8.20.: List of systematic uncertainties for the fit to the muon+jets data set.
2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

Experimental uncertainties

Method calibration 0.05 <0.001 0.05 0.05
Jet energy corrections (quad. sum) 0.11 0.002 0.81 0.19 0.003
– JEC: InterCalibration (0.03) (<0.001) (0.15) (0.04) (<0.001)
– JEC: MPFInSitu (0.01) (<0.001) (0.23) (0.07) (0.001)
– JEC: Uncorrelated (0.11) (0.002) (0.76) (0.17) (0.003)
Jet energy resolution 0.08 0.001 0.04 0.04 0.001
b tagging 0.03 0.000 0.01 0.02 0.00
Pileup 0.08 0.001 0.02 0.05 0.001
Non-tt̄ background 0.03 0.001 0.08 0.00 0.001

Modeling of hadronization

JEC: Flavor (linear sum) 0.43 0.001 0.34 0.40 0.001
– light quarks (uds) (-0.9) (-0.001) (+0.02) (+0.08) (-0.001)
– charm (-0.02) (<0.001) (+0.01) (-0.01) (<0.001)
– bottom (+0.31) (<0.001) (+0.31) (-0.30) (<0.001)
– gluon (+0.23) (+0.003) (<0.01) (-0.17) (0.002)
b-jet modeling (quad. sum) 0.08 0.001 0.07 0.07 <0.001
– b fragmentation Bowler-Lund (0.06) (0.001) (0.01) (0.04) (<0.001)
– b fragmentation Peterson (< 0.01) (< 0.001) (0.04) (0.01) (<0.001)
– semi-leptonic B hadron decays (0.06) (< 0.001) (0.06) (0.06) (<0.001)

Hard scattering and radiation

PDF 0.03 0.000 0.03 0.03 0.00
Ren. and fact. scale 0.02 0.001 0.02 0.02 0.001
ME/PS matching threshold 0.09 0.001 0.02 0.07 0.001
ME generator 0.28 0.001 0.23 0.26 <0.001
ISR PS scale 0.10 < 0.001 0.13 0.11 <0.001
FSR PS scale 0.32 0.005 0.28 0.20 0.004
Top quark transverse momentum <0.01 0.001 0.06 0.02 0.001

Modeling of non-perturbative QCD

Underlying event 0.06 0.001 0.08 0.04 0.001
Early resonance decays 0.15 0.008 0.47 0.04 0.005
Color reconnection modeling 0.29 0.001 0.22 0.27 0.001

Total systematic 0.73 0.010 1.16 0.64 0.008

Statistical (expected) 0.11 0.001 0.07 0.08 0.001

Total (expected) 0.74 0.010 1.16 0.64 0.008
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Table 8.21.: List of systematic uncertainties for the fit to the electron+jets data set.
2D approach 1D approach Hybrid

δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

Experimental uncertainties

Method calibration 0.05 <0.001 0.05 0.05
Jet energy corrections (quad. sum) 0.15 0.002 0.87 0.17 0.003
– JEC: InterCalibration (0.03) (<0.001) (0.17) (0.05) (0.001)
– JEC: MPFInSitu (0.01) (<0.001) (0.24) (0.07) (0.001)
– JEC: Uncorrelated (0.15) (0.003) (0.82) (0.15) (0.003)
Jet energy resolution 0.08 0.001 0.05 0.04 0.001
b tagging 0.04 0.000 0.02 0.03 0.00
Pileup 0.07 0.001 0.04 0.04 0.001
Non-tt̄ background 0.06 <0.001 0.08 0.07 <0.001

Modeling of hadronization

JEC: Flavor (linear sum) 0.40 0.001 0.28 0.37 0.001
– light quarks (uds) (+0.11) (-0.001) (-0.02) (+0.07) (-0.001)
– charm (+0.03) (<0.001) (-0.01) (+0.01) (<0.001)
– bottom (-0.33) (<0.001) (-0.31) (-0.32) (<0.001)
– gluon (-0.21) (0.003) (+0.06) (-0.13) (0.002)
b-jet modeling (quad. sum) 0.24 0.001 0.12 0.20 <0.001
– b fragmentation Bowler-Lund (0.07) (0.001) (0.01) (0.05) (<0.001)
– b fragmentation Peterson (0.12) (0.001) (0.07) (0.10) (<0.001)
– semi-leptonic B hadron decays (0.20) (0.001) (0.10) (0.17) (0.001)

Hard scattering and radiation

PDF 0.03 0.000 0.01 0.03 0.00
Ren. and fact. scale 0.03 0.001 0.02 0.02 0.001
ME/PS matching threshold 0.06 0.001 0.07 0.03 0.001
ME generator 0.01 0.005 0.38 0.11 0.003
ISR PS scale 0.15 0.002 0.05 0.10 0.001
FSR PS scale 0.09 0.003 0.19 0.01 0.002
Top quark transverse momentum 0.03 0.001 0.06 <0.01 0.001

Modeling of non-perturbative QCD

Underlying event 0.30 0.002 0.11 0.24 0.002
Early resonance decays 0.34 0.008 0.34 0.14 0.006
Color reconnection modeling 0.42 0.002 0.26 0.37 0.001

Total systematic 0.82 0.011 1.12 0.67 0.009

Statistical (expected) 0.15 0.001 0.09 0.13 0.001

Total (expected) 0.84 0.011 1.12 0.69 0.009
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8.6. Results

The top quark mass mt and jet energy scale factor JSF are measured in this thesis

using the ideogram method, which is applied to the LHC pp collision data col-

lected by CMS at a center of mass energy of 13 TeV. The corresponding integrated

luminosity is 35.9 fb−1.

Considering the performed calibration of the utilized method, obtained using sim-

ulated events, the measured quantities with the corresponding statistical and sys-

tematical uncertainties are given. The statistical uncertainty is calculated applying

the condition −2∆lnL (mt, JSF|sample) = 1. The results are performed for three

approaches in the combine lepton+jets decay channel as well as individually in the

muon+jets and electron+jets cases.

2D approach results: Using the 161 496 events in the lepton+jets decay channel,

the 2D approach yields

m2D
t = 172.40± 0.09 (stat+JSF)± 0.71 (syst) GeV,

JSF = 0.994± 0.001 (stat)± 0.010 (syst).

When the same method is used with the 101 992 events in the muon+jets

decay channel, the approach yields

m2D
t = 172.44± 0.11 (stat+JSF)± 0.73 (syst) GeV,

JSF = 0.995± 0.001 (stat)± 0.010 (syst),

and for the 59 504 events in the electron+jets decay channel, the 2D approacg

gives

m2D
t = 172.32± 0.16 (stat+JSF)± 0.84 (syst) GeV,

JSF = 0.993± 0.001 (stat)± 0.011 (syst).

The 2D likelihood obtained from data is shown in Fig. 8.21 (left) together with

the statistical uncertainty contours demonstrating the one, two and three σ

intervals. The expected statistical uncertainty in the top quark mass from

the pseudo-experiments is presented in Fig. 8.21 (right) and are compared

to the one measured in data. Additionally, the obtained value of the JSF

is compared to the jet energy scale obtained from events with a Z boson and

energetic photon (as shown in Section 6.5), and agrees within its uncertainties.

This provides an independent cross-check of the JEC.

1D approach results: Since the default JEC scale from CMS is used in the 1D

method JSF = 1 (with systematics evaluated by ±1σ shifts), only the top
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Figure 8.21.: The 2D likelihood (−2∆ log (L)) measured in the lepton+jets final
state (left). The ellipses correspond to statistical uncertainties in mt

and JSF of one, two, and three standard deviations [10]. The statistical
uncertainty calculated using 10 000 pseudo experiments and compared
to the uncertainty in the data measurement (right).

quark mass values are obtained. Using the 161 496 events in the lepton+jets

decay channel for this method yields

m1D
t = 171.93± 0.06 (stat)± 1.09 (syst) GeV.

Using the 101 992 events in the muon+jets decay channel, the 1D method

yields

m1D
t = 172.06± 0.07 (stat)± 1.16 (syst) GeV,

and using the 59 504 events in the electron+jets decay channel, this approach

gives

m1D
t = 171.71± 0.09 (stat)± 1.12 (syst) GeV.

The results obtained with the 1D method have smaller statistical uncertainties

compared to the 2D one. This is due to the fact that in the 2D approach

mt and JSF are measured simultaneously and the statistical uncertainty in

mt combines the statistical uncertainty coming from both the mt and JSF

components. As expected, the total systematical uncertainty is found to be

larger in the 1D than in the 2D method, owing to the jet energy corrections

uncertainty.

Hybrid approach results: Finally, 1D and 2D results are combined by the hybrid

method, which assumes the prior P (JSF) to be a Gaussian centered at 1.0 with
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a width σprior = δJSF2D
stat

√
1/whyb − 1 = 0.0012, where δJSF2D

stat is the statisti-

cal uncertainty obtained with the 2D method, and w1D
hyb, given in Eq. 8.26, is

the relative weight associated to the 1D approach. The analysis is performed

for several hybrid weights as shown in Tab. 8.22. The presented total15 sys-

tematic uncertainty in mt in Tab. 8.22 does not include color reconnection,

early resonance decays and renormalization and factorization scale uncertain-

ties, since they are envelope-based. As expected, the minimum of the JEC

uncertainty is found to be at a lower value of w1D
hyb which is close to the 2D

result, however, the total systematic uncertainty has a minimum for a slightly

larger value of the hybrid weight. Therefore, in order to optimize the final

result, w1D
hyb = 0.3 was chosen, which leads to the smallest total systematic

uncertainty.

Table 8.22.: The scan of the w1D
hyb hybrid weights used in the hybrid approach to-

gether with the total systematic uncertainty (middle row) and the JEC
uncertainty (last row). In case of total systematic uncertainty the scan
was performed without color reconnection, early resonance decays and
renormalization and factorization scale uncertainties, since they are
envelope-based.

whyb 0.2 0.25 0.3 0.4 0.5

δmhyb
t (total)(GeV) 0.51 0.51 0.50 0.51 0.54

δmhyb
t (JEC only) (GeV) 0.10 0.14 0.19 0.27 0.36

The hybrid approach used on all 161 496 events in the lepton+jets decay chan-

nel yields the results:

mhyb
t = 172.25± 0.08 (stat+JSF)± 0.62 (syst) GeV,

JSFhyb = 0.996± 0.001 (stat)± 0.008 (syst),

while using the 101 992 events in the muon+jets decay channel in the hybrid

method yields result of:

mhyb
t = 172.33± 0.10 (stat+JSF)± 0.64 (syst) GeV,

JSFhyb = 0.997± 0.001 (stat)± 0.008 (syst).

Finally, the hybrid approach used on the 59 504 electron+jets events yields

mhyb
t = 172.13± 0.14 (stat+JSF)± 0.69 (syst) GeV,

JSFhyb = 0.995± 0.001 (stat)± 0.0009 (syst).

15For the total systematic uncertainty, the scan was performed without color reconnection, early
resonance decays and renormalization and factorization scale uncertainties, since they are
envelope-based.
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The results given by hybrid approach benefits from a smaller statistical un-

certainty compared to the 2D results as well as a smaller total systematic

uncertainty compared to the 1D and 2D approaches.

Similarly to the 2D result, the hybrid likelihood obtained from data is shown

in Fig. 8.22.
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Figure 8.22.: The hybrid likelihood (−2∆ log (L)) measured for the lepton+jets
final state with JSF constrained using the δmhyb

t = 0.3 (left). The
ellipses correspond to contours of −2∆ log (L) = 1(4, 9) allowing the
construction of the one (two, three) σ statistical intervals of mt [10].
The statistical uncertainty calculated using 10 000 pseudo experiments
and compared to the uncertainty of the data measurement (right).

8.7. Comparison with other measurements

The presented hybrid result in this thesis is compared with previous measurements

of the top quark mass. Figure 8.23 shows the current result together with CMS

published results from the direct mt measurement separately for three decay channel,

as well as the legacy measurement. In addition, the Tevatron combination and

World combination are also shown. More details on the mt measurements performed

recently by other experiments is given in the followings.

