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ABSTRACT

The study of the top quark is fundamental to the field of particle physics, because its
high mass of approximately 173 GeV, the highest in the Standard Model, is close to
the electro-weak vacuum expectation value of 246 GeV, which hints to the fact that
this particle might be special and it could be the key to unveil physics beyond the
Standard Model. Therefore a precise study of the properties and mass of the top quark
is necessary. In particular the mass of the top quark, which is a free parameter in the
Standard Model, needs to be measured precisely, because it is one of the parameters
used to constrain the global fit to check for the validity of the Standard Model and
its consistency with the measured data. Also, the measured inclusive tt̄ production
cross section can be compared to theoretically predicted values, allowing for a further
check of the Standard Model.
The tt̄ production total fiducial and inclusive cross section and the tt̄ production
absolute and normalised differential cross section for seven different leptonic kinematic
variables are measured using the data collected in the ATLAS experiment at

√
s =

13 TeV during the full Run 2 period (2015−2018) with a total integrated luminosity of
139 fb−1. The measurement is performed using dilepton eµ events with opposite sign
and with either one or two associated b-jets. The total tt̄ production fiducial cross
section is measured with a total relative uncertainty of 2.34% and the total inclusive
tt̄ production cross section with a total relative uncertainty of 2.91%. The value of
the total inclusive cross section and the contributions to its uncertainty are as such:

σtt̄ = 839.8± 1.3± 16.0± 18.4 pb

where the first uncertainty is the statistical one, the second is the luminosity uncer-

tainty and the last is the total systematic uncertainty from all of the other sources

other than the luminosity.

The normalised differential distributions are used to extract the top pole mass for

five leptonic kinematic variables, pT(`+`−), pT(`+) + pT(`−), pT(`), E(`+) + E(`−),

m(`+`−), due to their sensitivity to the mass of the top quark. The extraction is

done by comparing the measured distributions to Monte Carlo templates at different

top mass values. The results show that the uncertainty on the top pole mass can

be reduced compared to previous measurements, thanks to the lower uncertainty on

the normalised differential cross section distributions, but the templates used in this

thesis are not adequate and more proper templates, including correction to the top

pT spectrum and NNLO processes, would improve the results.
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RESUMÉ

Undersøgelsen af top kvarken er grundlæggende for partikelfysik, fordi dens høje masse
p̊a ca. 173 GeV, den højeste i Standardmodellen, er tæt p̊a den elektrosvage skala
vacuum værdi p̊a 246 GeV, som antyder, at denne partikel kan være speciel, og at den
kan være nøglen til at afsløre fysik ud over Standardmodellen. Derfor er en nøjagtig
undersøgelse af egenskaberne og massen af top kvarken nødvendig. Især skal massen
af top kvarken, som er en fri parameter i Standardmodellen, m̊ales nøjagtigt, da det
er en af de parametre, der bruges til at begrænse den globale fit til at kontrollere
gyldigheden af Standardmodellen og dens overensstemmelse med de m̊alte data. De-
suden kan det m̊alte inklusive tt̄ produktions tværsnit sammenlignes med teoretisk
forudsagte værdier, hvilket muliggør en yderligere kontrol af Standardmodellen.
Det totale tt̄ produktions tværsnit og tt̄ absolutte og normaliserede produktions differ-
entielle tværsnit for syv leptoniske kinemaiske variabler m̊ales ved hjælp af data ind-
samlet i ATLAS eksperimentet ved

√
s = 13 TeV i hele Run 2 perioden (2015− 2018)

med en total integreret luminositet p̊a 139 fb−1. Målingen udføres ved hjælp af
dilepton eµ begivenheder med modsat ladning og med enten en eller to tilknyttede
b-jets. Den totale tt̄ fiducial produktions tværsnit er m̊alt med en samlet relativ usik-
kerhed p̊a 2, 34%, mens den inklusive tt̄ produktions tværsnit er m̊alt med en samlet
relativ usikkerhed p̊a 2, 91%. Den inklusive tt̄ produktions tværsnit og bidragene til
dens samlede usikkerhed er som s̊adan:

σtt̄ = 839.8± 1.3± 16.0± 18.4 pb

hvor den første usikkerhed er den statistiske, den anden er luminositetsusikkerheden,

og den sidste er den samlede systematiske usikkerhed fra alle de andre kilder bortset

fra luminositet.

De normaliserede differentielle fordelinger for fem leptoniske kinematiske variabler,

pT(`+`−), pT(`+) + pT(`−), pT(`), E(`+) + E(`−), m(`+`−), bruges til at ekstra-

here top kvarken polmassen p̊a grund af deres følsomhed over for top kvark massen.

Målingerne udføres ved at sammenligne de m̊alte fordelinger med Monte Carlo ska-

beloner ved forskellige top masse værdier. Resultaterne viser, at usikkerheden p̊a top

polmassen kan reduceres sammenlignet med tidligere m̊alinger takket være den lavere

usikkerhed p̊a de normaliserede differentielle tværsnitsfordelinger, men skabelonerne,

der er brugt i denne afhandling, er ikke tilstrækkelige og mere korrekte skabeloner,

der inkluderer korrektion af top pT spektrum og NNLO processer, ville forbedre res-

ultaterne.
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CHAPTER 1

INTRODUCTION

The top quark is one of the fundamental particles in the Standard Model
[1] and it was discovered in 1995 at the Tevatron [2, 3]. The mass of the
top quark, which is around 173 GeV [1], is the largest particle mass in the
entire Standard Model, and is furthermore comparable with the Higgs field
vacuum expectation value of 246 GeV [4]. This suggests that the top quark
could couple stronger than other Standard Model particles to fields beyond
the Standard Model, which makes the top quark properties, mass and pro-
duction cross sections especially interesting to observe, because they could
be the key to unveiling a theoretical framework beyond the Standard Model
[5, 6]. The total inclusive production cross section of tt̄ pairs, which can be
predicted to NNLO level within the Standard Model [7–11], can be measured
and compared to the theoretically predicted value, to check if the measured
value is in accordance with its prediction. The mass of the top quark, which
is a free parameter in the Standard Model, is one of the central variables used
to check the validity of the Standard Model and it is included in a global fit,
together with other experimental parameters, to assess what the probability
is, that the Standard Model is consistent with the observed data [12]. The
more precise the mass measurement is (as well as all the other measurements
of the other parameters), the more accurately can we know if the Standard
Model is indeed the complete description of particle physics, or if it is only a
part of a more comprehensive theory.
This thesis outlines a way to measure the production cross section of tt̄ pairs
and the top quark mass using the measured fiducial differential cross sec-
tion distributions fitted to theoretical templates. The first part of the thesis
presents the measurement of the total and differential production cross sec-
tions of tt̄ events measured using the full dataset collected during the Run 2
period (2015 − 2018) at a center of mass energy of

√
s = 13 TeV in the AT-

LAS experiment with an integrated luminosity of 139 fb−1, while at the end
the mass extraction method is outlined.
The fiducial production cross section measurement of tt̄ events is performed in
the dilepton channel of the tt̄ decay, where the top pair decays to two W bo-
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CHAPTER 1. INTRODUCTION

sons and two b-jets, tt̄→W+W−bb̄, and the W bosons both decay to leptons
and corresponding neutrinos. In order to select the cleanest channel, only the
events where one W decays to an electron and the other to a muon and the
two leptons have opposite sign are taken into consideration as signal events.
The events are furthermore required to contain either exactly one or exactly
two b-tagged jets in order to finally extract the cross section.
Previous ATLAS measurements of the total inclusive and fiducial tt̄ production
cross section with the same method as used in this thesis include the measure-
ments at

√
s = 7 TeV, at

√
s = 8 TeV and at

√
s = 13 TeV [13–15], where the

measurement of the total inclusive cross section reached a precision of 3.9%,
3.6% and 4.4% total relative uncertainty. The measurement at

√
s = 13 TeV

was performed only with the data collected in 2015 (3.2 fb−1). Another more
recent measurement at

√
s = 13 TeV, also with the same method as the one

used in this thesis, with the data from the 2015 − 2016 period (36.2 fb−1)
shows a precision on the total inclusive cross section of 2.4% (and on the total
fiducial cross section of 2.36%) [16]. A measurement of the fiducial differential
cross section was performed at

√
s = 8 TeV in [17, 18] and at

√
s = 13 TeV in

[16] and the distributions were used to extract the pole mass in [17, 18]. The
differential distributions in [16] have the same range and binning of [17, 18],
but a lower uncertainty on each bin.
The analysis presented in this thesis includes the total fiducial and inclusive
cross section and the differential (absolute and normalised) cross section for 7
different leptonic variables, pT(`+`−), pT(`+) + pT(`−), pT(`), E(`+) +E(`−),
m(`+`−), |η(`)| and ∆φ(`+`−). Using leptonic kinematic variables has the
advantage that it does not require the tt̄ system to be reconstructed.
Compared to the previous mentioned analysis, due to the high statistics of
the Run 2 dataset and the improvements in the modelling of the detector and
of the tt̄ system [19], this analysis aims to reach a lower uncertainty on the
total cross section and differential cross section than previously obtained, also
the granularity and range of the differential distributions as a function of the
leptonic variables have been extended as compared with [17] and [16]. The
finer granularity and the lower uncertainty could be helpful in the future both
for a mass estimation, but also for the tuning of Monte Carlo generators and
for checking the theoretical modelling of tt̄ processes [20–23].
Finally the normalised differential cross sections for five of the seven variables,
pT(`+`−), pT(`+) + pT(`−), pT(`), E(`+) + E(`−), m(`+`−), as suggested by
[24] are used to outline a method to extract the top pole mass, where the ex-
tracted distributions are compared to Monte Carlo templates at different top
mass values to extract a χ2 distribution per variable. The results found for
each distribution are then used to find a combined estimate using the BLUE
method, as in [17]. The limitations of this method to extract the top pole
mass are discussed.
The thesis is structured as such: Chapter 2 outlines the theory behind the
Standard Model and presents the top quark within the Standard Model frame-
work, Chapter 3 describes the ATLAS detector, Chapter 4 contains a descrip-
tion of the data and simulation samples, in Chapter 5 the object and event
selections used in this analysis are outlined, in Chapter 6 the modelling of the

2



CHAPTER 1. INTRODUCTION

fake lepton and the Z → ττ + jets backgrounds are described, in Chapter 7 the
analysis technique is explained and the validation tests presented, in Chapter 8
the different systematic uncertainties are described, together with an explan-
ation on how they are evaluated, in Chapter 9 the results of the total and
differential cross section are presented, and finally in Chapter 10 the top mass
extraction method is presented.
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CHAPTER 2

THE STANDARD MODEL OF
PARTICLE PHYSICS

2.1 Electroweak Standard Model and the Higgs mechanism 7

2.2 Top quark 8

2.2.1 Production mechanism and decay channels 9

2.2.2 Properties 10

The journey to the current particle physics theories started with Democritus
in 400 B.C., he was the first to postulate the existence of small indivisible
entities that make up all the space, and he called those entities “atomi” (from
Greek, indivisible). This idea was kept alive by alchemists, who were studying
chemical reactions, in particular J. Dalton postulated in the first half of the
19th century, that different materials are composed by small particles, which
are all the same for one material, and he based this on the observation that
different materials react with each other in chemical reactions in very precise
ratios. The last sceptics of this theory (that “molecules” are the smallest
constituent of any substance) were convinced by Einstein’s explanation of ob-
servations on Brownian motion [25].
In the course of the 19th century, the discoveries of the electron, X-rays, ra-
dioactivity and line-spectra paved the way for the notion of structure in the
“atomic” constituents of molecules. It was finally Rutherford’s scattering ex-
periment that led Bohr to suggest the atomic model with a small nucleus of
positive electric charge surrounded by a cloud of negative electrons in different
discrete orbits [26].
With the birth of quantum mechanics, relativity and the technological ad-
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CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

vancement, physicists realised that the nucleus was not indivisible, but it was
a collection of other fundamental particles. In 1932 Chadwick discovered the
neutron [27], and the same year also saw the first “split atom“ when Cockcroft
and Walton turned a Lithium nucleus into two Helium nuclei [28]. This was
accomplished with one of the first “accelerators”, a device that can produce
high energy beams of particles. Years later scientists realised that protons
and neutrons have a substructure of point like constituents. This was proven
thanks to the developments of accelerator technology, in particular the 5 km
long linear electron accelerator at Stanford could in 1969 show the “grainy”
substructure of protons [29, 30]. These point like constituents were shown to
have the properties of the “quarks” that had been earlier suggested on the
basis of symmetry patterns in observed hadron states.
A theory, now called the Standard Model of particle physics, had at that time
already taken shape and it would eventually explain all the observations done
in accelerator experiments. It had been primarily developed by S. Glashow, S.
Weinberg and A. Salam in the 1970s and it could explain the known particles
and their interactions through three of the four fundamental forces, electro-
magnetism, the weak force and the strong force [31, 32].

Figure 2.1: Particles in the Standard Model of particle physics [33].

The fundamental particles and forces included in the Standard Model are
shown in Fig. 2.1, which includes the leptons and quarks as the fundamental
fermions and the force carriers as fundamental bosons [4]. This theory was
postulated when not all the particles were found, so many of them were the-
orized and then searched in particle accelerators. For example the Z and W
were first discovered in 1983 at CERN [34–37], the top quark was measured
for the first time at the Tevatron in 1995 [2, 3] and the Higgs boson was the
last particle to be measured at CERN in 2012 [38, 39]. On the other hand,
the discoveries of the muon in cosmic rays in 1937 [40], the discovery of the
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CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

charmed quark in 1974 at SLAC and BNL [41, 42] and of the tau-lepton at
SLAC in 1975 [43] were more of an experimental surprise.

2.1 Electroweak Standard Model and the Higgs mech-
anism

The Standard Model of particle physics is a theory within the Quantum Field
Theory (QFT) formulation, where the quantum mechanical and relativistic
properties of particles and fields are united in a unified formulation. In partic-
ular the Standard Model is a unification of quantum electrodynamics (QED),
of the weak interaction and of the quantum chromodynamics (QCD) theories
[4].
The QED describes the electromagnetic interactions, which happen with the
exchange of the field boson, in this case the massless photon, the weak inter-
action describes the weak force, which is responsible for radioactive decay, for
example, and proceed via the exchange of a massive W or Z, and the QCD
describes the interactions between the quarks and their boson field, the mass-
less gluon. Each theory is internally gauge symmetric1 and they respect the
U(1)Y , SU(2)L and the SU(3)C gauge symmetries respectively [4].
For the Standard Model to have internal consistency there needs to be an
internal gauge symmetry in the unified theory, but this is not possible by just
unifying the three theories above, as the gauge symmetry in the Standard
Model in this form is broken by the masses of the particles in the electroweak
sector, in particular by the masses of the W and Z. This can though be re-
solved by introducing the Higgs mechanism, which preserves the symmetry of
the underlying model, but breaks it spontaneously by the vacuum choosing a
certain state to be in. This is done by introducing a field φ, with potential

V (φ) =
1

2
µ2φ2 +

1

4
λφ4 (2.1)

with λ > 0 and µ2 < 0. The constraints on λ and µ are there to assure that
the potential has a minimum, also called vacuum expectation value v, and this
exists first if λ > 0, if µ2 > 0 the vacuum expectation value is zero, while if
µ2 < 0 the vacuum expectation value is

v =

√
−µ2

λ
. (2.2)

Since the potential has minima at field values different from zero, the symmetry
is broken, because we need to choose one value for the vacuum and this is called
spontaneous symmetry breaking [4].
When the above mentioned Higgs field is introduced, in a gauge invariant way,
in the electroweak sector of the Standard Model, it generates the masses of the
W+, the W− and the Z, as well as a boson corresponding to the excitation

1A theory is gauge invariant when it is invariant under local phase transformation in the
space of the internal degrees of freedom of the theory [4].

7



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

of the Higgs field introduced to ensure gauge symmetry [4]. In this case the
Higgs scalar field is chosen as [4]:

φ(x) =

[
0

v + h(x)

]
(2.3)

and the free field is introduced in the Lagrangian for this field, which has the
form [4]:

L = (∂µφ)†(∂µφ)− V (φ). (2.4)

In the framework of the Standard Model, the derivative is replaced with the
covariant derivative (∂µ → Dµ) with the coupling constants of the SU(2) and
U(1) symmetries and the generators and gauge fields of the symmetries as
well. When the covariant derivative acts on the Higgs doublet in Eq. 2.3 the
mass terms of the electroweak bosons come out as mW = 1

2gW v, mA = 0 and

mZ = 1
2v
√
g2
W + g′2, where mW is the mass of the W , mZ is the mass of the Z

and mA is the mass of the photon, gW is the coupling constant of the SU(2)L
and g′ is the coupling constant of the U(1)Y .
The fermion masses need to be addressed as well. This is done by introducing
the Yukawa coupling to the Higgs field, and from the Yukawa interaction
Lagrangian the mass terms for the different fermions can be extracted as
gf =

√
2
mf
v [4]. The values of the Yukawa couplings are not predicted in the

Standard Model, as well as the value of the masses of the fermions, they are
purely found by experiments.

2.2 Top quark

In 1977 the bottom quark was discovered [44] with a charge of −1/3 and in
the Standard Model each quark needs a charge partner, in this case the top
quark with charge +2/3. The W propagator of the electroweak force, which
in the low energy limit is measured by the Fermi constant, contains loops of
top-bottom pairs [4], therefore it was suggested already in the 1980s that the
top quark would have a significant mass due to the experimental measurement
of the Fermi constant, of the W mass and the electroweak mixing angle [4].
The top quark was first observed in 1995 at the CDF and D0 experiments
at the Fermilab Tevatron [2, 3] and since then several experiments have at-
tempted to measure the top quark and its properties as the production cross
section or its mass, both at the Tevatron and since also at the LHC [5].
As expected, the top quark was found to be massive, the heaviest fundamental
particle in the Standard Model. Remarkably, the mass of the top quark is
comparable to the electroweak scale given by the vacuum value of 246 GeV [4].
This could mean, that the top quark might play a special role in a framework
more comprehensive than the Standard Model [5, 6].
In the following sections, an overview will be given on the production mech-
anisms and on the properties of the top quark.

8



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

2.2.1 Production mechanism and decay channels

The top quark decays with almost a 100% branching ratio to a W boson and to
a b-quark [1]. The type of decays of the top quark are then defined mainly from
the different decays of the W boson, which can decay to an electron, muon or
τ and their corresponding neutrino with a ∼ 11% branching ratio each or to a
quark and antiquark pair (the sum of the charge of the two quarks have to be
either +1 or −1, depending on whether it is a W+ or a W− decaying) with a
total branching ratio of ∼ 67% [1, 45].

q

q0

W+

t

b

1

(a)

q

tb

q0

W

1

(b)

W�

t

b

t

1

(c)

Figure 2.2: Single top s-channel in 2.2(a) and t-channel production in 2.2(b)
and 2.2(c).

W�

b

b

t

1

Figure 2.3: Single top Wt channel production.

The top quark is produced either in a tt̄ pair or in single top processes, which
means alone together with other particles. There are three different types of
single top processes, the s-channel one, the t-channel one and the Wt produc-
tion channel [1, 46], which can be seen in Fig. 2.2(a), Fig. 2.2(b) and 2.2(c)
and in Fig. 2.3 respectively.
The tt̄ production modes can have 3 different decay channels: the fully leptonic
channel, where both W bosons decay to leptons, see Fig. 2.5, with a branching
ratio of ∼ 10%, see Fig. 2.4, the lepton + jets channel, where one W decays
leptonically and the other hadronically with a branching ratio of ∼ 45%, and
the fully hadronic channel, where both W bosons decay hadronically with a
total branching ratio of ∼ 46% [1]. The precise branching ratios of the differ-
ent decay channels depend on which values of the W boson decay branching
fractions are used, as they are both theoretically predicted and experimentally
measured and those values are not exactly the same [45].
In the cases of the Wt channel, the top quark decays to a W boson as well and
this can result in the same final states as the in the tt̄ production, giving an
interference between the two production mechanisms. This interference needs
to be resolved in order to produce Monte Carlo samples for tt̄ and Wt decays
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CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

separately and for this two different ways of taking care of this interference are
devised, the diagram removal (DR) and the diagram subtraction (DS) schemes
[46, 47]. In the DR case the interference term and the term describing any
tt̄ contributions are removed from the total amplitude, leaving only the pure
Wt signal, while in the DS case the cross section of the Wt signal is corrected
in order to remove all tt̄ contributions (leaving though the interference con-
tribution) [47]. Effectively, by taking the difference between the DR and the
DS schemes, the effect of the interference between Wt and tt̄ can be measured
[47].

τ+τ   1%

τ+µ   2%

τ+e   2
%

µ+µ   1%

µ+e   
2%

e+e  
 1%

e+jets 15%

µ+jets 15%

τ+jets  15%

"alljets"  46%

"lepton+jets""dileptons"

Top Pair Branching Fractions

Figure 2.4: tt̄ production decay channels [48].

t

t

`+
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`

b

W�
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`

W+

b

`�

1

Figure 2.5: tt̄ production in the fully leptonic channel.