One of the challenges of this analysis was: if with new NLO ME generators

and a better understanding of the modeling uncertainties, a better precision in the

mt measurement can be achieved in comparison to the most accurate measure-

ment performed by CMS using Run 1 data [7] with mt = 172.35± 0.16 (stat+JSF)

± 0.48 (syst) GeV. The new result shows slightly worse precision arising from the

modeling of the color reconnection (CR) effect, where the CR uncertainty is esti-

mated using recently available CR models and is found to be 3 times larger then

previously determined one.
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Figure 8.23.: The presented hybrid result in this thesis is compared with previous
measurements of the top quark mass [48]. The Run 1 CMS standard
measurement are summarized in the CMS legacy result. The current
result is shown above the solid line.

Results on the mt in the dilepton at CMS at 8 TeV [7] are based on analytical

matrix-weighting technique [228] that provides a larger systematic uncertainty and

yields mt = 172.82± 0.19 (stat)± 1.22 (syst) GeV. While the results in all-jets decay

channels at CMS in Run 1 [7] that utilizes the same framework of ideogram method

provide compatible small uncertainties, thus mt = 172.32± 0.25 (stat)± 0.59 (syst)

GeV. The analysis in this decay channel for 13 TeV is ongoing.

Recently, ATLAS collaboration presented a new result on top quark mass measure-
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ment in the lepton+jets decay channel yieldingmt = 172.08± 0.39 (stat+JSF+bJSF)

± 0.82 (syst) GeV [8]. For this measurement a three-dimensional template method

was used. This determines in addition to the top quark mass and jet energy scale

factor, a relative b-to-light-jet energy scale factor (bJSF). To reconstruct bJSF the

distribution of the Rreco
qb = (pbhadT + p

blep
T )/(pq1T + pq2T ) was used, where q1 and q2

are the light jets from W boson. Such a simultaneous measurement reduces the

JES and bJES uncertainties in the top quark mass, where bJES aims to reduce

the flavor-dependent JEC uncertainty. However, this cause a larger uncertainty

due to b tagging. Concerning the other decay channels, the results in dilepton

decay channel at 8 TeV were measured with unbinned max-likelihood and yields

mt = 172.99± 0.41 (stat)± 0.74 (syst) GeV [240]. The top quark mass in all-jets

decay channel at 8 TeV was measured with binned min-χ2 fit which yields mt =

172.99± 0.41 (stat)± 0.74 (syst) GeV [241].

Even though 23 years passed since the top quark was discovered at Tevatron, there

are still many analyses exploiting different decay channels. The latest result on the

mt measurement on the center-of-mass energy of 1.96 TeV in the lepton+jets decay

channel is done by the D0 collaboration [4], and utilize a matrix-element method

(MEM). The MEM method uses full event kinematic information event-by-event

and calculates the likelihood for mt and kJSf based on LO matrix element for tt̄

production, thus by minimizing the obtained likelihood for the whole sample yields

mt = 174.98± 0.58 (stat+JSF)± 0.49 (syst) GeV. This the most precise Tevatron

result on mt. Relatively new results in dilepton decay channel were also performed at

D0. They are based on two different methods, namely neutrino weighting template

method [228] and matrix element method, both of them apply a JES constraint from

lepton+jets to the energy of jets in data. The combination of both results yields mt

= 173.50± 1.31 (stat)± 0.84 (syst) GeV [242].

The CDF collaboration performs the measurement of the mt in lepton+jet decay

channel using the template fit, which is build by the reconstructed W mass and two

masses from the both top quark candidates and yields mt = 172.85± 0.71 (stat)±
0.85 (syst) GeV [5]. The similarly, the template method was used to measure mt in

the events with jets and missing transverse energy, where no identified lepton was

required and 4 to 6 jets were selected, this yields mt = 173.93± 1.64 (stat+JSF)±
0.87 (syst) GeV [243].

The world combination of the top quark mass was performed in [9]. It was based

on the results from the ATLAS, CMS, CDF, and D0 experiments and yields mt

= 173.34± 0.27 (stat)± 0.71 (syst) GeV. The LHC pp collision data used for the

combination correspond to an integrated luminosity of up to 4.9 fb−1 and were

recorded at a center-of-mass energy of 7 TeV during Run 1. The Tevatron pp̄ data

used for the combination correspond to an integrated luminosity of up 8.7 fb−1 and

were collected at a center-of-mass energy of 1.96 TeV during Run 2.

Moreover, the SM according to its invariance under CPT transformation pre-
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dicts the equality of the mass of the particle and antiparticle. The study [244]

provides the latest top quark mass asymmetry ∆m = mt − mt̄ measurement at

a center-of-mass energy of 8 TeV by the CMS collaboration. It measured ∆m =

-0.15± 0.19 (stat)± 0.09 (syst) GeV, which is consistent with the SM expectation.

8.8. Theoretical interpretation of the result

As shown in [39, 245, 246] the SM model appears to be at the border of stability

and instability regions of the electroweak vacuum. Thus, with a measured mass

of mhyb
t = 172.25 ± 0.08 (stat+JSF) ± 0.62 (syst) GeV the electroweak vacuum is

closer to be stable and is safely below the instability region. For the case mt higher

then 176 GeV the vacuum is in the unstable regime, higher then 171 GeV in the

metastable and below this value in the stable region. Thus, according to results

on mt, no indication of new physics below the Planck scale is observed and the

stability of the Higgs vacuum should be considered in a cosmological framework

when studying, e.g., inflationary processes.

The top quark is a colored object, thus its mass can not be defined in terms

of the mass of its decay products, since any final-state particle system can not be

explicitly associated with it. However, there is a relation of mt to the mass of the

system of objects from the top decay. Therefore, the distribution of the mass of

these systems can be used to measure mt, where mt enters as a parameter, as was

done in the presented analysis in this thesis. In order to compare the measured mass

with a theoretical prediction, it is necessary to find out within which mass schemes

discussed is Section 2.2.2 the measured mt appears as a parameter.

The current parton shower MC generators are accurate at the leading order, which

does not allow to distinguish the mass parameter schemes that only differ at the next-

to-leading-order (NLO) and beyond, e.g., pole mass and MS mass. This statement

is essential in case the perturbative accuracy is concerned. However, in the recent

study presented in [203], the estimation of the theoretical uncertainties in the deter-

mination of the top quark mass at LHC using NLO+PS generators interfaced with

pythia 8.2 was reported. This study aims to estimate if (neglecting experimental

uncertainties) the mass peak position can be shifted due to the influence of poten-

tially unknown perturbative and non-perturbative effects. Thus, it was found out

that within pythia 8.2 shower studies, which also includes the comparison among

the different NLO+PS generators, no significant (about 30 MeV) peak shifts at the

particle-truth level were observed. The obtained top quark mass value reported in

this paper is very close to the definition of mt measured in this work. Thus, the

results of the measurements presented in this thesis can be interpreted in terms of

pole mass.

In the study presented in [207], the procedure to calibrate the measured top

quark mass into the well-known mass scheme using a fit of MC predictions to the
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hadron level QCD measurement is presented. The predictions are obtained for the

variable referred to as 2-Jettiness measured in e+e− annihilation. The results were

obtained for the mpole and mMSR(1 GeV) at the next-to-leading logarithmic (NLL)

and next-to-next-to-leading logarithmic (NNLL) accuracy to pythia 8.2. According

to this study the measured top quark mass value agrees with the pol mass within

its uncertainty.

Moreover, the propagator pole of the top quark is at the complex position
√
p2 =

mpole − i
2
Γt, where p denotes the four-momentum and Γt decay width of the top

quark. In the fixed-order calculation the pole of the propagator gives the peak

in the region of the Wb invariant mass distribution when p2 ≈ m2
pole. Since the

mpole >>
Γt

2
, this peak can be related to the pole mass.

8.9. Summary and outlook

The obtained results mt = 172.25 ± 0.08 (stat+JSF) ± 0.62 (syst) GeV is the first

top quark mass measurement using the full data sample recorded in 2016 during

LHC Run 2 period. In this analysis, for the first time, the new NLO generators

were utilized. The result is obtained using the similar approach as the one used

for the Run 1 analysis performed at 8 TeV. The higher precision on the statisti-

cal uncertainty is due to the larger integrated luminosity and the higher tt̄ cross

section at
√
s = 13 TeV compared with the Run 1 result. However, due to the

more evolved treatment of the modeling uncertainties, i.e., color reconnection, the

systematic uncertainties are found to have slightly larger values. Corresponding to

the theoretical studies [203,207] the obtained mt value can be interpolated in terms

of the pole mass scheme. The presented measurement was already released by the

CMS collaboration [10] in a public preliminary result.

The accuracy of the top quark measurement depends significantly on the model-

ing uncertainty. Thus, better understanding and modeling, in particular the non-

perturbative effects, will not only allow a more accurate measurement of mt, but also

will help to interpret the measured value in terms of the well-known mass schemes.

The difference between the results obtained with pythia and herwig generators

are found to be dramatically large. Moreover, in the theoretical study mentioned

before [203] NLO+PS generators interfaced with both pythia 8.2 and herwig 7.1

were used, where the difference between the results was also visible. Hence, more

studies in this area are needed. Note that the jet flavor uncertainties for the jet

energy correction are estimated using exactly pythia and herwig generators. As

was already shown the uncertainty in the top quark mass due to the flavor jet energy

correction has the biggest impact on the result.



9. Measured top quark mass as a

function of kinematic observables

The precise measurements of the top quark mass are effected by the modeling of

perturbative and soft QCD effects, as was shown during the systematic uncertainties

investigation in Section 8.5. One way to account for the potential limitations of

current event generators as well as to validate the provided models is to perform the

differential measurement of the investigated quantity as a function of the kinematic

properties. This procedure can also facilitate a good cross-check for the possible

biases in the measurements.

The differential study requires to have a large dataset in order to consider some

possible deviation, thus to check stability of the measured top quark mass. The

data collected at a center-of-mass energy of 13 TeV in 2016, corresponding to an

integrated luminosity of 35.9 fb−1, aims to maximize the accuracy of the results

compared to the previous data from Run 1 [7].

9.1. Methodology

The top quark mass measurement presented in this thesis is very sensitive to the

choice of the ME generator as well as to the color reconnection (CR) model. Thus,

by measuring mt as a function of the kinematic properties of the tt̄ system the

perturbative QCD effects modeled in the different MC generators and new provided

CR models are validated. The validation is performed by comparing the results

from MC to the measurements on data.

In order to probe for potential effects from the kinematics of jets coming from

the top quark decays, the number of jets with pT > 30 GeV (Njets), the pT and

the pseudorapidity of the b jet assigned to the hadronic decay branch (pb,had
T and∣∣ηb,had

∣∣), the ∆R between the b jets (∆Rbb̄), and the ∆R between the light quark

jets (∆Rqq̄) are used. These variables can also probe effects from color reconnection

and initial- and final-state radiation, e.g., b quark carry the color charge of top quark

and can be color connected to the ISR or FSR, or the light quarks from the W boson

that are color connected can provide some effect to the CR. The variables of the

transverse momentum of the hadronically decaying top quark (pt,had
T ), the invariant

mass of the tt̄ system (mtt̄), the transverse momentum of the tt̄ system (ptt̄
T) are

also used, since the measured mt may depend from the kinematic properties of the
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top quark.

In order to study the potential effects from the modeling of perturbative QCD

data are compared to pseudo-experiments with tt̄ samples from different genera-

tor setups. Thus, to check two different ME generators, tt̄ samples generated with

MadGraph5 amc@nlo [95] at LO with MLM [103] matching and at NLO with

FxFx [104] matching are used. Both setups are interfaced to pythia8 [16]. Ad-

ditionally, as the inclusive mt results from herwig++ [102] samples differ very

much from the nominal results, it is important to perform the current study using

powheg v2 [96] interfaced to herwig++. In order to test new color reconnection

models, the results from powheg v2 interfaced to pythia8 samples with the de-

fault tune, as well as with the “QCD inspired” model [14], and the “gluon move”

model [15] are considered. In addition, the samples with the default tune are sim-

ulated with early resonance decays in pythia8. This option was also used during

the simulation of the samples with the “QCD inspired” and “gluon move” models.