2.2.2 Properties

The charge of the top quark is 2/3 of the elementary charge and it has a life-
time of ∼ 10−24 s [5]. Given that the lifetime of the quark is so short, the
top quark cannot form bound states before decaying, as all the other quarks,
giving researchers the opportunity of studying its properties without having
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CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

to untangle bound states [5].
The current world average of the top mass is 173.34±0.76 GeV [49], see Fig. 2.6,
making the top quark the heaviest particle so far known in the Standard Model.
The high mass introduces significant electroweak loop corrections to the mass
of the Higgs, which helped in constraining the mass interval where the Higgs
could be found before its discovery in 2012 [4]. The Yukawa coupling to the
Higgs field for the top quark is correspondingly big [5], and therefore the top
quark could help in understanding the electroweak symmetry breaking process
better.

Figure 2.6: Top quark mass measurements in the ATLAS experiment from
[50].

The measurement of the top mass is rather significant, because it is one of
the free parameters of the Standard Model and the more precisely we know
the mass value, the better we can constrain other parameters, such as the
mass of the Higgs and the mass of the W , and the better we can perform a
fit to the Standard Model see Fig. 2.7(a), to see how well these parameters
coincide with the current Standard Model formulation [12]. The fit to these
parameters, shown in Fig. 2.7(a), thus provide a powerful test of the Stand-
ard Model. In particular the efforts to improve the measurement of the top
quark mass is motivated by the special role of the top in Standard Model
loop-corrections. Within the Standard Model, the loop-corrections to the W
propagator precisely relate the top quark mass to the W mass for a given
value of the Higgs mass. Also, the top mass, together with the Higgs mass can
be used to calculate the stability of the vacuum of the Standard Model, and
following current calculations it seems that the vacuum is in a metastability
state [51], see Fig. 2.7(b).
Two types of techniques are used to extract the top mass, direct reconstruc-
tion or inference from total fiducial or differential cross section methods (also

11



CHAPTER 2. THE STANDARD MODEL OF PARTICLE PHYSICS

called indirect methods). The first technique forms the invariant mass of the
top quark from the reconstructed four-momenta of the top decay products.
It can be performed in all decay channels, where each channel has its own
challenges. In the dilepton channel the reconstruction is made difficult from
the presence of two undetected neutrinos, therefore a series of equations needs
to be solved to constrain the energy of the neutrinos to finally extract the top
mass. In the lepton + jets and the fully hadronic channels the reconstruc-
tion is easier, though the measurement suffers from the uncertainties on the
modelling of jets. Examples of analysis using the reconstructed four-momenta
can be seen in the upper part of Fig. 2.6. The other method infers the top
mass value either from the total tt̄ production cross section, or from comparing
the shapes of differential cross section distributions with theoretical templates
calculated at different values of the top quark mass. This method results in
a higher uncertainty, see Fig. 2.6, but helps in validating QCD calculations
at NLO level. Examples of analysis using the indirect method can be seen in
the middle part of Fig. 2.6. With the indirect method the mass extracted is
the mpole

top , the pole mass, which is the mass of the free particle. So far there
are two definitions of the top mass, the pole mass and the direct mass, where
the direct mass, as it is measured, is the same as a parameter in the Monte
Carlo generator, which makes it vulnerable towards uncalculated soft QCD ef-
fects, and the pole mass is the mass in a theoretically defined renormalisation
scheme. From a theoretical point of view, the pole mass is more interesting,
even if it is less precise than the direct mass, as it is found in a well defined
renormalisation scheme [52]. With the current level of experimental precision
of around 1 GeV, there is no significant difference between these two values
[1], but the more the precision is lowered on the top mass measurement, the
easier it would be to see if those two values are the same or not.
As mentioned before, the high mass means that the top quark couples strongly
to the Higgs field, and this manifests itself to the coupling of the top quark to
the Higgs particle through associated production, observed with a significance
of above 5 standard deviations in ATLAS for the first time [53].
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Figure 2.7: Fit of the Standard Model electro-weak sector with the top mass
and the W mass, from [54] and graph for the vacuum stability as a function
of top mass and Higgs mass from [51]
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Another property usually studied is the production cross section, both for the
single top production channels and in the tt̄ production channels. In fact the
production cross section can be theoretically calculated for different center of
mass energies [7–11] and by comparing the measured values with the calcu-
lated ones, the Standard Model predictions can be verified. One example can
be seen in Fig. 2.8, where the tt̄ production cross section theoretical values are
compared to the measured values at the ATLAS and CMS experiments [7]. In
case the predictions and the measurements were not compatible, an eventual
difference would imply the existence of other production mechanisms that are
not included in the Standard Model, opening the door to new physics.
Another property that has been studied at the LHC and Tevatron thanks
to the high quantity of top quarks produced, is the spin correlation between
the two top quarks. Due to the short lifetime, the spin of the top quark has
not enough time to decouple and hence it is transmitted directly to its decay
products, in particular it is known from the Standard Model, that the spin of
the two quarks are correlated and the correlation will be visible in the decay
products as well [57]. A way to measure this spin correlation is to find the dif-
ference in azimuthal angle between the decay products of the two quarks, and
it has been done in ATLAS in the eµ opposite sign channel [58], for example.
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(a)

(b)

Figure 2.8: tt̄ production cross section for ATLAS [55] and for CMS, ATLAS
and Tevatron from [56].
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The A Toroidal LHC ApparatuS (ATLAS) detector, one of the Large Hadron
Collider (LHC) detectors, is a multi-purpose particle detector composed of
several different layers, the inner detector as the innermost layer, the electro-
magnetic calorimeter, the hadronic calorimeter and the muon system. The
Inner Detector system is enclosed in a solenoid magnet, that provides a 2 T
magnetic field in the direction parallel to the beam, the muon system and
calorimeters are enclosed in a toroidal magnetic system [59].

3.1 Coordinate system

The ATLAS coordinate system follows the LHC convention, where the z-axis
is along the beam axis, the x-axis points to the LHC center and the y-axis
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Figure 3.1: Scheme of the ATLAS detector and its subdetectors, taken from
[59].

points up. The origin of the coordinate system is in the center of the detector,
also called the interaction point, since it is here the bunches of particles collide.
The Cartesian coordinate system is not often used in the physics and analysis
of the data and due to the cylindrical geometry of the detector, instead the
cylindrical coordinate system is preferred. The z-axis, or beam axis, is in the
same direction, the φ angle goes around the beam axis (with φ = 0 along the
x-axis) and the θ angle starts from the beam axis (goes from zero along the
positive z-axis to π along the negative z-axis). When describing the position
of a particle in the detector, we do not use the polar angle θ, but we use
instead the pseudorapidity η, where η = − ln (tan (θ/2)), or the rapidity y,
where y = 1/2 ln [(E + pz)/(E − pz)] (E is the energy of a particle, while pz is
the z-component of the 4-momentum of a particle) [59]. These variables are
convenient since an interval of rapidity is a Lorentz-invariant and the particle
density is approximately constant in rapidity. The two variables are the same
for highly relativistic particles and hence the more convenient pseudo-rapidity
is used. The Cartesian and the corresponding cylindrical coordinate systems
are sketched in Fig. 3.2.

3.2 The Inner Detector

The Inner Detector (ID) covers the pseudo-rapidity region of |η| < 2.5, a φ-
slice of it is shown in Fig. 3.3. The purpose of the ID is to measure the tracks
of charged particles, to identify charged particles (especially electrons) and
to find and locate the vertices of the primary interactions as well as the ver-
tices from secondary particle decays, useful for b-physics and τ identification
[59]. These tasks are achieved by having a high granularity in the detector,
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Figure 3.2: Scheme of the ATLAS coordinate system.

especially close to the interaction point, and by providing sufficient redund-
ancy with many detector layers each measuring a track coordinate as shown
in Fig. 3.3. The high granularity helps also in discerning different trajectories
from each other in the presence of a high density of particles. The track dens-
ity is very high because of the high luminosity of the LHC. The LHC bunches
collide every 25 ns and in each bunch-crossing up to 70 simultaneous inelastic
proton collisions take place. If a bunch-crossing is flagged interesting enough
to be read out, the interesting collision will thus be accompanied by the tracks
from up to 70 other collisions. These tracks are called pileup tracks. Since the
particles of interest can have hundreds of GeV in momentum, the momentum
resolution needs to be very high. On the other hand, the detector must also
be able to reconstruct tracks with transverse momenta as low as 500 GeV, and
even as low as 200 MeV [59]. To obtain a precise momentum measurement, the
ID is immersed in a uniform magnetic field of 2 T in the beam axis direction,
provided by a superconducting solenoid encompassing the detector.
The sensors of the ID are of different technologies, but they all register the

position of the cloud of ionization electrons and ions created in the sensor
material by the passing of a charged particle. It is important that the sensors
represent a minimum of material to accomplish this, because any material in
the way of the charged particle also produces multiple scattering which re-
duces the momentum resolution.
The ID is subdivided in three main subdetectors, the Pixel detector, the
Semi-Conductor Tracker (SCT) detector and the Transition Radiation Tracker
(TRT) detector, see Fig. 3.3. Each subsystem is subdivided in a barrel section,
concentric to the beam, and an endcap section, perpendicular to the beam.
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Figure 3.3: Scheme of the ATLAS barrel ID passed by a track, taken from
[59].

3.2.1 The Pixel Detector

The Pixel detector is the detector closest to the interaction point and is ex-
tremely important for identifying vertices and for precise measurements of
tracks. This precision is achieved with a very fine granularity of pixel mod-
ules, which are oxigenated semiconductor (Silicon) n-type wafers, which have
a nominal size of 50 µm×400 µm and 250 µm in thickness and are arranged
in three layers in the barrel and in three disk layers in each endcap, giving
3 high precision points [59, 60]. There are approximately 80 million readout
channels in this part of the detector. The resolution in the barrel is of 10 µm
in the R−φ direction (R−φ is the azimuthal direction) and of 115 µm in the
z-direction, the resolution in the endcap is the same in the R − φ direction
and it is 115 µm in the R direction [59].
The Insertable B-Layer, also visible in Fig. 3.3, was introduced first after Run-
1 as the innermost layer of the Pixel detector.
Since the pixel modules are so close to the collisions, the distance from the
beam to the Insertable B-Layer is just above 3 cm, see Fig. 3.3, the modules
were designed to tolerate radiations, though this part of the detector needs to
be operated at a lower temperature (∼ 5◦ − 10◦ C), in order to avoid tem-
perature dependent changes induced by the large amount of radiations [59,
60].

3.2.2 The Semi-Conductor Tracker

The SCT consists of 4 cylindric barrel layers and 9 perpendicular endcap disk
layers of double-sided p-on-n-type semiconductor (Silicon) strips, that provide
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four 3-dimensional points on the track. Since the highest precision is needed in
the magnetic bending direction, the strips on one side of the wafer are oriented
along the z-axis. In order to also provide a coordinate in the z-direction, the
strips on the other side are tilted by a 40 mrad stereo angle. The wafer is 285
µm thick and the strip pitch is approximately 80 mm.
The resolution in the barrel is of 17 µm in the R − φ direction and of 580
µm in the z-direction, the resolution in the endcap is the same in the R − φ
direction and it is 580 µm in the R direction [59, 61].
There are around 6.3 million readouts from this detector [59, 61]. The detector
is operated at a low temperature by the same system that cools the pixel
detector, making the operation temperature ∼ 5◦ − 10◦ C, again to improve
the silicon properties and to minimise radiation damage.

3.2.3 The Transition Radiation Tracker

The TRT in the ATLAS experiment is a tracking gaseous detector, composed
of straw tubes. These tubes are 4 mm in diameter and are filled with either
Xenon or Argon gas and contain a gold-plated tungsten wire in the middle.
There are concentric layers of straws parallel to the beam axis in the barrel
and 160 straw planes perpendicular to the beam axis in the endcap, giving
in total around ∼ 300.000 readout channels [59, 62]. This detector covers
a region with |η| < 2. Each track passes 36 straws at least (this is though
not true in the region between the barrel and the endcap) and creates here
ionization electrons that drift towards the central wire. At arrival at the 30
µm thin wire, which is placed at a +1530 V potential relative to the straw
wall, an ionization avalance provides a gas gain of 25000, thus removing the
need for preamplification. The drift-time needed to reach to the wire provides
a tracking coordinate in the R-phi direction with a resolution of about 130
µm [59, 62]. The large amount of possible track interaction points allows
continuous tracking.
Interspersed between the straw layers are polymer fibers with a refractive index
slightly above air. Charged particles with a Lorentz gamma exceeding 104 will
produce transition radiation X-ray quanta when passing the fibers. Especially
the Xenon gas has a high cross section for absorbing such a quantum and
produce a large number of ions in the gas. By detecting such large signals,
traversing electrons can be distinguished from heavier particles even down to
a momentum of 5 GeV.

3.2.4 Inner Detector Tracking

The ionisation signals from the silicon detectors are collected into clusters
and converted into very accurate space-points on the tracks traversing the
detectors. The measured space-points are used to determine the particle tracks
and estimate its pT and their association is performed by a combinatorial
Kalman filter. The fit combines seeds (a collection of three space-points)
both from the SCT and Pixel detectors (independently and together) to find
the most likely particle tracks and it iteratively corrects space-points, splits
clusters and it resolves ambiguities in hit assignments while finding the tracks.
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Subsequently the fit is carried out with the chosen seeds and further space-
points in the Pixel and SCT detectors are included [63]. The tracks that fulfil
certain quality criteria are extended into the TRT, where they are associated
to 36 driftcircles. The TRT hits associated to the tracks are then included
in the final global χ2 fit of the track parameters, where the extra coordinate
information from the TRT are responsible for half of the momentum resolution
power at high momenta. Following the inside-out tracking, which has the main
goal of finding the tracks of primary particles, a back-tracking is performed,
where the tracking algorithms starts from the outmost layer of driftcircles in
the TRT and continues inwards. This has the goal of finding mainly secondary
particles. [64]

3.3 Calorimetry

After tracking charged particles, both electromagnetically interacting particles
and hadrons need to be measured and to this purpose calorimeters are used.
Calorimeters are designed to measure the energy of particles by destroying
them and stopping them before they go into the muon system. In the ATLAS
experiment there are two calorimeters, an electromagnetic and a hadronic
calorimeter. These are great to measure the energy of photons, electrons
and hadronic particles. The energy resolution of a calorimeter is one of the
most important design parameters and it is optimized in order to have high
sensitivity in specific analysis channels, as the H → γγ. The expression that
dictates the resolution of a calorimeter is [59, 65]:

σ(E)

E
=

a√
E
⊕ b

E
⊕ c (3.1)

where the resolution is σ(E)/E, a is a stochastic term that expresses the fluc-
tuations in energy depositions, b is a noise term, which is dictated both by
electronic noise and by pileup noise, and c is a constant term that takes even-
tual calibration inhomogeneities and calibration issues into consideration.
In Fig. 3.4 the calorimeters in the ATLAS experiment are pictured, the elec-
tromagnetic calorimeter is closest to the ID, while the hadronic calorimeter is
placed right after the electromagnetic calorimeter and they together cover up
to |η| < 4.9.

3.3.1 The Electromagnetic Calorimeter

The purpose of the electromagnetic calorimeter is to precisely measure the
energy of electromagnetic interaction particles, in particular of electrons and
photons. The granularity of this detector is finer in the region closest to the
ID, in order to get good information about the particles, in particular about
their pseudorapidity, to measure their energy quite precisely when they disin-
tegrate, to identify electrons and photons and to distinguish photons coming
from a π◦ decay from other photons, as from a H → γγ decay. In the outer
part of the detector the granularity is coarser, but still enough to collect the
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Figure 3.4: Scheme of the ATLAS calorimeter system, taken from [59].

remaining energies and to measure jets from other electromagnetically inter-
acting particles, as π◦.
The electromagnetic calorimeter has an |η| range up to 3.2 and it is also divided
in a barrel and an endcap part, it is made with lead as the passive material
and liquid argon as the active material (lead-LAr). An impinging electron or
photon on the passive material creates an electromagnetic shower. The ioniza-
tion electrons created by the shower-electrons in the active material are picked
up by accordion shaped copper-on-kapton electrodes whose geometry ensures
that there are no cracks at any azimuthal angle, where an incoming particle
can escape detection [59, 65]. The choice of LAr was dictated by the linear
behaviour of the material, by the stability of its response and by its radiation
hardness, while the choice of lead was dictated by the fact that the radiation
length of a photon in the lead is very short, permitting to decrease the size the
calorimeter. Before the electromagnetic calorimeter a presampler is placed at
0 < |η| < 1.8 in the barrel and at 1.5 < |η| < 1.8 in the endcap, in order to
measure the energy of the particles coming right out of the ID and correct the
energy measurement for any loss that happened before the calorimeter [59,
65].
The electromagnetic calorimeter is made of three layers in the 0 < |η| < 2.5
region, in order to complement the ID measurement, and of two layers in the
2.5 < |η| < 3.2 region and the granularity of the calorimeter towers changes
with the layer, where the first layer has a cell size of ∆η×∆φ = 0.0031× 0.1,
the second layer of ∆η×∆φ = 0.025×0.025 and the third layer of ∆η×∆φ =
0.05× 0.025 [59].
The overall energy resolution of the electromagnetic calorimeter is of σ(E)/E =
10%/

√
E ⊕ 0.7% [59, 65].
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3.3.2 The Hadronic Calorimeter

The point of an hadronic calorimeter is to detect hadrons, in particular the
neutral ones that have no momentum measurement in the ID, and in particular
jets of hadrons from the fragmentation of high pT partons from a hard scat-
tering process. Hadrons interact with the nuclei through elastic and inelastic
scattering and produce jets of particles from these interactions. Together with
information gathered from other subsystems, the hadronic calorimeter con-
tributes to the precise measurement of jets and ET,miss, which is minus the
vector sum of all the measured transverse momenta in the detector.
Since a nuclear interaction length is much larger than a radiation length, the
hadronic calorimeter needs to be much deeper than the electromagnetic calori-
meter. In fact the ATLAS tile calorimeter (TileCal) (see below) has ≈ 150 cm
of steel which is enough to contain 99% of an 100 GeV hadron. Muons, on the
other hand, generally sail though both calorimeters depositing only minimum
ionizing energy (≈ 2 MeV per gram traversed material).
The hadronic calorimeter system in ATLAS is divided in three different parts
with varied materials and designs, in order to adjust its purpose to the differ-
ent η regions. The first component is the TileCal, placed in the 0 < |η| < 1.7
region; this detector is composed of scintillating tiles with steel as absorbing
material. The scintillator tiles are arranged radially and perpendicular to the
beam axis, in order to insure almost perfect φ coverage [59, 66]. The geometry
of the tiles is guided by the desire to have an e/h ratio (electromagnetic vs
hadronic response ratio) as close to one as possible. In the nuclear interac-
tions in the calorimeter, fluctuating numbers of charged and neutral hadrons
are created, and they dissipate their energy very differently, for example the
charged pions via new nuclear interactions and the neutral ones via electro-
magnetic showers. An e/h ratio of one ensures that the calorimeter response
is the same for the two components.
The energy resolution of the tile calorimeter is σ(E)/E = 50%/

√
E ⊕ 3%

[66]. Further in η there is the hadronic endcap calorimeter, HEC, placed at
1.5 < |η| < 3.2, which consists of two wheels per endcap. The HEC also uses
copper and LAr as sampling mediums. Finally, furthest in η there is the for-
ward calorimeter, FCal, that spans in the 3.1 < |η| < 4.9 region and is used to
ensure full coverage for energy measurements and stops most of the radiations
from going into the muon detector using modules of copper and tungsten [59,
65].
The ATLAS experiment focuses on hard reactions between proton constituents
and hence the measurement of jets of hadrons from parton fragmentation is an
important responsibility of the calorimeters. Since the jets comprise both π0

and charged hadrons, both the electromagnetic and hadronic calorimeter must
be combined for the jet energy measurement. The calorimeters are also used
to estimate the amount of energy from pileup tracks that must be subtracted
from the jet energy. Finally, the track momenta measured in the ID can be
used to refine the jet energy estimate. This estimate is calibrated in situ, for
example by measuring the jets recoiling from a precisely measured photon or
Z boson.
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3.4 The Muon Spectrometer

Figure 3.5: Scheme of the ATLAS muon spectrometer, taken from [59].

The last layer of the ATLAS detector is the muon spectrometer, especially
designed to measure the tracks of the muons produced in the interactions.
Muons are particles that do not interact much with matter and they have a
rather long lifetime, which means that they can travel through the inner layers
of the ATLAS detector leaving only their own ionization signal in the detector
elements. Only very rarely can other charged particles penetrate the calori-
meters (called punch-trough particles). In order to measure muons precisely,
a layer after the hadronic calorimeter has been introduced and thanks to the
magnetic field from the toroid magnets, the momentum of the muons can be
measured from the track deflection in the plane perpendicular to the magnetic
field.
In the |η| < 2.0 region this detector consists of Monitored Drift Tubes, which
are gas filled tubes that permit to measure the passage of a particle thanks to
the gas ionization, measured by a tungsten wire in the middle, in the same way
as for the TRT straws. The resolution for one tube is of 80 µm [59] (The drift
tubes are operated at high pressure and hence the resolution is better than
in the TRT). In the higher region of 2.0 < |η| < 2.7 Cathode Strip Chambers
are used instead, which are multiwire proportional chambers with cathodes di-
vided in strips, that measure the ionization charge from a passing particle [59].
There are also dedicated trigger chambers with good time resolution to trigger
whenever a muon is detected. The trigger chamber in the barrel (|η| < 1.05)
consists of Resistive Plate Chambers and in the endcap (1.05 < |η| < 2.4) of
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this Gap Chambers and they are able to measure two coordinates of a track,
η and φ, and perform rejection based on the momentum of the muon [59].
The design momentum resolution of the muon spectrometer is of 10% for 1
TeV tracks with the possibility to measure tracks down to 3 GeV, but in order
to have this resolution it is crucial that all the parts of the muon spectro-
meter are correctly aligned (with a 30 µm precision) and the magnetic field
calibrated [59].