Data and various MC samples are divided into three to five bins of the previously

mentioned kinematic variables. The bins are filled with all permutations which lie

within the boundaries of each bin. In order to account for the fact, that some

variables may depend on the jet-quark assignment, like reconstructed top quark pT

or η, which cannot be resolved in an unambiguous way, some simplifications are

allowed. This will permit for a single event to contribute to multiple bins. The

technique, analogi to the inclusive measurements, is used to measure mt and JSF in

each bin of the kinematic variables.

9.2. Method calibration

An additional calibration needs to be applied to the value of mt and JSF obtained in

each bin, to allow these results to be interpreted in terms of its agreement with the

corresponding observable from the inclusive measurement. This due to the possibly

different sensitivity of the measurement to the different phase-space regions, with

regard to the input mt and JSF. For example the mean value of the mfit
t or mreco

W

distributions can be slightly shifted for different kinematic regions. Therefore, a

bin-by-bin calibration of the results is required. It is performed for each individual

bin analogous to the procedure described in Section 8.4.3 and applied to the values

extracted from the pseudo-experiments. After the calibration procedure, the cali-

brated top quark mass mt,cal and jet scale factor JSFcal are obtained for each bin of

the kinematic variable.

9.3. Method implementation

The results on the phace-space dependence of the measured mt,cal and JSFcal are

given as mt,cal − 〈mt〉 or JSFcal − 〈JSF〉, where mean values 〈mt〉 and 〈JSF〉 corre-
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sponds to the inclusive result obtained in the corresponding sample. It is performed

in this way, since the systematic uncertainties are assumed to be correlated among

all bins and by subtracting 〈mt〉 any possible constant shift is removed. These cor-

related shifts on the value of mt,cal measured in each bin arise due to the nature of

systematic uncertainties of the inclusive measurement. Moreover, the different mt

in data, which correspond to the values shown in Section 8.6, and in MC simula-

tions, which correspond to mt = 172.5 GeV, may also cause some correlated shifts

on measured mt,cal in bins of kinematic variables. By using this approximation, an

underestimation of the uncertainties from the pT/η-dependent JES may occur.

The statistical uncertainties in the results from data and MC are correlated. This

occurs due to the correlation arising from the subtraction of the mean values, since

the statistical uncertainties from both the measured value and the inclusive value

contribute. The statistical and dominant systematic uncertainties are combined in

quadrature separately for each bin. The dominant systematic uncertainties corre-

sponds to the uncertainty coming from JEC (pT-, η- and flavor-dependent), JER,

pileup, b fragmentation, renormalization and factorization scales, ME to PS match-

ing, ISR and FSR parton-shower scales, and the underlying event.

In this chapter, only the results for the top quark mass calculated with the hybrid

approach in each bin of the kinematic variable are shown, while the similar results

for mt calculated with the 1D and 2D approach, as well as results for the JSF are

shown in Appendix A.8.

The level of agreement between data and MC results for each variable and model

is quantified by a cumulative χ2 that is defined as:

χ2 =
∑ (mt(data)−mt(MC))2

δ2
mt,data + δ2

mt,MC

, (9.1)

where δmt,data and δmt,MC is the total uncertainty in the data and the statistical

uncertainty in the model values. As the mean measured mt is subtracted, the

number of degrees of freedom (ndf) for each variable is equal the total number of

bins minus one. While the p-values (χ2 probabilities) is obtained by taking the ratio

of χ2 to ndf.

9.4. Results

The results for the chosen kinematic variables and the calibrated mass difference

mt,cal − 〈mt〉 are presented in this section. Series of differential measurements of mt

in data are compared to simulations based on LO (MadGraph) and NLO (powheg

and mc@nlo) matrix element calculation and to simulations with different PS cal-

culation, e.g., pythia8 and herwig++, as well as to simulations with alternative

models of color reconnections. In the following the results are grouped according to

their sensitivity to color reconnection, ISR and FSR, as well as to the kinematics of
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the b quark from the hadronicaly decaying top quark. The biases are well described

by the various simulation samples, however the results from powheg matched with

herwig++ do not describe data well.

Color reconnection: The modeling of the color flow can be studied by looking into

the color field between the light quarks from the hadronicaly decaying W boson

as well as between the top quark and the color connected spectator partons.

The sensitivity of mt against the opening angle ∆Rqq̄ between two light jets

from hadronic W in terms of separation in (η−φ) space are shown in Fig. 9.1.
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Figure 9.1.: Measurements of mt as a function of ∆R between the light quark jets
(∆Rqq̄) compared to different generator choices (left) and to alternative
models of color reconnections (right) [10].

The sensitivity of mt against transverse momentum and pseudorapidity of the

top quarks are shown in Fig. 9.2. No significant dependence is observed. MC

results agree with data within the total uncertainty.

Initial and final state radiation: The effect of additional radiation in the event on

the measurement of the top quark mass can be estimated by looking into the

jet multiplicity as well as by looking into the invariant mass and transverse

momentum of the tt̄ system. The results are shown in Fig. 9.3 and Fig. 9.4.

Even though the effect of the softer radiation may be excluded in the distri-

bution of the jet multiplicity by rejecting jets with transverse momentum less

than 30 GeV, some indications for the small sensitivity are observed. This is

especially visible in case of the JSF as a function of increasing jet multiplicity,
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Figure 9.2.: Measurements of mt as a function of the transverse momentum of the
hadronically decaying top quark (pt,had

T ) (upper row) and of the pseu-
dorapidity of the hadronically decaying top quark (ηt,had) (lower row)
compared to different generator choices (left) and to alternative models
of color reconnections (right) [10].

shown in the lower row of Fig. 9.3. The measurement of the differential top

quark mass shows a small dependence on the pT of the tt̄ system and is well

described by all MC samples. However, in case of the tt̄ mass distribution the

results for powheg matched with herwig++ show a different behavior.

Bottom quark observables: The bottom quarks carry the color charge from the top
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Figure 9.3.: Measurements ofmt (upper row) and JSF (lower row) as a function ofthe
number of jets with pT > 30 GeV compared to different generator choices
(left) and to alternative models of color reconnections (right) [10].

quarks, therefore due to the color confinement it must be color connected to

the ISR or to the MPI as shown in Section 5.1. Since the b quark is used for the

top quark mass calculation, the sensitivity of mt due to the b quark kinematics

is expected. Therefore, the transverse momentum and pseudorapidity of the

b jet from the hadronic top quark is studied. In addition, the behavior of

the distribution of the angular separation of the b jets from both top quarks

are studied on the (η − φ) plane. Figure 9.5 shows the spatial correlations
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Figure 9.4.: Measurements of mt as a function of the invariant mass of the tt̄ sys-
tem (mtt̄) (upper row) and the transverse momentum of the tt̄ system
(ptt̄

T) (lower row) compared to different generator choices (left) and to
alternative models of color reconnections (right) [10].

between two b’s from the two top quarks. No significant differences are seen

in the behavior of mt.

The results for the b-jet pT and η are shown in Fig. 9.6, where some small

disagreement between data and MC is visible in the distribution of the b jet

pseudorapidity. In case of pT of the b jet the results from sample of powheg

matched with herwig++ show quite different behavior.
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Figure 9.5.: Measurements of mt as a function of ∆R between the b jets (∆Rbb̄)
compared to different generator choices (left) and to alternative models
of color reconnections (right) [10].

The simulation to data agreement for each model and each variable is qualified

in terms of χ2 probabilities that are summarize in Tab. 9.1. Within the improved

statistical precision of Run 2 data, no significant deviation for mt is observed.

Table 9.1.: Compatibility of different models with the differential measurement of
the top quark mass on data.

Model
χ2 probability

pt,had
T ηt,had mtt̄ ptt̄

T Njets pb,had
T

∣∣ηb,had
∣∣ ∆Rbb̄ ∆Rqq̄

powheg p8 M2T4 0.68 0.71 0.93 0.90 0.71 0.98 0.61 0.59 0.68
MG5 p8 [FxFx] M2T4 0.93 0.29 0.80 0.85 0.90 0.72 0.26 0.66 0.97
MG5 p8 [MLM] M1 0.49 0.40 0.79 0.99 0.39 0.97 0.16 0.68 0.57
powheg h++ EE5C 0.07 0.99 5× 10−14 0.53 0.73 2× 10−4 0.55 0.36 8× 10−6

powheg p8 ERD on 0.75 0.75 0.99 0.83 0.53 0.95 0.64 0.37 0.96
powheg p8 QCD inspired 0.80 0.78 0.93 0.94 0.66 0.99 0.71 0.48 0.89
powheg p8 gluon move 0.87 0.80 0.93 0.93 0.71 0.93 0.51 0.57 0.92
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Figure 9.6.: Measurements of mt as a function of the pT of the b jet assigned to the
hadronic decay branch (pb,had

T ) (upper row) and the pseudorapidity of
the b jet assigned to the hadronic decay branch (

∣∣ηb,had
∣∣) (lower row)

compared to different generator choices (left) and to alternative models
of color reconnections (right) [10].
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9.5. Summary

The measured top quark mass was studied as a function of kinematic observables

using the full Run 2 data set collected with the CMS detector in 2016, that cor-

responds to an integrated luminosity of 35.9 fb−1. The simulated samples from a

new ME generator as well as MC samples generated with a new CR tunes are used

to probe possible biases arising from the color reconnection and ISF/FSR in the

top quark mass measurement. No significant deviation between data and the de-

fault powheg v2 matched with pythia8 generator setup was found, as well as no

evidence for a bias in the measurement was found. The results are well described

by the various simulation samples, however the results for ∆Rqq̄, mtt̄ and pb,had
T

from powheg matched with herwig++ show large deviations. This fact confirms

that the matrix element corrections to the top quark decay need to be included in

powheg matched with herwig++ setup.

The uncertainty due to the color reconnection for the inclusive top quark mass

measurement is three times large in comparison with Run 1 result [7]. This arise due

to the new procedure of its estimation, where the samples with two new CR tunes

are used. It was found that the difference between the results with the nominal

MPI-based CR model and new gluon-move CR model causes such a large difference,

as shown in Tab. 8.13. Therefore, the differential study of mt could cross check the

results from the corresponding MC sample. However, the data sample is still too

small to rule out any one of the different models.



10. Conclusions

The precise measurement of the top quark mass, the heaviest known fundamental

particle, is crucial for the prediction of the electroweak vacuum stability in the

Standard Model (SM). It is also necessary to probe the self consistency of the SM

and to constrain physics models beyond the SM at high energies.

Within the scope of this thesis, the first measurement of the top quark mass mt us-

ing the full data sample collected in 2016 with the CMS detector at a center-of-mass

energy of 13 TeV is presented. The data corresponds to an integrated luminosity of

35.9±0.9 fb−1. An extremely pure sample of tt̄ events is selected in the lepton+jets

decay channel requiring the presence of exactly one muon or electron (including

muons and electrons originating from τ lepton decays) and at least four jets in the

final state. A b-tagging algorithm is used to reconstruct jets originating from b

quarks. In order to enrich the fraction of correctly reconstructed top quarks, the

decay products from selected events in the simulated samples are fitted with a kine-

matic fit to the tt̄ hypothesis using the jet-quark assignment and the constraints

from the known value of mW, and the equality of the mass of the two top quarks.

An ideogram method is used to measure the most probable value of the top quark

mass and the jet energy scale factor (JSF) simultaneously. With this approach, the

uncertainties arising from jet energy corrections are reduced, resulting in a more pre-

cise measurement of mt. The measured values of mt and JSF in a hybrid approach

are:

mhyb
t = 172.25± 0.08 (stat+JSF)± 0.62 (syst) GeV,

JSFhyb = 0.996± 0.001 (stat)± 0.008 (syst),

with a total uncertainty in mt of 0.63 GeV, where the hybrid approach combines

the information from the default jet energy correction obtained by CMS with the

JSF constraint based on the W boson decay. The precision of the measurement is

limited by systematic uncertainties, in particular, by the jet flavor energy correction

and the modeling of the color reconnection.