3.5 The Trigger System

Since we cannot keep all the events generated from the collisions, we need
to make quick and informed decisions about which events are most relevant
and interesting for physics analysis. This job is done by the Trigger and Data
AcQuisition system (TDAQ), which reduces the rate of the events written to
tape significantly.
The trigger system is divided into three steps, the Level-1 trigger (L1), the
Level-2 trigger (L2) and the event filter. Together the L2 and event filter
constitute the High-Level Trigger (HLT) [59, 67]. Each step of the trigger
system refines the decision taken from the previous step, before writing the
data to storage. The L1 trigger is the first trigger and it finds interesting events
containing high pT electrons, muons, jets, photons and τ ’s or events with a
large ET,miss based on information from the muon trigger system and the
calorimeter system (both the electromagnetic and the hadronic calorimeters),
though with a coarser granularity than the entire system. The decision is taken
within 2.5µs and it reduces the rate to 75 kHz. Since the bunch crossings are
every 25 ns and the L1 trigger does not take instantaneous decisions, there
is a pipeline of bunch crossings in memory, before a decision is taken. When
the L1 trigger has identified the desired events, it computes also regions of
interest (RoI), regions in the η − φ planes, where the interesting events have
happened. These RoI are fed to the L2 trigger, which uses the information
from the entire detector in those regions to select or reject more events. The
decision is taken within 40 ms and the rate is brought down to 3.5 kHz. Finally
the event selection brings down the rate to 200 Hz by an offline selection that
takes 4 s per event and those events are finally written to tape [59, 67].
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The analysis is performed with the full dataset collected during the Run 2
period (2015 − 2018) at a center of mass energy of

√
s = 13 TeV in the AT-

LAS experiment with an integrated luminosity of 139 fb−1. To develop the
analysis, Monte Carlo samples were used from the mc16 simulation campaign
(with format DAOD TOPQ1). The mc16 campaign is divided in three sub-
campaigns, mc16a, mc16d and mc16e, each used for a different data taking
period: mc16a simulates the experimental conditions of the 2015 and 2016
period, mc16d simulates the experimental conditions of the 2017 period and
mc16e simulates the experimental conditions of the 2018 data taking period.
The three campaigns take into account the different signal and background effi-
ciencies in the three different periods. Each Monte Carlo mc16 sub-campaign
is reweighted according to the average number of interactions per crossing
(pileup) distribution of the corresponding data taking period, see Fig. 4.1(b).
In order to check the stability and the internal consistency of the analysis
within each Monte Carlo campaign, the data is subdivided as well into three
periods, the first period includes data collected in 2015 and 2016, with an
integrated luminosity of 36.2 fb−1 (and an uncertainty on the integrated lu-
minosity of 2.1%), the second period includes data collected in 2017 with an
integrated luminosity of 44.3 fb−1 (and an uncertainty on the integrated lu-
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minosity of 2.4%) and the third period includes data collected in 2018 with
an integrated luminosity of 59.9 fb−1 (and an uncertainty of 2.0% on the in-
tegrated luminosity) [68]. The final luminosity of the full Run 2 is 138.9 fb−1

with an uncertainty of 1.7% on the integrated luminosity [68]. The quoted
luminosities correspond to events included in the ”Good Run List” of runs
and portions of runs suited for physics analysis [69], see Fig. 4.1(a).
Most of the Monte Carlo samples used for the analysis are simulated using
the full ATLAS detector simulation (FullSim), while a few samples, in partic-
ular samples used for evaluating systematic uncertainties, are simulated with
a faster ATLAS detector simulation, AtlasFast 2 (AFII) [70].
Both the data and Monte Carlo samples were reconstructed using the AT-
LAS reconstruction software Athena, release 21. The reconstructed events in
both the data and Monte Carlo samples in DAOD TOPQ1 format are then
processed using the AnalysisTop packages, which selects the data and Monte
Carlo events needed for the analysis and calculates the efficiencies and scale
factors for object working points needed to compare data and Monte Carlo in
each sub-period. In particular the data and Monte Carlo samples used here
are processed with AnalysisTop-21.2.65.
Each event needs to pass the ”All Good” requirements included in the Good
Run List (GRL), the LAr and Tile working requirements and the primary
vertex presence requirements. Once these requirements are passed, the events
need to pass at least one of the single lepton trigger chains1 listed in Table 4.1
with a pT of at least 27 GeV (25 GeV for events from the 2015 data taking
year) before they can be used in the analysis.
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Figure 4.1: Luminosity collected by ATLAS in Run 2 and number of interac-
tions per crossing in each year of Run 2.

1The naming of the triggers is as such HLT refers to the High Level Trigger, eXX or muXX
refer to the threshold ET =XX GeV for electrons and muons respectively, ltight, lhloose and
lhmedium refer to the electron identification applied and it can come with modifiers as nod0,
ivarmedium, iloose and ivarloose refer to the isolation applied, L1EM20VH and L1MU15
refer to the L1 seed used, in case this is not the default one.
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Table 4.1: List of trigger chains used for each data taking period during the
Run 2.

Year Electron triggers Muon triggers lepton pT requirement

2015 HLT e24 lhmedium L1EM20VH HLT mu20 iloose L1MU15 25 GeV
HLT e120 lhloose HLT mu50
HLT e60 lhmedium

2016 HLT e26 lhtight nod0 ivarloose HLT mu26 ivarmedium 27 GeV
HLT e60 lhmedium nod0 HLT mu50
HLT e140 lhloose nod0

2017 HLT e26 lhtight nod0 ivarloose HLT mu26 ivarmedium 27 GeV
HLT e60 lhmedium nod0 HLT mu50
HLT e140 lhloose nod0

2018 HLT e26 lhtight nod0 ivarloose HLT mu26 ivarmedium 27 GeV
HLT e60 lhmedium nod0 HLT mu50
HLT e140 lhloose nod0

4.1 Signal samples

The nominal Monte Carlo tt̄ sample used in this analysis is produced with
Powheg-Box [71–73] for the matrix elements events with PDF NNPDF3.0
[74] at NLO and Pythia 8 [75, 76] for the underlying event, parton shower and
fragmentation and it is simulated with the A14 [77] tune with PDF NNPDF23
at LO [78]. The hdamp parameter is set to 1.5 ·mtop and a dilepton filter is
applied to the sample generator, to select only ee, µµ and eµ events (including
events coming from τ decays). The same sample with a non all hadronic filter
(including ` + jets and dilepton events) instead of the dilepton filter is used
to estimate the fake lepton contribution from signal events. After the event
simulation, the events are run through a full simulation of the ATLAS detector
based on Geant 4 [79]. To estimate the initial state radiation (ISR) systematic
uncertainty another Powheg+Pythia 8 sample is used, this time with a
higher hdamp of 3 ·mtop and run through the AtlasFast-II detector simulation.
This sample is then reweighted with the internal ’var3cup’ weight to select a
high ISR scenario, while the nominal sample is weighted to the ’var3cdown’
weight to select a low ISR scenario [19]. The nominal sample is also used
to calculate the PDF systematic uncertainties and the final state radiation
(FSR) systematic uncertainty by reweighing it with an internal set of generator
weights, similarly as for the low ISR systematic uncertainty. A set of samples
with the same set-up as the nominal but with different top masses is generated
and used to make stress tests and for the mass estimation, the complete list
can be seen in Table 4.2. To estimate the systematic uncertainty coming from
the fragmentation model and parton shower settings, an alternative tt̄ sample
was simulated with Powheg-Box for the underlying simulation with PDF
NNPDF3.0, interfaced with Herwig 7 [80] for the fragmentation model and
parton shower [19]. The tune used is H7UE [81] and the sample is simulated
with hdamp = 1.5 ·mtop. The detector simulation of the events is performed
with the AtlasFast-II [82] package, that uses parametrized shower shapes in the
calorimeters to speed up the detector response simulation process. To calculate
the systematic uncertainty related to hard scattering, a sample simulated with
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MadGraph5 aMC@NLO [83] interfaced with Pythia 8 with the A14 tune
is generated and run through the AtlasFast-II detector simulation [19].
A detailed list of signal samples and their DSIDs can be seen in Table 4.2. A
detailed list of each sample cross section, k-factor and filter efficiency is listed
in Appendix A in Table 1 and Table 2.

4.2 Background samples

The major background in this analysis comes from the single top Wt chan-
nel and the samples (one for the Wt and one for the Wt̄ channel) used to
describe it are produced with Powheg-Box with PDF NNPDF3.0 at NLO
and hdamp = 1.5 ·mtop interfaced with Pythia 8 with the A14 tune and PDF
NNPDF2.3 at LO and with a dilepton filter. The interference between the tt̄
and Wt is modelled using the diagram removal scheme [46, 84]. The samples
are run through the full ATLAS simulation. The same samples, produced with
the non all hadronic filter, is used for the fake lepton background estimation.
To estimate the systematic uncertainties coming from the modelling of the
interference between tt̄ and Wt an alternative set of samples with the same
setup as the nominal Wt samples is used, where the interference is modelled
with the diagram subtraction scheme instead [46]. To estimate the fragment-
ation systematic uncertainty in the single top background, samples produced
with Powheg-Box for the underlying simulation with PDF NNPDF3.0, in-
terfaced with Herwig 7 [80] for the fragmentation model and parton shower
are used. The tune used is H7UE [81] and the sample is simulated with
hdamp = 1.5 ·mtop. To estimate the hard scattering systematic uncertainty a
sample simulated with MadGraph5 aMC@NLO [83] interfaced with Pythia
8 with the A14 tune is generated. Both the sample for the hard scattering and
for the fragmentation uncertainty are simulated with a dilepton filter and are
run through the AtlasFast-II detector simulation. A set of samples with the
same set-up as the nominal Powheg+Pythia 8 Wt samples with dilepton
filter but with varied top masses is generated and used to estimate the top
mass uncertainty on the cross section. A minor contribution to the single top
background comes from the t-channel, which is simulated with Powheg with
PDF NNPDF3.04f at NLO interfaced with Pythia 8 with the A14 tune and
PDF NNPDF2.3 at LO.
The background generated from diboson events (WW, WZ and ZZ) is simu-
lated using Sherpa v. 2.2.2 with PDF NNPDF3.0 at NNLO and run through
the ATLAS full simulation. Three diboson samples are included for processes
where two gluons produce four leptons via intermediate vector bosons [85].
Diboson samples generated with Sherpa v. 2.2.1 with PDF NNPDF3.0 at
NNLO are used to include final states where one of the leptons is misidenti-
fied.
Another background contribution comes from the Z boson decaying to two τ ,
which then decay to an e and a µ, and jets. Those samples are simulated with
Sherpa v. 2.2.1 with PDF NNPDF3.0 at NNLO in pT slices of the Z boson
and run through the full ATLAS simulation. Additional Z → ee + jets and
Z → µµ + jets samples are used to extract a factor to scale the Z → ττ +
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jets background to data, see Section 6.2. To compare the Z + jets modelling,
alternative Z + jets samples are generated with Powheg + Pythia 8.
The background coming from tt̄V are described by samples simulated with
MadGraph + aMC@NLO interfaced with Pythia 8 with the A14 tune and
PDF NNPDF2.3 at LO and run through the full ATLAS simulation. The
background coming from tt̄H is also included and is simulated with Mad-
Graph + aMC@NLO and with the AtlasFast-II simulation software.
The fake lepton background is estimated with the samples used for construct-
ing both signal and background (tt̄ and single top both leptonic and semi-
leptonic decays, diboson, Z → ττ + jets, tt̄V , tt̄WW , tt̄γ and tt̄H) as well as
W+ jets samples (simulated with Sherpa v.2.2.1 with with PDF NNPDF3.0
at NNLO and with the ATLAS Full Simulation) and it is evaluated using the
same sign eµ events with a combination of simulation and data. For more
information on the estimation of the fake lepton background, see Section 6.1.