In order to obtain the highest possible precision in mt measurements, a better de-

scription of perturbative and non-pertutbative effects is necessary. Thus, a new NLO

matrix element generator [98] with a new underlying event tune CUETP8M2T4

[116, 117] is used for the first time for the mt measurement. Moreover, MC gen-

erators with various color reconnection (CR) models [14, 123, 125] recently became
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available. This allows a more reliable estimation of the color reconnection uncer-

tainty by comparing the results for each of the color reconnection models, since there

are no first-principles models to describe CR. In addition, new simulation samples

with independent variations of initial and final state radiation (ISR and FSR), which

allow the specification of the choice of αS separately for ISR and FSR, are used.

Given the larger data sample and higher center-of-mass energy compared to the

Run 1, one can cross-check the obtained results using well-defined top quark objects

for different theoretical models. The results from pythia 8.219 and herwig++ 2.4

are compared for consistency, since they are used for the jet flavor uncertainty

estimation associated with the jet energy correction, which yields the largest contri-

bution to the total uncertainty of the result. Samples with different matrix element

generators are also compared to check for additional sources of variation. In addition,

since a new procedure of uncertainty estimation associated with color reconnection

effects is recommended [15], the total uncertainty of the mt measurement is expected

to be three times larger compared to the previous Run 1 results. The results regard-

ing the new color reconnection models are also compared. No large deviations of

mt can be observed. Therefore, within the data uncertainties, none of the different

models can be ruled out. The presented results using the full 2016 data recorded at

the center-of-mass energy of 13 TeV have been released by the CMS collaboration

as a public preliminary result [10, 247].

The precise measurement of the jet energy is an important requirement not only

for the measurements of the top quark mass, but also for the potential discovery

of physics beyond the SM. Thus, in addition to the main topic of this thesis, the

residual differences in the jet response between data and simulation are measured.

The correction scale factors are obtained for the pp collision data recorded with the

CMS detector in 2015, corresponding to an integrated luminosity of 2.1 fb−1. The

response values are estimated as a faction of pseudorapidity |η| using dijet events

with a back-to-back topology and applying two methods, namely the MPF and

dijet pT balance methods. The results from both methods are in good agreement

and the obtained residual scale factors are consistent with unity within about 3%

for |η| < 2.5 and 17% for |η| > 2.5. The obtained corrections are included into

the chain of other CMS jet energy corrections, e.g., those arising from the pileup

contribution or detector simulation, and are applied in all CMS analyses using 2015

data.

The precision of mt relies directly on a description of the dependence interference

between the decays of the top quark during hadronization and multiple parton in-

teractions. Therefore, the modeling of the color reconnection becomes important

for precision measurements, where the best way to carry out uncertainty estimation

is to study different sets of CR models. Given the fact that new CR models have

recently been made available, as well as the fact that more observables and measure-

ments have recently been published, a new underlying event tune has been tested.
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In the current thesis, the tuning for the pythia 8.219 generator is performed based

on the QCD-inspired color reconnection model [14]. The predictions obtained after

applying this tune are able to accurately describe the underlying event observables

as well as the charged particle multiplicities measured during the Run 1 and Run 2

LHC periods. Still, the strange particle yields measured at 7 TeV is not described

well with presented CR tune, but nor is it with previous tunes. The corresponding

tune parameters are available as supplementary materials in [10]. The MC samples

with the corresponding tune were produced and used for the investigation of the

color reconnection systematic uncertainty.

Since the top quark mass is measured from a fit to measured distributions, it is

unavoidably affected by theoretical uncertainties. Therefore, a better understanding

of modeling uncertainty is crucial for a reliable estimation of the systematic uncer-

tainties. On the other hand, the better understanding and modeling, in particular

the non-perturbative effects, will help to interpret the exact nature of the precise

mt measurement at hadron colliders in terms of the well-known mass schemes, such

as the pole mass and MS mass scheme. The relation between the measured mt

and field-theory mass schemes is now actively studied, and according to [204], the

measurement of the top quark mass presented in this thesis can be interpreted as

the pole mass within ± 500 MeV.

The newly available abundance of data collected with the CMS detector is nec-

essary for the differential study of the mt as a function of kinematic observables.

This will be key in testing new models and will allow the results to be checked for

possible biases.





A. Appendix

A.1. Technicalities

Instantaneous luminosity

The instantaneous luminosity is calculated with brilcalc tool version 3.1.1:

brilcalc lumi -b "STABLE BEAMS"

--normtag /afs/cern.ch/user/l/lumipro/public/Normtags/normtag_DATACERT.json

-i certified_runs.json. The run is certified at the stage of the Data Quality

Monitoring (DQM) by passing first the online step, where the basic detector prop-

erties, like channel qualities, data integrity and timing synchronization, are checked

and offline step, where the quality of high-level objects, like particle multiplicity

and momentum spectra, are verified.

Pileup

The pileup interactions are calculated, by using a BRIL Work Suite software [201]

using the following command:

pileupCalc.py -Cert_271036-284044_13TeV_23Sep2016ReReco_Collisions16_JSON.txt

--inputLumiJSON pileup\_JSON.txt --calcMode true

--minBiasXsec 69400 --maxPileupBin 50 --numPileupBins 500 PileupHist.root.

Thus, the evolution of the pileup events, calculated for the various json files pre-

sented in Tab. A.1 is shown in Fig. A.1, where the mean number of the interactions

per bunch crossing increased from 17 to 22.

Table A.1.: Json files with certified data and an integrated luminosity (Lint)
JSON file (golden): Lint, pb−1

Cert 271036-273730 13TeV PromptReco Collisions16 JSON.txt 627.623
Cert 271036-274443 13TeV PromptReco Collisions16 JSON.txt 2837
Cert 271036-275783 13TeV PromptReco Collisions16 JSON.txt 6320.99
Cert 271036-277933 13TeV PromptReco Collisions16 JSON.txt 16955.7
Cert 271036-284044 13TeV 23Sep2016ReReco Collisions16 JSON.txt 35861.7

The MC samples include effects pileup events and are calculated for the PUMoriond17

PU scenario by the command:

python generateMCPUHist.py

PileupCFI=mix_2016_25ns_Moriond17MC_PoissonOOTPU_cfi

output=PUMoriond17-nPUtrue.root.
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Figure A.1.: Number of expected pileup interactions in data collected in different
run periods of Run 2. The histograms are normalised to 1.

Global tags

The following analysis performs the event selection and reconstruction using the

CMS software, namely CMSSW framework, with corresponding version: CMSSW

8.0.26 patch1. The MiniAOD format to store the data was use as a new high-level

data tier. For detector conditions and object calibrations, the global tags used in

the analysis:

80X_dataRun2_2016SeptRepro_v7 (data: eras B-G),

80X_dataRun2_Prompt_v16 (data: era H) and

80X_mcRun2_asymptotic_2016_TrancheIV_v6 (simulation).

The luminosity is calculated with brilcalc tool version 3.1.1:

brilcalc lumi -b "STABLE BEAMS"

--normtag /afs/cern.ch/user/l/lumipro/public/Normtags/normtag_DATACERT.json

-i lumi.json
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A.2. L2 Residual jet energy correction

In this section supplementary material for the L2 residual jet energy correction at

CMS with 2015 data collected at
√
s = 13 TeV is given.

Data sets for the time dependence study

Table A.2.: Run regions and corresponding luminosity used for time dependence
study.

RunNr L (/pb)
1 254231-257613 210.282
2 257614-258136 232.832
3 258157-258177 237.130
4 258211-258448 229.872
5 258655-258741 214.421
6 258742-259685 225.970
7 259686-260373 219.400
8 260424-260534 266.200
9 260536-260627 258.137

Linear extrapolation α→ 0 for the kFSR

The ratios of the MC to data response values obtained with MPF and dijet pT

balance methods as a function of α, e.i, relative transverse momentum of the third

jet, are shown in Fig. A.2 and A.3. This distributions are obtained in several bins

of |η| of the probe jet and and used for the linear extrapolation α → 0. The

extrapolated value is than used in Eq. 7.15.

pT extrapolations

In order to correct the result for the relative L2 residual corrections for the possible

pT dependence, the MC-to-data ratio of the response calculated with MPF and

dijet pT balance methods are parameterizing by a log-linear or constant functions

as shown in Fig. A.4 and A.5.

The MPF response values in data and in MC are shown in Fig. A.6 as a function

of a number of primary vertices.

Correction factors for the events passed HF triggers

The α and pT extrapolation done for events that passed dijet HF HLT trigger path

are shown in Fig. A.7 and Fig. A.8, respectively.
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Figure A.2.: Linear kFSR extrapolations in bins of |η| over α using the MPF method
for the events that passed selection with nominal dijet HLT triggers.
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Figure A.3.: Linear kFSR extrapolations in bins of |η| over α using the dijet pT

balance method for the events that passed selection with nominal dijet
HLT triggers.
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Figure A.4.: Linear and loglinear extrapolations in bins of |η| over p̄T using the
MPF method for the events that passed selection with nominal dijet
HLT triggers.
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Figure A.5.: Linear and loglinear extrapolations in bins of |η| over p̄T using the dijet
pT balance method for the events that passed selection with nominal
dijet HLT triggers.
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Figure A.6.: Relative response as a function of the number of primary vertices in
bins of |η| over p̄T using the dijet pT balance method for the events
that passed selection with nominal dijet HLT triggers.
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Figure A.7.: Linear kFSR extrapolations in bins of |η| at forward region over α using
the MPF method (upper row) and dijet pT balance method (lower row)
for the events that passed selection with dijet HF HLT triggers.
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Figure A.8.: Linear and loglinear extrapolations in bins of |η| over p̄T using the MPF
(upper row) and dijet pT balance (lower row) method for the events that
passed selection with nominal dijet HLT triggers.
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A.3. Data-MC comparison for the top quark mass

measurement

In this section the data-MC comparison between the variables reconstructed for

muon+jets and electron+jets channels on each selection step is presented.
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Figure A.9.: Preselection (Muon+jets): Reconstructed lepton pT (left), η (middle)
and lepton flavor −13 = µ+, 13 = µ− (right) (upper row). Recon-
structed lepton φ (left), missing transverse momentum (middle) and
energy density ρ (right) (middle row). Number of b-tags among four
leading jets with pT > 30 GeV (left), number of jets with pT > 30 GeV
(middle) and minimum distance between selected lepton and a jet with
pT > 30 GeV (right) (lower row). The plots are normalized to luminos-
ity. The hatched area indicates uncertainties from MC statistics and
cross-sections.
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Figure A.10.: Preselection (Electron+jets): Reconstructed lepton pT (left), η (mid-
dle) and lepton flavor −13 = µ+, 13 = µ− (right) (upper row). Recon-
structed lepton φ (left), missing transverse momentum (middle) and
energy density ρ (right) (middle row). Number of b-tags among four
leading jets with pT > 30 GeV (left), number of jets with pT > 30 GeV
(middle) and minimum distance between selected lepton and a jet with
pT > 30 GeV (right) (lower row). The plots are normalized to lumi-
nosity. The hatched area indicates uncertainties from MC statistics
and cross-sections.
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Figure A.11.: Baseline selection (Muon+jets): Reconstructed lepton pT (left), η
(middle) and lepton flavor −13 = µ+, 13 = µ− (right) (upper row).
Reconstructed lepton φ (left), missing transverse momentum (mid-
dle) and energy density ρ (right) (middle row). Number of b-tags
among four leading jets with pT > 30 GeV (left), number of jets with
pT > 30 GeV (middle) and minimum distance between selected lepton
and a jet with pT > 30 GeV (right) (lower row). The plots are nor-
malized to luminosity. The hatched area indicates uncertainties from
MC statistics and cross-sections.
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Figure A.12.: Baseline selection (Electron+jets): Reconstructed lepton pT (left), η
(middle) and lepton flavor −13 = µ+, 13 = µ− (right) (upper row).
Reconstructed lepton φ (left), missing transverse momentum (mid-
dle) and energy density ρ (right) (middle row). Number of b-tags
among four leading jets with pT > 30 GeV (left), number of jets with
pT > 30 GeV (middle) and minimum distance between selected lepton
and a jet with pT > 30 GeV (right) (lower row). The plots are nor-
malized to luminosity. The hatched area indicates uncertainties from
MC statistics and cross-sections.
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Figure A.13.: Baseline selection (Muon+jets): Reconstructed transverse momenta
of the six leading jets.
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Figure A.14.: Baseline selection (Electron+jets): Reconstructed transverse mo-
menta of the six leading jets.
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A.4. Permutation yields