4.3 Error in MadGraph5 aMC@NLO samples

Some of the samples simulated with MadGraph5 aMC@NLO + Pythia 8
were simulated with the wrong W branching fractions, in particular, BR(W →
ud) and BR(W → cs) were set to 33.37% instead of the correct 33.77%. This
means that the total branching fraction in those simulation samples was not
one, but somewhat below (0.992) and this affected the production of all decay
channels. In the tt̄ MadGraph5 aMC@NLO + Pythia 8 sample, which
contains only dilepton events, this can be seen because of a slightly higher
filter efficiency than other tt̄ samples (0.107 compared to 0.105, see Appendix
A). Since this sample contains only dilepton events, a correction factor of
0.984 (0.9922) can be applied to correct the filter efficiency. The same error is
present in the tt̄W sample, but since all decay channels are simulated within
the same sample, there is no easy fix, as a correction factor would have to be
applied per event. In the analysis presented here, no correction was applied
to the tt̄W sample.

29



CHAPTER 4. DATA AND SIMULATION SAMPLES

Table 4.2: List of DSID for the TOPQ1 Monte Carlo samples used in this
analysis.

Process DSID Generator, parton shower, simulation PDF

tt̄ (nominal, PP8, dilepton) 410472 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
tt̄ (nominal, PP8, non all hadronic) 410470 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
tt̄ (PP8, higher hdamp, dilepton) 410482 Powheg + Pythia 8, hdamp = 3.0 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PH7, dilepton) 410558 Powheg + Herwig 7, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (MCatNLO, dilepton) 410465 MadGraph5 aMC@NLO + Pythia 8, AFII
tt̄ (PP8, mtop = 169GeV, dilepton) 411052 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 171GeV, dilepton) 411053 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 172GeV, dilepton) 411054 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 172.25GeV, dilepton) 411055 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 172.75GeV, dilepton) 411056 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 173GeV, dilepton) 411057 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 174GeV, dilepton) 411058 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
tt̄ (PP8, mtop = 176GeV, dilepton) 411059 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO

single top Wt (top, DR, dilepton) 410648 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (antitop, DR, dilepton) 410649 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (top, DR, non all hadronic) 410646 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (antitop, DR, non all hadronic) 410647 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (top, DS, dilepton) 410656 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (antitip, DS, dilepton) 410657 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, FullSim NNPDF3.0 NLO
single top Wt (top, DR, dilepton) 411038 Powheg + Herwig 7, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (antitop, DR, dilepton) 411039 Powheg + Herwig 7, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top+antitop, DR, dilepton) 412003 MadGraph5 aMC@NLO + Pythia 8, AFII
single top Wt (top, antitop, DR, mtop = 169GeV, dilepton) 411107, 411108 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 171GeV, dilepton) 411109, 411110 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 172GeV, dilepton) 411111, 411112 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 172.25GeV, dilepton) 411113, 411114 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 172.75GeV, dilepton) 411115, 411116 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 173GeV, dilepton) 411117, 411118 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 174GeV, dilepton) 411119, 411120 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top Wt (top, antitop, DR, mtop = 176GeV, dilepton) 411121, 411122 Powheg + Pythia 8, hdamp = 1.5 ∗mtop, AFII NNPDF3.0 NLO
single top t−channel (top) 410658 Powheg + Pythia 8, FullSim NNPDF3.04f NLO
single top t−channel (antitop) 410659 Powheg + Pythia 8, FullSim NNPDF3.04f NLO

W+jets 364156 - 364197 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO

Z+jets 364100 - 364141 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Z+jets (10 GeV < M(``) < 40 GeV) 364198 - 364215 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Z+jets 361106 - 361108 Powheg + Pythia 8 , FullSim

Diboson W W , W Z, Z Z → ```` 364250 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ```ν 364253 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ``νν 364254 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → `ννν 364255 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ````jj, EW 364283 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ```ν jj, EW 364284 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ``ννjj, EW, OS 364285 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ``ννjj, EW, SS 364287 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ````, low M(``) and pT 364288 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ```ν, low M(``) and pT 364289 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → ``νν, low M(``) and pT 364290 Sherpa 2.2.2, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → gg````, M(````) < 130 345705 Sherpa 2.2.2 + OpenLoops, FullSim NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → gg````, M(````) > 130 345706 Sherpa 2.2.2 + OpenLoops, AFII NNPDF3.0 NNLO
Diboson W W , W Z, Z Z → gg``ννZZ 345723 Sherpa 2.2.2 + OpenLoops, FullSim NNPDF3.0 NNLO
Diboson Z → qq Z → νν 363355 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Diboson Z → qq Z → `` 363356 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Diboson W → qq Z → νν 363357 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Diboson W → qq Z → `` 363358 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO

Diboson W + → qq W − → `ν 363359 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO

Diboson W + → `ν W − → qq 363360 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Diboson W → `ν Z → qq 363389 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO
Diboson νννν 363394 Sherpa 2.2.1, FullSim NNPDF3.0 NNLO

tt̄ W 410155 MadGraph + aMC@NLO + Pythia 8, FullSim
tt̄ Z νν̄ 410156 MadGraph + aMC@NLO + Pythia 8, FullSim
tt̄ Z qq̄ 410157 MadGraph + aMC@NLO + Pythia 8, FullSim

tt̄ e+e− 410218 MadGraph + aMC@NLO + Pythia 8, FullSim

tt̄ µ+µ− 410219 MadGraph + aMC@NLO + Pythia 8, FullSim

tt̄ τ+τ− 410220 MadGraph + aMC@NLO + Pythia 8, FullSim
tt̄ H 345940 MadGraph + aMC@NLO, AFII
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5.1 Object identification

The objects selected in this analysis, as muons, electrons, jets and b-jets,
are the default objects selected using AnalysisTop-21.2.65. The objects
collected in these containers need to pass certain requirements before being
taken into consideration for further analysis.

5.1.1 Electrons

Electrons are identified in the ATLAS detector using both tracking information
from the inner detector and energy deposits in the electromagnetic calorimeter
[86]. The electrons required in this analysis need to pass the reconstruction
identification ’TightLH’ quality requirements. The reconstruction identifica-
tion combines a series of tracking and calorimetric variables to reconstruct the
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electron off-line and to identify it as an electron. The ’TightLH’ requirement
selects a high purity electron sample [86]. In particular each reconstructed
electron needs to come from a primary interaction vertex, which is ensured
by requiring |d0/σd0 | < 5 and |∆z0sinθ| < 0.5 mm, where |d0/σd0 | is the sig-
nificance of the distance of closest approach from the track to the beam-line,
while the z0 coordinate is the distance from d0 to the beam axis (point of
closest approach) and θ is the polar angle of the track [86]. Each electron is
required to fulfil the ’Gradient’ isolation requirements (the tight version), in
order to minimize the amount of non-prompt electrons in the selected events
by requiring that the total energy of particles measured in the vicinity of the
electron does not exceed a certain fraction of the electron energy [86]. The
isolation requirement allows 90% of the electrons with pT > 25 GeV to pass.
To avoid double counting, overlap removal is applied first between electrons
and muons that share a track (the electron is thrown away if the two objects
have a shared track), then between electrons and jets, removing jets within
∆R < 0.2 from an electron, and afterwards, electrons that find themselves in
a ∆R < 0.4 from remaining jets are removed. Finally, each electron needs to
have a pT of at least 25 GeV and needs to be in a η region of |η| < 2.5 with
exclusion of the transition region in 1.37 < |η| < 1.52 between the barrel and
endcap calorimeters.

5.1.2 Muons

Muons are identified in the ATLAS detector using the tracking information
from the muon detector and the inner detector. The muons required in this
analysis need to pass the reconstruction identification ’Medium’ quality re-
quirements, that reduces the fake muon rate to a few per mille. As well as the
electrons, muons are required to come from a primary vertex, which is ensured
by requesting that d0/σd0 < 3 and ∆z0sinθ < 0.5 mm. Each muon is also
required to fulfil the ’Gradient’ isolation requirement [87]. An overlap removal
procedure starts with removing electron candidates that share a track with a
muon candidate. Then jets that are within ∆R < 0.2 from a muon candidate
are removed, and finally muons within ∆R < 0.4 from any remaining jet are
discarded. Just as for electrons, muons must have a minimum pT of 25 GeV
and an |η| fiducial acceptance of |η| < 2.5.

5.1.3 Jets

Jets are reconstructed from energy deposits in the electromagnetic and had-
ronic calorimeter using the anti-kT algorithm [88] with a radius of R = 0.4.
The constituents of the jets are connected energy deposits in calorimeter cells,
called topological clusters. These clusters are calibrated to the electromagnetic
scale, meaning that the cluster energy is the expectation value of the energy of
an electron, given the measured signals in the cells. After the reconstruction
of the jet, its energy is recalibrated to the jet energy scale (JES), meaning the
energy of the matching jet reconstructed from truth particle constituents [89,
90]. In order to minimize the number of jets coming from pileup collisions,
a further requirement applied is that jets with a pT lower than 120 GeV and
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|η| < 2.4 have to come from a primary vertex. A primary vertex is defined
as the reconstructed vertex with the highest summed pT of the participating
charged tracks. We reduce the number of jets from pileup vertices by requiring
the fraction of the charged tracks in the jet being associated with the primary
vertex (JVT) to be larger than 0.59 (’Medium’ working point) [91]. The JVT
cut is also applied for jets with a pT lower than 120 GeV and 2.4 < |η| < 2.5
where the JVT threshold is 0.11 instead (also part of the ’Medium’ working
point). Finally events with jets coming from other sources than collisions are
rejected (LooseBad). Finally, the reconstructed jets are required to have a pT

exceeding 25 GeV and |η| < 2.5.