Table A.3.: (Muon+jets): Permutation fractions for different signal classes.

baseline final effective
Pgof > 0.2 ×Pgof

tt̄ correct 14.8 % 45.1 % 47.3 %
tt̄ wrong 8.1 % 15.7 % 16.6 %
tt̄ unmatched 77.1 % 39.3 % 36.2 %

Table A.4.: (Electron+jets): Permutation fractions for different signal classes.

baseline final effective
Pgof > 0.2 ×Pgof

tt̄ correct 15.0 % 46.8 % 49.1 %
tt̄ wrong 7.9 % 15.4 % 16.2 %
tt̄ unmatched 77.1 % 37.7 % 34.7 %
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A.5. Templates for the µ/e+jets channel

Figure A.15.: Simulated mfit
t distributions of correct (left), wrong (middle), and

unmatched (right) tt̄ permutations, for seven generated masses mt,gen

with JSF = 1 in the upper row and for five jet scale factors with
mt,gen = 172.5 GeV in the middle row for electron+jets events. The
vertical dashed line corresponds to mfit

t = 172.5 GeV. In the last row
the simulated mreco

W distributions are shown for correct (left), wrong
(middle), and unmatched (right) tt̄ permutations for five jet scale
factors with mt,gen = 172.5 GeV for electron+jets events. The verti-
cal dashed lines indicates the accepted value of the W-boson mass of
80.4 GeV.
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(a)

(b)

(c)

(d)

Figure A.16.: (Muon+jets) The Gaussian mean (left) and resolution (right) of mfit
t

distributions of wrong (a) and unmatched (b) tt̄ permutations and of
mreco

W distributions of wrong (c) and unmatched (d) tt̄ permutations,
for seven generated masses mt,gen and five JSF.



A.5. Templates for the µ/e+jets channel 213

(a)

(b)

(c)

Figure A.17.: (Electron+jets) The Gaussian mean (left) and resolution (right) of
the mfit

t distributions of (a) correct, (b) wrong, and (c) unmatched tt̄
permutations, for seven generated masses mt,gen and five JSF.
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(a)

(b)

(c)

Figure A.18.: (Electron+jets) The Gaussian mean (left) and resolution (right) of
the mreco

W distributions of (a) correct, (b) wrong, and (c) unmatched
tt̄ permutations, for seven generated masses mt,gen and five JSF.
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Figure A.19.: (Muon+jets) The Gaussian mean (upper left), resolution (middle
left) and exponential threshold (lower left) and their dependency on
JSF (upper/middle/lower right) of the mfit

t distributions of wrong tt̄
permutations, for seven generated masses mt,gen.
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Figure A.20.: (Muon+jets) The Gaussian mean (upper left) and resolution (middle
left) and exponential threshold (lower left) and their dependency on
JSF (upper/middle/lower right) of the mfit

t distributions of unmatched
tt̄ permutations, for seven generated masses mt,gen.
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Figure A.21.: (Muon+jets) The Gaussian mean (upper left) and resolutions (mid-
dle/lower left) and their dependency on JSF (upper/middle/lower
right) of the mreco

W distributions of wrong tt̄ permutations, for seven
generated masses mt,gen.
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Figure A.22.: (Muon+jets) The Gaussian mean (upper left) and resolutions (mid-
dle/lower left) and their dependency on JSF (upper/middle/lower
right) of the mreco

W distributions of unmatched tt̄ permutations, for
seven generated masses mt,gen.
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Figure A.23.: (Electron+jets) The Gaussian mean (upper left), resolution (mid-
dle left), width (fixed to 2 GeV) and their dependency on JSF (up-
per/middle right) of the mfit

t distributions of correct tt̄ permutations,
for seven generated masses mt,gen.
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Figure A.24.: (Electron+jets) The Gaussian mean (upper left), resolution (middle
left) and exponential threshold (lower left) and their dependency on
JSF (upper/middle/lower right) of the mfit

t distributions of wrong tt̄
permutations, for seven generated masses mt,gen.
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Figure A.25.: (Electron+jets) The Gaussian mean (upper left) and resolution (mid-
dle left) and exponential threshold (lower left) and their dependency
on JSF (upper/middle/lower right) of the mfit

t distributions of un-
matched tt̄ permutations, for seven generated masses mt,gen.



222 A. Appendix

Figure A.26.: (Electron+jets) The Gaussian mean (upper left) and resolutions (mid-
dle/lower left) and their dependency on JSF (upper/middle/lower
right) of the mreco

W distributions of correct tt̄ permutations, for seven
generated masses mt,gen.
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Figure A.27.: (Electron+jets) The Gaussian mean (upper left) and resolutions (mid-
dle/lower left) and their dependency on JSF (upper/middle/lower
right) of the mreco

W distributions of wrong tt̄ permutations, for seven
generated masses mt,gen.
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Figure A.28.: (Electron+jets) The Gaussian mean (upper left) and resolutions (mid-
dle/lower left) and their dependency on JSF (upper/middle/lower
right) of the mreco

W distributions of unmatched tt̄ permutations, for
seven generated masses mt,gen.
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A.6. Details on systematic uncertainties

Signed uncertainties for lepton+jets channel

Table A.5.: Lepton+jets: List of systematic uncertainties for the combined fit to the
entire data set, including statistical uncertainties and sign information.
The shift is defined as variation− nominal in simulation.

Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

def. ERD off to ERD on 0.22±0.09 0.008±0.001 0.42±0.05 0.03±0.07 0.005±0.001

- shift -0.22 +0.008 +0.42 -0.03 +0.005

def. to CR GluonMove 0.11±0.09 0.001±0.001 0.06±0.05 0.10±0.07 0.000±0.001

(both ERD off)

- shift -0.11 +0.001 -0.06 -0.10 +0.000

CR GluonMove ERD on 0.24±0.09 0.006±0.001 0.72±0.06 0.38±0.08 0.004±0.001

to ERD off

- shift -0.24 -0.006 -0.72 -0.38 -0.004

CR QCDbased to GluonMove 0.45±0.09 0.000±0.001 0.42±0.06 0.44±0.08 0.000±0.001

(both ERD on)

- shift +0.45 -0.000 +0.42 +0.44 -0.000

def. to CR GluonMove 0.34±0.09 0.001±0.001 0.23±0.06 0.31±0.08 0.001±0.001

(both ERD on)

- shift +0.34 -0.001 +0.23 +0.31 -0.001

def. to CR QCDbased 0.11±0.09 0.001±0.001 0.19±0.06 0.13±0.08 0.001±0.001

(both ERD on)

- shift -0.11 -0.001 -0.19 -0.13 -0.001

FSR var. 0.25±0.06 0.010±0.001 0.61±0.04 0.06±0.05 0.007±0.000

- up +0.25 -0.010 -0.61 -0.01 -0.007

- down -0.12 +0.007 +0.49 +0.06 +0.005

- shift +0.25 -0.010 -0.61 -0.01 -0.007

FSR var. (with logSF) 0.24±0.06 0.004±0.001 0.22±0.04 0.13±0.05 0.003±0.000

- up +0.24 -0.004 -0.13 +0.13 -0.003

- down -0.10 +0.004 +0.22 -0.01 +0.003

- shift +0.24 -0.004 -0.13 +0.13 -0.003

Factorisation 0.01±0.00 0.000±0.000 0.02±0.00 0.01±0.00 0.000±0.000

- up -0.00 -0.000 -0.01 -0.01 -0.000

- down +0.01 +0.000 +0.02 +0.01 +0.000

- shift -0.00 -0.000 -0.01 -0.01 -0.000

ISR var. 0.07±0.09 0.001±0.001 0.10±0.05 0.06±0.07 0.000±0.001

- up +0.05 +0.001 +0.10 +0.06 +0.000

- down +0.07 -0.001 +0.02 +0.05 -0.000

- shift +0.05 +0.001 +0.10 +0.06 +0.000

Isolation 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up +0.00 -0.000 +0.00 +0.00 -0.000

- down +0.00 -0.000 -0.00 +0.00 -0.000

- shift +0.00 -0.000 +0.00 +0.00 -0.000

JEC : TotalNoFlavorNoTime 0.13±0.00 0.012±0.000 0.85±0.00 0.19±0.00 0.008±0.000
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

- up -0.09 +0.011 +0.85 +0.19 +0.008

- down +0.13 -0.012 -0.83 -0.17 -0.008

- shift -0.09 +0.011 +0.85 +0.19 +0.008

JEC : Intercalibration 0.02±0.00 0.002±0.000 0.16±0.00 0.04±0.00 0.001±0.000

- up -0.01 +0.002 +0.16 +0.04 +0.001

- down +0.02 -0.002 -0.16 -0.03 -0.001

- shift -0.01 +0.002 +0.16 +0.04 +0.001

JEC : MPFInSitu 0.01±0.00 0.003±0.000 0.23±0.00 0.07±0.00 0.002±0.000

- up +0.00 +0.003 +0.23 +0.07 +0.002

- down +0.01 -0.003 -0.23 -0.06 -0.002

- shift +0.00 +0.003 +0.23 +0.07 +0.002

JEC : PileUp 0.12±0.00 0.004±0.000 0.26±0.00 0.01±0.00 0.003±0.000

- up -0.10 +0.004 +0.26 +0.01 +0.003

- down +0.12 -0.004 -0.25 +0.01 -0.003

- shift -0.10 +0.004 +0.26 +0.01 +0.003

JEC : Uncorrelated 0.13±0.00 0.011±0.000 0.78±0.00 0.16±0.00 0.008±0.000

- up -0.10 +0.011 +0.78 +0.16 +0.007

- down +0.13 -0.011 -0.77 -0.14 -0.008

- shift -0.10 +0.011 +0.78 +0.16 +0.007

JER 0.08±0.00 0.001±0.000 0.04±0.00 0.04±0.00 0.001±0.000

- up -0.06 +0.001 +0.04 -0.03 +0.001

- down +0.08 -0.001 -0.04 +0.04 -0.001

- shift -0.06 +0.001 +0.04 -0.03 +0.001

Lepton Identification 0.01±0.00 0.000±0.000 0.00±0.00 0.01±0.00 0.000±0.000

- up +0.01 -0.000 +0.00 +0.01 -0.000

- down +0.01 -0.000 +0.00 +0.00 -0.000

- shift +0.01 -0.000 +0.00 +0.01 -0.000

ME-PS matching 0.08±0.00 0.001±0.000 0.03±0.00 0.05±0.00 0.001±0.000

- up -0.03 +0.001 +0.03 -0.01 +0.000

- down +0.08 -0.001 -0.02 +0.05 -0.001

- shift -0.03 +0.001 +0.03 -0.01 +0.000

PDF CT10nlo 0.01±0.00 0.000±0.000 0.02±0.00 0.02±0.00 0.000±0.000

- shift -0.01 -0.000 -0.02 -0.02 -0.000

PDF MMHT2014nlo68clas118 0.01±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- shift -0.01 +0.000 -0.01 -0.01 +0.000

PDF as 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up +0.00 -0.000 +0.00 +0.00 -0.000

- down +0.00 -0.000 +0.00 +0.00 -0.000

- shift +0.00 -0.000 +0.00 +0.00 -0.000

Pileup 0.08±0.00 0.001±0.000 0.02±0.00 0.05±0.00 0.001±0.000

- up -0.07 +0.001 +0.02 -0.04 +0.001

- down +0.08 -0.001 -0.02 +0.05 -0.001

- shift -0.07 +0.001 +0.02 -0.04 +0.001

Renormalisation 0.02±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up +0.02 -0.000 +0.01 +0.01 -0.000

- down -0.01 +0.000 -0.01 -0.01 +0.000

Continued on next page



A.6. Details on systematic uncertainties 227

Table A.5 – continued from previous page

Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

- shift +0.02 -0.000 +0.01 +0.01 -0.000

Top-pt reweighting 0.03 ± 0.00 0.002 ± 0.000 0.17 ± 0.00 0.03 ± 0.00 0.002 ± 0.000

- shift +0.03 -0.002 -0.17 -0.03 -0.002

Top-pt reweighting Run2 0.02 ± 0.00 0.001 ± 0.000 0.06 ± 0.00 0.01 ± 0.00 0.001 ± 0.000

- shift +0.02 -0.001 -0.06 -0.01 -0.001

Trigger 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up -0.00 +0.000 +0.00 -0.00 +0.000

- down +0.00 -0.000 +0.00 +0.00 -0.000

- shift -0.00 +0.000 +0.00 -0.00 +0.000

Underlying Event 0.10±0.08 0.001±0.001 0.01±0.05 0.07±0.07 0.001±0.001

- up -0.10 +0.001 +0.01 -0.07 +0.001

- down -0.00 +0.000 +0.01 +0.00 +0.000

- shift -0.10 +0.001 +0.01 -0.07 +0.001

amc@nlo v2.2.2 FxFx 0.19±0.14 0.001±0.001 0.29±0.08 0.22±0.11 0.001±0.001

- shift +0.19 +0.001 +0.29 +0.22 +0.001

b Tag 0.03±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up +0.03 -0.000 +0.01 +0.02 -0.000

- down -0.02 +0.000 -0.01 -0.02 +0.000

- shift +0.03 -0.000 +0.01 +0.02 -0.000

b Tag Cjets 0.01±0.00 0.000±0.000 0.00±0.00 0.01±0.00 0.000±0.000

- up -0.01 +0.000 -0.00 -0.01 +0.000

- down +0.01 -0.000 +0.00 +0.01 -0.000

- shift -0.01 +0.000 -0.00 -0.01 +0.000

b frag. Bowler-Lund 0.07±0.00 0.001±0.000 0.01±0.00 0.05±0.00 0.000±0.000

- up -0.07 +0.001 -0.01 -0.05 +0.000

- down +0.05 -0.000 +0.01 +0.04 -0.000

- shift -0.07 +0.001 -0.01 -0.05 +0.000

b frag. Peterson 0.04±0.00 0.000±0.000 0.05±0.00 0.04±0.00 0.000±0.000

- shift +0.04 +0.000 +0.05 +0.04 +0.000

b misTag 0.01±0.00 0.000±0.000 0.00±0.00 0.01±0.00 0.000±0.000

- up -0.01 +0.000 -0.00 -0.00 +0.000

- down +0.01 -0.000 +0.00 +0.01 -0.000

- shift -0.01 +0.000 -0.00 -0.00 +0.000

calibration 0.04±0.00 0.000±0.000 0.01±0.00 0.03±0.00 0.000±0.000

- shift +0.04 -0.000 +0.01 +0.03 -0.000

evtgen 0.09±0.00 0.001±0.000 0.14±0.00 0.11±0.00 0.000±0.000

- shift +0.09 +0.001 +0.14 +0.11 +0.000

flavor bottom 0.32±0.00 0.000±0.000 0.31±0.00 0.32±0.00 0.000±0.000

- up -0.31 +0.000 -0.31 -0.31 +0.000

- down +0.32 -0.000 +0.31 +0.32 -0.000

- shift -0.31 +0.000 -0.31 -0.31 +0.000

flavor charm 0.03±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up +0.03 -0.000 -0.01 +0.02 -0.000

- down -0.02 +0.000 +0.01 -0.01 +0.000

- shift +0.03 -0.000 -0.01 +0.02 -0.000

flavor gluon 0.23±0.00 0.003±0.000 0.02±0.00 0.15±0.00 0.002±0.000
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

- up -0.23 +0.003 +0.02 -0.15 +0.002

- down +0.22 -0.003 -0.02 +0.15 -0.002

- shift -0.23 +0.003 +0.02 -0.15 +0.002

flavor light 0.12±0.00 0.002±0.000 0.02±0.00 0.08±0.00 0.001±0.000

- up +0.12 -0.002 -0.01 +0.08 -0.001

- down -0.10 +0.001 +0.02 -0.06 +0.001

- shift +0.12 -0.002 -0.01 +0.08 -0.001

MadGraph5 MLM 0.82±0.16 0.000±0.002 0.80±0.10 0.82±0.14 0.000±0.001

- shift +0.82 -0.000 +0.80 +0.82 -0.000

non tt̄ BG 0.04±0.00 0.001±0.000 0.02±0.00 0.02±0.00 0.001±0.000

- up +0.04 -0.001 -0.02 +0.02 -0.001

- down -0.04 +0.001 +0.02 -0.02 +0.001

- shift +0.04 -0.001 -0.02 +0.02 -0.001

herwig++ 2.4 4.39±0.09 0.014±0.001 3.26±0.06 4.06±0.08 0.010±0.001

- shift -4.39 +0.014 -3.26 -4.06 +0.010

µR and µF 0.01±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up +0.01 -0.000 -0.01 +0.01 -0.000

- down -0.01 +0.000 +0.00 -0.00 +0.000

- shift +0.01 -0.000 -0.01 +0.01 -0.000

semi-leptonic BR of B 0.11±0.00 0.000±0.000 0.08±0.00 0.10±0.00 0.000±0.000

- up +0.05 -0.000 +0.02 +0.04 -0.000

- down +0.11 -0.000 +0.08 +0.10 -0.000

- shift +0.05 -0.000 +0.02 +0.04 -0.000

Check FSR 0.48 0.009 0.44 0.26 0.01

JEC quad. sum 0.13 0.011 0.83 0.18 0.01

JEC: Flavor 0.41 0.003 0.31 0.36 0.00

- linear -0.42 0.001 -0.31 -0.39 0.001

PDF 0.02 0.000 0.02 0.02 0.00

b tagging 0.03 0.000 0.01 0.03 0.00

b-jet modelling 0.13 0.001 0.09 0.12 0.00

Signed uncertainties for muon+jets channel

Table A.6.: Muon+jets: List of systematic uncertainties for the combined fit to the
entire data set, including statistical uncertainties and sign information.
The shift is defined as variation− nominal in simulation.

Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

def. ERD off to ERD on 0.15±0.11 0.008±0.001 0.47±0.07 0.04±0.09 0.005±0.001

- shift -0.15 +0.008 +0.47 +0.04 +0.005

def. to CR GluonMove 0.17±0.10 0.001±0.001 0.07±0.07 0.14±0.09 0.001±0.001

(both ERD off)

- shift -0.17 +0.001 -0.07 -0.14 +0.001

CR GluonMove ERD on 0.31±0.11 0.006±0.001 0.76±0.07 0.45±0.10 0.004±0.001

to ERD off
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

- shift -0.31 -0.006 -0.76 -0.45 -0.004

CR QCDbased to GluonMove 0.44±0.12 0.000±0.001 0.43±0.07 0.44±0.10 0.000±0.001

(both ERD on)

- shift +0.44 -0.000 +0.43 +0.44 -0.000

def. to CR GluonMove 0.29±0.11 0.001±0.001 0.21±0.07 0.27±0.10 0.001±0.001

(both ERD on)

- shift +0.29 -0.001 +0.21 +0.27 -0.001

def. to CR QCDbased 0.15±0.11 0.001±0.001 0.22±0.07 0.17±0.09 0.001±0.001

(both ERD on)

- shift -0.15 -0.001 -0.22 -0.17 -0.001

FSR var. 0.32±0.08 0.011±0.001 0.55±0.05 0.07±0.06 0.007±0.001

- up +0.32 -0.011 -0.55 +0.05 -0.007

- down -0.13 +0.008 +0.54 +0.07 +0.006

- shift +0.32 -0.011 -0.55 +0.05 -0.007

FSR var. (with logSF) 0.32±0.08 0.005±0.001 0.28±0.05 0.20±0.06 0.004±0.000

- up +0.32 -0.005 -0.09 +0.20 -0.004

- down -0.11 +0.005 +0.28 +0.00 +0.003

- shift +0.32 -0.005 -0.09 +0.20 -0.004

Factorisation 0.01±0.00 0.000±0.000 0.02±0.00 0.01±0.00 0.000±0.000

- up -0.01 -0.000 -0.02 -0.01 -0.000

- down +0.01 +0.000 +0.02 +0.01 +0.000

- shift -0.01 -0.000 -0.02 -0.01 -0.000

ISR var. 0.10±0.11 0.000±0.001 0.13±0.07 0.11±0.09 0.000±0.001

- up +0.10 +0.000 +0.13 +0.11 +0.000

- down +0.03 +0.000 +0.05 +0.03 +0.000

- shift +0.10 +0.000 +0.13 +0.11 +0.000

Isolation 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up +0.00 -0.000 +0.00 +0.00 -0.000

- down +0.00 -0.000 +0.00 +0.00 -0.000

- shift +0.00 -0.000 +0.00 +0.00 -0.000

JEC : Intercalibration 0.03±0.00 0.002±0.000 0.15±0.00 0.04±0.00 0.002±0.000

- up -0.01 +0.002 +0.15 +0.04 +0.001

- down +0.03 -0.002 -0.15 -0.03 -0.002

- shift -0.01 +0.002 +0.15 +0.04 +0.001

JEC : MPFInSitu 0.01±0.00 0.003±0.000 0.23±0.00 0.07±0.00 0.002±0.000

- up +0.01 +0.003 +0.23 +0.07 +0.002

- down +0.01 -0.003 -0.22 -0.06 -0.002

- shift +0.01 +0.003 +0.23 +0.07 +0.002

JEC : PileUp 0.11±0.00 0.004±0.000 0.26±0.00 0.01±0.00 0.003±0.000

- up -0.09 +0.004 +0.26 +0.01 +0.003

- down +0.11 -0.004 -0.24 +0.01 -0.003

- shift -0.09 +0.004 +0.26 +0.01 +0.003

JEC : Uncorrelated 0.11±0.00 0.011±0.000 0.76±0.00 0.17±0.00 0.007±0.000

- up -0.08 +0.010 +0.76 +0.17 +0.007

- down +0.11 -0.011 -0.74 -0.15 -0.007

- shift -0.08 +0.010 +0.76 +0.17 +0.007
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

JER 0.08±0.00 0.001±0.000 0.04±0.00 0.04±0.00 0.001±0.000

- up -0.06 +0.001 +0.04 -0.03 +0.001

- down +0.08 -0.001 -0.03 +0.04 -0.001

- shift -0.06 +0.001 +0.04 -0.03 +0.001

Lepton Identification 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up +0.00 -0.000 +0.00 +0.00 -0.000

- down +0.00 -0.000 +0.00 +0.00 -0.000

- shift +0.00 -0.000 +0.00 +0.00 -0.000

ME-PS matching 0.09±0.00 0.001±0.000 0.02±0.00 0.07±0.00 0.001±0.000

- up -0.02 +0.001 +0.02 -0.01 +0.000

- down +0.09 -0.001 +0.01 +0.07 -0.001

- shift -0.02 +0.001 +0.02 -0.01 +0.000

PDF CT10nlo 0.02±0.00 0.000±0.000 0.02±0.00 0.02±0.00 0.000±0.000

- shift -0.02 -0.000 -0.02 -0.02 -0.000

PDF MMHT2014nlo68clas118 0.02±0.00 0.000±0.000 0.02±0.00 0.02±0.00 0.000±0.000

- shift -0.02 -0.000 -0.02 -0.02 -0.000

PDF as 0.01±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up +0.01 -0.000 +0.01 +0.01 -0.000

- down +0.00 -0.000 -0.00 +0.00 -0.000

- shift +0.01 -0.000 +0.01 +0.01 -0.000

Pileup 0.08±0.00 0.001±0.000 0.02±0.00 0.05±0.00 0.001±0.000

- up -0.08 +0.001 +0.02 -0.05 +0.001

- down +0.08 -0.001 -0.02 +0.05 -0.001

- shift -0.08 +0.001 +0.02 -0.05 +0.001

Renormalisation 0.02±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up +0.02 -0.000 +0.01 +0.02 -0.000

- down -0.02 +0.000 -0.01 -0.01 +0.000

- shift +0.02 -0.000 +0.01 +0.02 -0.000

Top-pt reweighting 0.00 ± 0.00 0.002 ± 0.000 0.19 ± 0.00 0.05 ± 0.00 0.002 ± 0.000

- shift +0.00 -0.002 -0.19 -0.05 -0.002

Top-pt reweighting Run2 0.00 ± 0.00 0.001 ± 0.000 0.06 ± 0.00 0.02 ± 0.00 0.001 ± 0.000

- shift +0.00 -0.001 -0.06 -0.02 -0.001

Trigger 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up +0.00 -0.000 +0.00 +0.00 -0.000

- down +0.00 -0.000 +0.00 +0.00 -0.000

- shift +0.00 -0.000 +0.00 +0.00 -0.000

Underlying Event 0.06±0.10 0.001±0.001 0.08±0.06 0.04±0.08 0.001±0.001

- up +0.01 +0.001 +0.08 +0.03 +0.001

- down -0.06 +0.001 -0.00 -0.04 +0.000

- shift +0.01 +0.001 +0.08 +0.03 +0.001

amc@nlo v2.2.2 FxFx 0.28±0.17 0.001±0.002 0.23±0.10 0.26±0.14 0.000±0.001

- shift +0.28 -0.001 +0.23 +0.26 -0.000

b Tag 0.02±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up +0.02 -0.000 +0.01 +0.02 -0.000

- down -0.02 +0.000 -0.01 -0.02 +0.000

- shift +0.02 -0.000 +0.01 +0.02 -0.000
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

b Tag Cjets 0.01±0.00 0.000±0.000 0.00±0.00 0.01±0.00 0.000±0.000

- up -0.01 +0.000 -0.00 -0.01 +0.000

- down +0.01 -0.000 +0.00 +0.01 -0.000

- shift -0.01 +0.000 -0.00 -0.01 +0.000

b frag. Bowler-Lund 0.06±0.00 0.001±0.000 0.01±0.00 0.04±0.00 0.000±0.000

- up -0.06 +0.001 -0.01 -0.04 +0.000

- down +0.05 -0.000 +0.01 +0.04 -0.000

- shift -0.06 +0.001 -0.01 -0.04 +0.000

b frag. Peterson 0.00±0.00 0.000±0.000 0.04±0.00 0.01±0.00 0.000±0.000

- shift -0.00 +0.000 +0.04 +0.01 +0.000

b misTag 0.01±0.00 0.000±0.000 0.00±0.00 0.01±0.00 0.000±0.000

- up -0.00 +0.000 -0.00 -0.00 +0.000

- down +0.01 -0.000 +0.00 +0.01 -0.000

- shift -0.00 +0.000 -0.00 -0.00 +0.000

calibration 0.05±0.00 0.000±0.000 0.04±0.00 0.05±0.00 0.000±0.000

- shift +0.05 -0.000 +0.04 +0.05 -0.000

evtgen 0.14±0.00 0.001±0.000 0.22±0.00 0.16±0.00 0.001±0.000

- shift +0.14 +0.001 +0.22 +0.16 +0.001

flavor bottom 0.31±0.00 0.000±0.000 0.31±0.00 0.31±0.00 0.000±0.000

- up -0.30 -0.000 -0.31 -0.30 -0.000

- down +0.31 -0.000 +0.31 +0.31 -0.000

- shift -0.30 -0.000 -0.31 -0.30 -0.000

flavor charm 0.02±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up +0.02 -0.000 -0.01 +0.01 -0.000

- down -0.02 +0.000 +0.01 -0.01 +0.000

- shift +0.02 -0.000 -0.01 +0.01 -0.000

flavor gluon 0.24±0.00 0.003±0.000 0.01±0.00 0.17±0.00 0.002±0.000

- up -0.24 +0.003 +0.00 -0.17 +0.002

- down +0.23 -0.003 +0.01 +0.16 -0.002

- shift -0.24 +0.003 +0.00 -0.17 +0.002

flavor light 0.12±0.00 0.001±0.000 0.02±0.00 0.08±0.00 0.001±0.000

- up +0.12 -0.001 -0.00 +0.08 -0.001

- down -0.09 +0.001 +0.02 -0.06 +0.001

- shift +0.12 -0.001 -0.00 +0.08 -0.001

MadGraph5 MLM 0.68±0.21 0.001±0.002 0.77±0.13 0.70±0.18 0.001±0.001

- shift +0.68 +0.001 +0.77 +0.70 +0.001

non tt̄ BG 0.03±0.00 0.001±0.000 0.08±0.00 0.00±0.00 0.001±0.000

- up +0.03 -0.001 -0.08 -0.00 -0.001

- down -0.03 +0.001 +0.08 +0.00 +0.001

- shift +0.03 -0.001 -0.08 -0.00 -0.001

herwig++ 2.4 4.37±0.11 0.014±0.001 3.31±0.07 4.06±0.10 0.010±0.001

- shift -4.37 +0.014 -3.31 -4.06 +0.010

µR and µF 0.00±0.00 0.000±0.000 0.02±0.00 0.01±0.00 0.000±0.000

- up -0.00 -0.000 -0.02 -0.01 -0.000

- down -0.00 +0.000 +0.01 +0.00 +0.000

- shift -0.00 -0.000 -0.02 -0.01 -0.000

Continued on next page
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

semi-leptonic BR of B 0.06±0.00 0.000±0.000 0.06±0.00 0.06±0.00 0.000±0.000

- up +0.01 +0.000 +0.01 +0.01 +0.000

- down +0.06 +0.000 +0.06 +0.06 +0.000

- shift +0.01 +0.000 +0.01 +0.01 +0.000

TotalNoFlavorNoTime 0.10±0.00 0.011±0.000 0.82±0.00 0.19±0.00 0.008±0.000

- up -0.07 +0.011 +0.82 +0.19 +0.008

- down +0.10 -0.011 -0.81 -0.17 -0.008

- shift -0.07 +0.011 +0.82 +0.19 +0.008

JEC quad. sum 0.11 0.011 0.81 0.19 0.01

JEC: Flavor 0.41 0.003 0.31 0.36 0.00

- linear -0.43 0.001 -0.34 -0.40 0.001

PDF 0.03 0.000 0.03 0.03 0.00

b tagging 0.03 0.000 0.01 0.02 0.00

b-jet modelling 0.08 0.001 0.07 0.07 0.00
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Signed uncertainties for electron+jets channel

Table A.7.: Electron+jets: List of systematic uncertainties for the combined fit to
the entire data set, including statistical uncertainties and sign informa-
tion. The shift is defined as variation− nominal in simulation.

Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

def. ERD off to ERD on 0.34±0.14 0.008±0.001 0.34±0.09 0.14±0.12 0.006±0.001

- shift -0.34 +0.008 +0.34 -0.14 +0.006

def. to CR GluonMove 0.00±0.15 0.001±0.001 0.05±0.09 0.02±0.12 0.000±0.001

(both ERD off)

- shift -0.00 -0.001 -0.05 -0.02 -0.000

CR GluonMove ERD on 0.08±0.16 0.007±0.001 0.65±0.09 0.25±0.13 0.005±0.001

to ERD off

- shift -0.08 -0.007 -0.65 -0.25 -0.005

CR QCDbased to GluonMove 0.45±0.16 0.001±0.001 0.40±0.09 0.43±0.13 0.000±0.001

(both ERD on)

- shift +0.45 -0.001 +0.40 +0.43 -0.000

def. to CR GluonMove 0.42±0.16 0.002±0.001 0.26±0.09 0.37±0.13 0.001±0.001

(both ERD on)

- shift +0.42 -0.002 +0.26 +0.37 -0.001

def. to CR QCDbased 0.03±0.15 0.001±0.001 0.14±0.09 0.06±0.13 0.001±0.001

(both ERD on)

- shift -0.03 -0.001 -0.14 -0.06 -0.001

FSR var. 0.11±0.11 0.009±0.001 0.70±0.06 0.14±0.09 0.007±0.001

- up +0.11 -0.009 -0.70 -0.14 -0.007

- down -0.08 +0.006 +0.42 +0.07 +0.004

- shift +0.11 -0.009 -0.70 -0.14 -0.007

FSR var. (with logSF) 0.09±0.11 0.003±0.001 0.19±0.06 0.01±0.09 0.002±0.001

- up +0.09 -0.003 -0.19 +0.01 -0.002

- down -0.07 +0.002 +0.13 -0.01 +0.002

- shift +0.09 -0.003 -0.19 +0.01 -0.002

Factorisation 0.01±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up +0.01 -0.000 -0.01 +0.01 -0.000

- down -0.01 +0.000 +0.01 -0.01 +0.000

- shift +0.01 -0.000 -0.01 +0.01 -0.000

ISR var. 0.15±0.15 0.002±0.001 0.05±0.09 0.10±0.12 0.001±0.001

- up -0.07 +0.001 +0.05 -0.04 +0.001

- down +0.15 -0.002 -0.03 +0.10 -0.001

- shift -0.07 +0.001 +0.05 -0.04 +0.001

Isolation 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up -0.00 +0.000 -0.00 -0.00 +0.000

- down -0.00 -0.000 -0.00 -0.00 -0.000

- shift -0.00 +0.000 -0.00 -0.00 +0.000

JEC : TotalNoFlavorNoTime 0.16±0.00 0.012±0.000 0.89±0.00 0.18±0.00 0.008±0.000

- up -0.12 +0.012 +0.89 +0.18 +0.008

- down +0.16 -0.012 -0.88 -0.16 -0.008

- shift -0.12 +0.012 +0.89 +0.18 +0.008

Continued on next page
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

JEC : Intercalibration 0.03±0.00 0.002±0.000 0.17±0.00 0.05±0.00 0.001±0.000

- up -0.03 +0.002 +0.15 +0.03 +0.001

- down +0.00 -0.002 -0.17 -0.05 -0.001

- shift -0.03 +0.002 +0.15 +0.03 +0.001

JEC : MPFInSitu 0.01±0.00 0.003±0.000 0.24±0.00 0.07±0.00 0.002±0.000

- up -0.01 +0.003 +0.24 +0.06 +0.002

- down +0.01 -0.003 -0.24 -0.07 -0.002

- shift -0.01 +0.003 +0.24 +0.06 +0.002

JEC : PileUp 0.11±0.00 0.004±0.000 0.28±0.00 0.01±0.00 0.003±0.000

- up -0.10 +0.004 +0.27 +0.01 +0.003

- down +0.11 -0.004 -0.28 -0.01 -0.003

- shift -0.10 +0.004 +0.27 +0.01 +0.003

JEC : Uncorrelated 0.15±0.00 0.011±0.000 0.82±0.00 0.15±0.00 0.008±0.000

- up -0.13 +0.011 +0.81 +0.15 +0.008

- down +0.15 -0.011 -0.82 -0.14 -0.008

- shift -0.13 +0.011 +0.81 +0.15 +0.008

JER 0.08±0.00 0.001±0.000 0.05±0.00 0.04±0.00 0.001±0.000

- up -0.06 +0.001 +0.05 -0.03 +0.001

- down +0.08 -0.001 -0.05 +0.04 -0.001

- shift -0.06 +0.001 +0.05 -0.03 +0.001

Lepton Identification 0.01±0.00 0.000±0.000 0.01±0.00 0.01±0.00 0.000±0.000

- up -0.00 +0.000 -0.00 -0.00 +0.000

- down -0.01 +0.000 -0.01 -0.01 +0.000

- shift -0.00 +0.000 -0.00 -0.00 +0.000

ME-PS matching 0.06±0.00 0.001±0.000 0.07±0.00 0.03±0.00 0.001±0.000

- up -0.06 +0.001 +0.04 -0.03 +0.001

- down +0.04 -0.001 -0.07 +0.01 -0.001

- shift -0.06 +0.001 +0.04 -0.03 +0.001

PDF CT10nlo 0.02±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- shift -0.02 +0.000 -0.01 -0.02 +0.000

PDF MMHT2014nlo68clas118 0.02±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- shift -0.02 +0.000 -0.01 -0.02 +0.000

PDF as 0.00±0.00 0.000±0.000 0.01±0.00 0.00±0.00 0.000±0.000

- up +0.00 +0.000 +0.00 +0.00 +0.000

- down -0.00 -0.000 -0.01 -0.00 -0.000

- shift +0.00 +0.000 +0.00 +0.00 +0.000

Pileup 0.07±0.00 0.001±0.000 0.04±0.00 0.04±0.00 0.001±0.000

- up -0.07 +0.001 +0.03 -0.04 +0.001

- down +0.06 -0.001 -0.04 +0.03 -0.001

- shift -0.07 +0.001 +0.03 -0.04 +0.001

Renormalisation 0.01±0.00 0.000±0.000 0.02±0.00 0.01±0.00 0.000±0.000

- up +0.01 +0.000 +0.02 +0.01 +0.000

- down -0.01 -0.000 -0.02 -0.01 -0.000

- shift +0.01 +0.000 +0.02 +0.01 +0.000

Top-pt reweighting 0.07 ± 0.00 0.002 ± 0.000 0.14 ± 0.00 0.01 ± 0.00 0.002 ± 0.000

- shift +0.07 -0.002 -0.14 +0.01 -0.002

Continued on next page
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

Top-pt reweighting Run2 0.03 ± 0.00 0.001 ± 0.000 0.06 ± 0.00 0.00 ± 0.00 0.001 ± 0.000

- shift +0.03 -0.001 -0.06 +0.00 -0.001

Trigger 0.00±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up -0.00 +0.000 -0.00 -0.00 +0.000

- down -0.00 -0.000 -0.00 -0.00 -0.000

- shift -0.00 +0.000 -0.00 -0.00 +0.000

Underlying Event 0.30±0.13 0.002±0.001 0.11±0.08 0.24±0.11 0.002±0.001

- up -0.30 +0.002 -0.11 -0.24 +0.002

- down +0.12 -0.001 +0.03 +0.09 -0.001

- shift -0.30 +0.002 -0.11 -0.24 +0.002

amc@nlo v2.2.2 FxFx 0.01±0.23 0.005±0.002 0.38±0.13 0.11±0.18 0.003±0.001

- shift -0.01 +0.005 +0.38 +0.11 +0.003

b Tag 0.03±0.00 0.000±0.000 0.01±0.00 0.03±0.00 0.000±0.000

- up +0.03 -0.000 +0.01 +0.02 -0.000

- down -0.03 +0.000 -0.01 -0.03 +0.000

- shift +0.03 -0.000 +0.01 +0.02 -0.000

b Tag Cjets 0.02±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up -0.02 +0.000 -0.01 -0.02 +0.000

- down +0.01 -0.000 +0.00 +0.01 -0.000

- shift -0.02 +0.000 -0.01 -0.02 +0.000

b frag. Bowler-Lund 0.07±0.00 0.001±0.000 0.01±0.00 0.05±0.00 0.000±0.000

- up -0.07 +0.001 -0.01 -0.05 +0.000

- down +0.06 -0.001 +0.01 +0.05 -0.000

- shift -0.07 +0.001 -0.01 -0.05 +0.000

b frag. Peterson 0.12±0.00 0.001±0.000 0.07±0.00 0.10±0.00 0.000±0.000

- shift +0.12 -0.001 +0.07 +0.10 -0.000

b misTag 0.01±0.00 0.000±0.000 0.00±0.00 0.00±0.00 0.000±0.000

- up -0.01 +0.000 -0.00 -0.00 +0.000

- down +0.00 -0.000 -0.00 +0.00 -0.000

- shift -0.01 +0.000 -0.00 -0.00 +0.000

calibration 0.01±0.00 0.001±0.000 0.05±0.00 0.01±0.00 0.000±0.000

- shift +0.01 -0.001 -0.05 -0.01 -0.000

evtgen 0.00±0.00 0.000±0.000 0.01±0.00 0.00±0.00 0.000±0.000

- shift -0.00 +0.000 +0.01 +0.00 +0.000

flavor bottom 0.33±0.00 0.000±0.000 0.31±0.00 0.32±0.00 0.000±0.000

- up -0.33 +0.000 -0.31 -0.32 +0.000

- down +0.33 -0.000 +0.31 +0.32 -0.000

- shift -0.33 +0.000 -0.31 -0.32 +0.000

flavor charm 0.03±0.00 0.000±0.000 0.01±0.00 0.02±0.00 0.000±0.000

- up +0.03 -0.000 -0.01 +0.01 -0.000

- down -0.03 +0.000 +0.00 -0.02 +0.000

- shift +0.03 -0.000 -0.01 +0.01 -0.000

flavor gluon 0.21±0.00 0.003±0.000 0.06±0.00 0.13±0.00 0.002±0.000

- up -0.21 +0.003 +0.06 -0.13 +0.002

- down +0.19 -0.003 -0.06 +0.11 -0.002

- shift -0.21 +0.003 +0.06 -0.13 +0.002

Continued on next page
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Uncertainty name δm2D
t δJSF2D δm1D

t δmhyb
t δJSFhyb

flavor light 0.12±0.00 0.001±0.000 0.02±0.00 0.08±0.00 0.001±0.000

- up +0.11 -0.001 -0.02 +0.07 -0.001

- down -0.12 +0.001 +0.01 -0.08 +0.001

- shift +0.11 -0.001 -0.02 +0.07 -0.001

MadGraph5 MLM 1.09±0.28 0.003±0.003 0.86±0.17 1.02±0.23 0.002±0.002

- shift +1.09 -0.003 +0.86 +1.02 -0.002

non tt̄ BG 0.06±0.00 0.000±0.000 0.08±0.00 0.07±0.00 0.000±0.000

- up +0.06 +0.000 +0.08 +0.07 +0.000

- down -0.06 -0.000 -0.08 -0.07 -0.000

- shift +0.06 +0.000 +0.08 +0.07 +0.000

herwig++ 2.4 4.42±0.15 0.015±0.001 3.18±0.10 4.05±0.13 0.010±0.001

- shift -4.42 +0.015 -3.18 -4.05 +0.010

µR and µF 0.03±0.00 0.000±0.000 0.02±0.00 0.02±0.00 0.000±0.000

- up +0.02 -0.000 +0.01 +0.02 -0.000

- down -0.03 +0.000 -0.02 -0.02 +0.000

- shift +0.02 -0.000 +0.01 +0.02 -0.000

semi-leptonic BR of B 0.20±0.00 0.001±0.000 0.10±0.00 0.17±0.00 0.001±0.000

- up +0.13 -0.001 +0.04 +0.10 -0.001

- down +0.20 -0.001 +0.10 +0.17 -0.001

- shift +0.13 -0.001 +0.04 +0.10 -0.001

JEC quad. sum 0.15 0.012 0.87 0.17 0.01

JEC: Flavor 0.41 0.003 0.32 0.36 0.00

- linear -0.40 0.001 -0.28 -0.37 0.001

PDF 0.03 0.000 0.01 0.03 0.00

b tagging 0.04 0.000 0.02 0.03 0.00

b-jet modelling 0.24 0.001 0.12 0.20 0.00

Continued on next page
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A.7. Color reconnection

A crucial test for the performance of reliable UE tunes, and of the CR simulation in particular, is

the description of the average transverse momentum of the charged particles, as a function of the

charged particle multiplicity. Comparisons to these observables, measured by ATLAS at 13 TeV

in the transMAX and transMIN regions [128], are shown in Figure A.29.

b
b

b
b

b
b b b b b b b b b b b b b b b

Datab

CUETP8M2
CUETP8M2-CR1
Def. Tune

0

0.2

0.4

0.6

0.8

1

1.2

Mean average transverse momentum, trans-max region

〈m
ea
n
p
⊥
〉[G

eV
]

5 10 15 20

0.6

0.8

1

1.2

1.4

Nch(Trans-max)

M
C
/
D
a
ta

b

b
b

b
b b b b b b b b b b b b

Datab

CUETP8M2
CUETP8M2-CR1
Def. Tune

0

0.2

0.4

0.6

0.8

1

1.2

Mean average transverse momentum, trans-min region

〈m
ea
n
p
⊥
〉[G

eV
]

5 10 15 20

0.6

0.8

1

1.2

1.4

Nch(Trans-min)

M
C
/
D
a
ta

Figure A.29.: Average pT of the charged particles in the transMIN (left) and trans-
MAX (right) region, measured by ATLAS at 13 TeV [128]. The mea-
surements are compared to predictions from the tunes CUETP8M2,
CUETP8M2-CR1 and Def. Tune. The lower panels show the ratios
between each Monte Carlo prediction and the data.
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Figure A.30.: Charged particle multiplicity as a function of pseudorapidity after non-
single-diffractive (NSD) enhanced (left) and single-diffractive (SD) en-
hanced (right) selections, measured by CMS at 13 TeV [130, 135].
The measurements are compared to predictions from the tunes
CUETP8M2, CUETP8M2-CR1 and Def. Tune. The lower panels
show the ratios between each Monte Carlo prediction and the data.
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Figure A.31.: Forward energy flow as a function of pseudorapidity measured in
events with a presence of a hard dijet system [136] measured by CMS
at 13 TeV. The measurements are compared to predictions from the
tunes CUETP8M2, CUETP8M2-CR1 and Def. Tune. The lower pan-
els show the ratios between each Monte Carlo prediction and the data.
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A.8. Measured top quark mass as a function of

kinematic observables
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Figure A.32.: Measurements of mt as a function of the ∆R between the light quark
jets (∆Rqq̄) compared to different generator choices (upper row) and
to alternative models of color reconnections (lower row).
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Figure A.33.: Measurements of mt as a function of the transverse momentum of the
hadronically decaying top quark (pt,had

T ) compared to different gener-
ator choices (upper row) and to alternative models of color reconnec-
tions (lower row).
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Figure A.34.: Measurements of mt as a function of the pseudorapidity of the hadron-
ically decaying top quark (ηt,had) compared to different generator
choices (upper row) and to alternative models of color reconnections
(lower row).
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Figure A.35.: Measurements of mt as a function of the number of jets with pT >
30 GeV compared to different generator choices (upper row) and to
alternative models of color reconnections (lower row).
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Figure A.36.: Measurements of mt as a function of the invariant mass of the tt̄
system (mtt̄) compared to different generator choices (upper row) and
to alternative models of color reconnections (lower row).
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Figure A.37.: Measurements of mt as a function of the transverse momentum of the
tt̄ system (ptt̄

T) compared to different generator choices (upper row)
and to alternative models of color reconnections (lower row).
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Figure A.38.: Measurements ofmt as a function of the ∆R between the b jets (∆Rbb̄)
compared to different generator choices (upper row) and to alternative
models of color reconnections (lower row).
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Figure A.39.: Measurements of mt as a function of the pT of the b jet assigned to the
hadronic decay branch (pb,had

T ) compared to different generator choices
(upper row) and to alternative models of color reconnections (lower
row).
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Figure A.40.: Measurements of mt as a function of the pT of the pseudorapidity of
the b jet assigned to the hadronic decay branch (
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∣∣) compared

to different generator choices (upper row) and to alternative models
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