5.1.4 b-jets

To assess whether a jet comes from a b−hadron, the MV2c10 algorithm is used.
This algorithm takes a series of jet and track observables, all sensitive to b−
and c−hadron lifetime, and returns a variable, used to choose the efficiency
working point [92]. In this analysis we have chosen a 70% working point, which
means that the efficiency for retaining b-jets is 70% in nominal tt̄ Monte Carlo
events integrated over pT [92, 93]. In this case the MV2c10 output variable
needs to be greater than 0.83 for the jet to be tagged as a b-jet.

5.1.5 Particle level electrons and muons

Particle level electrons and muons are stable particles after parton shower,
but they have not gone through the ATLAS detector simulation. Their 4-
momentum is dressed with the 4-momentum of photons in a ∆R = 0.1 cone
[94]. They are chosen in a fiducial region of pT > 25 GeV and |η| < 2.5.

5.2 Event selection

Before taking an event and its objects into consideration, the event has to pass
first the ”Good Run List”, then the calorimeter had to work properly during
data taking of this event, there needs to be at least one primary vertex in the
event and at least one of the leptons needs to be trigger-matched (the list of
triggers used for the different data taking years can be found in Table 4.1).
Of the events that pass these requirements, the events used for this analysis
are the ones containing exactly one electron and one muon with a pT of at
least 25 GeV each. These events are then categorised as same sign (SS) or
opposite sign (OS) events, depending on the relative charge of one lepton to
the other one, and for each category, further two subsamples are created, one
where the events have one associated b-jet and the other where the events have
two associated b-jets. The event count for the full Run 2 dataset is presen-
ted in Table 5.1, where N1 is the number of eµ events with one b-jet, N2 is
the number of eµ events with two b-jets and Neµ is number of all eµ events
(without any b-jet requirement). The Monte Carlo contribution has been nor-
malised to the same integrated luminosity as the data and corrected with the
appropriate lepton, pileup, b-tagging and JVT scale factors. The misidentified
lepton background is derived using the technique explained in Section 6.1 and
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the event count of the Z + jets background is evaluated using the technique
explained in Section 6.2. The number of events for different b-jet multiplicities
can also be seen in Fig. 5.1.
The kinematic variables derived with the selected eµ events with either one
or two b-jets are shown in Fig. 5.2, 5.3, 5.4, 5.5. In all these figures, but for
the η and ∆φ distributions, the last bin contains the overflow events. In all
distributions the grey shaded area both in the histogram and in the ratio plot
is an uncertainty band that contains the detector, background and luminosity
uncertainties, but not the tt̄ modelling uncertainties. Some of the alternative
tt̄ samples are also plotted, such as the hard scattering sample simulated with
MadGraph5 aMC@NLO + Pythia 8, the fragmentation sample simulated
with Powheg + Herwig 7 and the nominal sample (or the nominal with a
higher hdamp) with more or less initial state radiation.
The backgrounds included in the figures are the ones from Wt and t-channel
single top events in blue, from diboson events in green, from Z → ττ + jets
events in purple, from misidentified leptons in light blue and from tt̄V and
tt̄H events in orange and brown respectively.
The ratio plots show the data/MC ratio for the nominal tt̄ Powheg+Pythia
8 plus background in black points and the data/MC ratio for the alternative
tt̄ samples plus background in the same colours as for the plot above.

Table 5.1: Event counts for the full Run 2 dataset

OS SS
Run 2 N1 N2 Neµ N1 N2 Neµ

tt̄ 387770 217955 782959 0.7 0.1 1.3
Single top 39763.8 6774.2 75717.8 0 0 0.7
Z + jets 1427.3 88.1 82769.4 0 0 0
Diboson 1494.8 52.7 96416.1 246.2 10.9 9059.1
mis-ID leptons 4547.32 1877.5 24886.7 3120.4 1172.9 8616.9
tt̄V + tt̄H 1122.1 744.9 2520.17 389.2 221.5 801.9

Total 436125 227492 1.06527e+06 3756.6 1405.5 18479.8

Data 439090 232610 1.07995e+06 3760 1418 25821

Data/MC 1.007 1.02 1.01 1.001 1.009 1.4

From Fig. 5.1 it is seen, that in the eµ OS region, the data/Monte Carlo
agreement is good, while in the SS region, the agreement is good, except in
the first bin, for the eµ events with zero associated b-jets. This is caused by
Monte Carlo mismodelling of some of the contributions, where the diboson
one is the biggest, due to uncertainties in the modelling of the diboson signal
with additional jets, also seen in [14]. In the rest of the kinematic variables
in Fig. 5.2 and 5.4 the mismodelling of the lepton pT is clear, and it comes
from the mismodelling of the pT of the top quark by the current Monte Carlo
generators due to missing NNLO QCD effects in tt̄ pair production [19, 20,
95].
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(a)

(b)

Figure 5.1: Event count for different b-jet multiplicities in the eµ OS and SS
regions. The uncertainty band contains the statistical uncertainty and all the
experimental and background uncertainties, but no tt̄ uncertainties. The blue
background comes from single top (Wt and t-channel), the light blue from
the misidentified leptons, the purple from the Z → ττ + jets, the green from
diboson events, the orange from tt̄V and the brown from tt̄H. Alternative tt̄
samples are plotted as well, as the Powheg-Box + Herwig 7 sample, the
MadGraph5 aMC@NLO + Pythia 8 sample and the Powheg + Pythia 8
with more or less ISR. The lower plot shows the ratio between the data count
and the predicted counts from Monte Carlo.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.2: Kinematic variables for eµ events with one b-jet.
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(a) (b)

(c) (d)

(e)

Figure 5.3: Kinematic variables for eµ events with one b-jet.
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(a) (b)

(c) (d)

(e) (f)

Figure 5.4: Kinematic variables for eµ events with two b-jets.
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(a) (b)

(c) (d)

(e)

Figure 5.5: Kinematic variables for eµ events with two b-jets.
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6.2 Z → ττ + jets background 50

Not all backgrounds can be safely taken from Monte Carlo predictions, in some
cases Monte Carlo predicts a background which does not match the data cor-
rectly. This is why predictions need to be compared to data in a region where
such backgrounds dominate, in order to correct the size of the background to
the data, making this method of background estimation partially data driven.
For this analysis this is done for the misidentified lepton background, which
is studied in the eµ same sign (SS) channel, that is enriched with fake lepton
events, and for the Z → ττ + jets background, to which a correction factor
extracted from the Z → ee + jets and Z → µµ + jets control regions needs
to be applied.

6.1 Fake lepton background

The misidentified lepton background is estimated with a partially data-driven
technique and using the eµ SS control region, since the majority of the events
in this region are fakes. For almost all of the cases, only one of the leptons
is misidentified or comes from another source than the top quark, while only
in very few events both leptons are misidentified. Each Monte Carlo SS and
OS eµ event is categorized depending on the type of the leptons (from the
true type variable derived from the MCTruthCassifier package) in one of
those six categories:
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prompt RS (right sign) (electron true type is 2 and muon true type

is 6), both leptons are prompt and both are reconstructed with the
correct charge (which is checked by looking at the sign of truth pdgID
of the leptons).

prompt WS (wrong sign) (electron true type is 2 and muon true type

is 6), both leptons are prompt, but the electron was reconstructed with
the wrong charge (again checked against the truth pdgID of the truth
electron). This happens mostly for very high-pT electrons, as the tracks
are so straight, that the curvature is not easily discernible.

photon conversion e (electron true type is 4 and muon true type is
6), where the muon is prompt, while the electron comes from a photon
conversion, which can both originate from a photon emitted by the elec-
tron from the top quark (t→ e→ γ → e) or from a background conver-
sion.

heavy-flavour e (electron true type is 3 and muon true type is 6),
where the muon is prompt, while the electron either comes from a jet or
a heavy-flavour deposit in the calorimeter reconstructed as an electron.

heavy-flavour µ (electron true type is 2 and muon true type is 7),
where the electron is prompt, while the muon comes from a jet or a
heavy flavour deposit reconstructed as a muon.

other, which includes all the other cases: the electron is prompt and the
muon is a background muon, coming from an in-flight decay of a pion
or kaon (electron type is 2 and muon true type is 8); the electron is
prompt and the muon is not prompt but the source is unknown (electron
true type is 2 and muon true type is 5); the muon is prompt while the
electron is non prompt but the source is unknown (electron true type

is 1 and muon true type is 6); both leptons are non prompt.

Table 6.1: Event counts divided into misidentified lepton categories for the
full Run 2 dataset

OS SS
Run 2 N1 N2 Neµ N1 N2 Neµ

Prompt RS 431119 225172 1.03953e+06 636.8 232.5 9864.0
Prompt WS 1.9 0.6 29.2 789.7 335.6 1895.2
Conversion 3402.5 1565.2 8556.8 1702.2 774.2 4914.5
Heavy flavour e 423.6 43.5 1190.8 382.5 23.3 852.9
Heavy flavour µ 262.1 44.9 918.7 163.0 10.2 400.3
Other 453.2 203.4 2743.5 83.0 29.6 553.9

Total 435663 227030 1.05297e+06 3757.2 1405.3 18480.9

Data 439090 232610 1.07995e+06 3760 1418 25821

Data/MC 1.008 1.02 1.03 1.001 1.009 1.4

When all the events are categorized, the different lepton pair contributions
are summed for all the signal and background samples for both the OS and
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SS channels and they are plotted again the data collected in those same chan-
nels. The different contributions in the OS and SS regions can be seen in
Table 6.1, where N1 is the number of eµ events with one b-jet, N2 is the num-
ber of eµ events with two b-jets and Neµ is number of all eµ events, and in
Fig. 6.1, 6.2, 6.3 and 6.4 for one and two b-jets selections. The signal and
background samples used are those mentioned in Chapter 4, in particular it is
noteworthy, that instead of using the dilepton filtered samples for tt̄ and Wt,
the all inclusive samples are used. This is done in order to include the events
from the lepton + jets channel, where the jet might be mistakenly reconstruc-
ted as a lepton or where the event is reconstructed as a dilepton event due to
another (fake) lepton being involved.
It can be noticed that in the SS channel the majority of the events have one
fake lepton, as mentioned before, while in the OS channel only few events
have one misidentified lepton. The biggest contribution to the misidentified
leptons in the SS channel comes from the events with a misidentified electron,
in particular from events where the electron comes from a conversion process
or the charge of the electron has been misidentified. Another thing to note,
is that the heavy flavour contribution to the misidentified lepton background
lies mostly in a low pT region, due to either low energetic deposits in the calor-
imeter that are reconstructed as leptons, or due to low energetic semileptonic
b-decays, for example.
The number of misidentified lepton events in the OS channel can be computed
as:

N i,mis−ID,OS
b = Rib ·

(
N i,data,SS
b −N i,promptRS,SS

b

)
(6.1)

with

Rib =
N i,mis−ID,OS
b

N i,mis−ID,SS
b

(6.2)

where b is the number of b-jets used in the selection, i is the bin number,
N i,mis−ID,OS
b is the number of estimated fake lepton events from Monte Carlo

and data in the OS channel for a b-jet selection in bin i, N i,data,SS
b is the num-

ber of data events in the SS channel with b-jet selection b, N i,promptRS,SS
b is

the number of prompt RS lepton pairs from Monte Carlo in the SS channel
for a b-jet selection and Rib is the ratio between the number of misidentified
leptons in the OS and SS channels, as derived from Monte Carlo.
Using the above equations, the misidentified lepton background can be com-
puted for each bin of each distribution as seen in Fig. 5.1, 5.2, 5.3, 5.4, 5.5 and
Table 5.1. The Rib factor for the 1 and 2 b-jet distributions and for the distri-
butions with no b-jet requirements can be seen in Fig. 6.5 and 6.6, where it
is seen that the factor is above one for all distributions and generally around
1.5, indicating, that generally in Monte Carlo there are more misidentified
lepton events predicted in the OS channel than in the SS channel. This is
independent on the number of events, as this seems to be the same whether
we consider the distributions with one, two or no b-jet requirements.
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Figure 6.1: Kinematic variables for eµ SS events with one b-jet divided into
the different fake lepton contributions. The last bin of the pT distributions
contains the overflow events.
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Figure 6.2: Kinematic variables for eµ SS events with one b-jet divided into the
different fake lepton contributions. The last bin contains the overflow events,
apart in (e).
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Figure 6.3: Kinematic variables for eµ SS events with two b-jets divided into
the different fake lepton contributions. The last bin of the pT distributions
contains the overflow events.
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Figure 6.4: Kinematic variables for eµ SS events with two b-jets divided into
the different fake lepton contributions. The last bin contains the overflow
events, apart in (e).
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Figure 6.5: R factor from Eq. 6.2 for each bin of each leptonic kinematic
variables for different selections.
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Figure 6.6: R factor from Eq. 6.2 for each bin of each leptonic kinematic
variables and for the total number of events for different selections.
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6.2 Z → ττ + jets background

The Z → ττ + jets background is simulated with Sherpa 2.2.1, but the eval-
uation of this background suffers from mismodelling due to its cross section’s
theoretical QCD uncertainties [96] used to generate the Monte Carlo samples.
In order to correct for this mismodelling, the inconsistencies between the Z
+ jets background and the data is measured in two control regions and a cor-
rection factor is derived from this procedure and applied then to the Z → ττ
+ jets background in the signal region, assuming lepton universality. The two
control regions are the Z → ee + jets and the Z → µµ + jets channels around
the Z pole mass and the factors are derived separately for events with 1 and
2 b-jets.
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Figure 6.7: Control regions to extract the Z-factor that normalises the Sherpa
simulated samples to data. Different components, as tt̄, diboson and misiden-
tified leptons are also included as part of the background. The fit to extract
the Z-factor is performed between 60 GeVand 120 GeV.

In order to derive the correction factors, the invariant mass of the two leptons,
m(`+`−) is calculated for each event in the control regions, both for the Z → ``
+ jets samples and for the background samples (tt̄, tt̄V , single top, diboson).
The fake lepton contribution is in this case taken directly from Monte Carlo,
by categorizing each dilepton event as either prompt or fake in the same way

50



CHAPTER 6. BACKGROUND MODELLING

Table 6.2: Event counts for Z → ee + jets and the Z → µµ + jets the full
Run 2 dataset

Run 2 OS ee + 1 b-jet mumu + 1 b-jet ee + 2 b-jets mumu + 2 b-jets

tt̄ 110592 135882 63649.3 78354.2
Other 13556.8 16504.4 2362.2 2818.9
mis-ID leptons 9208.8 387.9 1229.4 72.6
Z+jets 498424 672873 25038.6 32500.3

Total 631782 825648 92279.4 113746

Data 678308 888862 100952 124439

Data/MC 1.07 1.08 1.09 1.09

as in Section 6.1. The invariant mass of the leptons is then plotted for all the
contributions around the Z-peak value, which is clearly visible both in data
and in Monte Carlo around 90 GeV. The difference between data and Monte
Carlo is clear from Fig. 6.7, where there is an excess of data events compared
to Monte Carlo events. The event counts for the plots can be seen in Table 6.2,
where it is shown that the data excess is between 7− 9%.
The correction scale factors for each region are extracted by fitting the Monte
Carlo Z → `` + jets contribution and background contributions to the data.
The fitting function contains two normalisation factors, one for the Z → `` +
jets contribution and one for the total background contributions. Those two
normalisation parameters are fitted, so that the entire Monte Carlo Z → ``
+ jets + background contribution is fitted to the data. The function fitted to
data is:

f = nZ · hist(Z → ``) + nbkg · hist(bkg) (6.3)

where f is the fitting function, nZ and nbkg are the fitted normalisation para-
meters for the Monte Carlo Z → `` contribution and for the background con-
tribution respectively, while hist(Z → ``) and hist(bkg) are the Monte Carlo
Z → `` and background histogram contributions. The fit is performed with
a log likelihood in a range between 60 GeV and 120 GeV. The normalisation
factor of the Z → `` contribution is then taken as the scale factor for that
specific control region. The normalisation factor for the background contri-
bution is less than 1.06 for every region, without any need to constrain this
parameter, meaning that the background contribution is well simulated within
6%. After this procedure, four scale factors are found in total, two for each
signal region, both for the events with one b-tagged jet and for the events with
two b-tagged jets. The results can be seen in Table 6.3. A total scale factor
for the Z → ττ + jets background for the 1-b-jet and 2-b-jet sub-samples are
found by taking the weighted average of the two scale factors derived from the
Z → ee + jets and from the Z → µµ + jets regions, since we are assuming,
that the two regions are uncorrelated from each other. The final results can
be seen also in Table 6.3.
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Table 6.3: Factors extracted from the Z → ee + jets and the Z → µµ + jets
control regions.

Selection/number of b-jets 1 b-jet 2 b-jets

Z → ee + jets 1.093± 0.002 1.25± 0.01
Z → µµ + jets 1.093± 0.002 1.251± 0.009

Total 1.093± 0.001 1.252± 0.006
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In the following chapter the method to extract the total and the differential
cross section is outlined. The fit to extract the cross section is also tested with
various validation techniques, to assess its stability and its possible bias.
The total and differential tt̄ production cross sections are measured in the
dilepton channel of the tt̄ decay, where tt̄ → W+W−bb̄ and one W boson
decays to an electron and the other to a muon and the two leptons have
opposite sign. This also removes the need to exclude the Z peak region in the
ee− and µµ−channels using cuts on the dilepton mass. The total branching
ratio of the top quark to a W boson and a bottom quark is nearly 100%,
which means that the branching ratio of the tt̄ system to an electron and
a muon are dictated by the branching ratio of the decays of the W . The
branching ratio of the tt̄ system to an electron and a muon can be calculated
to approximately 2.4% [97]. In this analysis though, the events where W →
τντ → eν̄eντντ or W → τντ → µν̄µντντ are included as well, which makes
the total branching ratio of the signal events increase slightly. This can be
calculated by taking into account that the branching ratio of a τ to an electron
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or a muon with their corresponding neutrino and a tau neutrino is roughly
17%. The resulting branching ratio of the tt̄ signal taken into consideration in
this analysis becomes ∼ 3.2%. The events are furthermore required to contain
either exactly one or exactly two b-tagged jets in order to finally extract the
cross section.
The fiducial cross section (both total and differential) are extracted to particle
level.

7.1 Total fiducial cross section

The total fiducial cross section is found experimentally using an event count
technique. Said technique, also called the double tagging technique, subdivides
the selected eµ OS events into events with one b-jet and events with two b-jets.
The double tagging technique equations can be derived starting from the defin-
ition of the cross section:

σtt̄ =
N

L ·A · ε ·Br
(7.1)

where σtt̄ is the cross section, N is the number of events after background sub-
traction (the number of signal events), L is the dataset integrated luminosity,
A is the detector acceptance, ε is the efficiency and Br is the branching ratio
of the process used to calculate the cross section.
From this equation we can write the total inclusive cross section as:

N = σtt̄ · L ·A · ε ·Br (7.2)

where the number of signal events is N = Ntot−Nbkg. To measure the fiducial
cross section we can use the fact that

σtt̄ ·A ·Br = σfid
tt̄

(7.3)

and the above equation becomes:

Ntot = σfid
tt̄
· L · ε−Nbkg. (7.4)

Since eµ OS events are selected with either one or two b-jets, two different
equations can be set up, where the cross section can be extracted from the
number of eµ OS events with one b-jet and in the other with two b-jets. By
doing so, we have to introduce the b-tagging efficiency in both equations. The
correlation between the two b-tagged jets needs to be accounted for in both
equations, so a coefficient is introduced for that. Apart from the b-tagging
efficiency, we need to consider the reconstruction efficiency, that is a measure
of how many eµ OS events were reconstructed in the detector out of the entire
true eµ OS events generated. This value, as well as the b-tagging correlation
coefficient, are entirely evaluated from Monte Carlo simulation samples. By
putting together all these elements, the double tagging equations are derived:

N1 = Lσfid
tt̄
Geµ2εb(1− εbCb) +N1,bkg (7.5)

N2 = Lσfid
tt̄
Geµ(εb)

2Cb +N2,bkg
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where N1 and N2 are the number of data events with either one b-jet or two
b-jets, L is the integrated luminosity of the dataset used for the analysis, σfid

tt̄
is the total fiducial cross section, Geµ is the reconstruction efficiency for the
eµ events taken from simulation, εb is the b-tagging efficiency, while Cb is the
b-tagging correlation coefficient, also taken from simulation, and finally N2,bkg

and N1,bkg are the number of background events with either one or two b-jets,
calculated using simulation samples and, in some cases, by applying data
driven techniques together with the estimates from simulations, as explained
in Chapter 6. The two unknowns in these equations, the cross section and
the b-tagging efficiency can be found by applying the log-likelihood method to
these two equations.
The b-tagging efficiency, εb, in this equation is not the same as the b-tagging
working point efficiency used to tag jets as b-jets, as explained in Section 5.1.4,
this parameter expresses the efficiency that a jet is reconstructed in the fiducial
region chosen (both regarding η and pT cut), passes the JVT cut and is also
tagged as a b-jet. This efficiency will therefore be lower than the b-tagging
working point efficiency chosen. The εb values could be taken by simulation,
this would though probably introduce higher uncertainties related to jets and
b-jets, therefore this value is fitted together with the cross section.
The reconstruction efficiency Geµ is defined as the ratio between the number
of reconstructed eµ OS events from tt̄ and the number of true eµ OS events
from tt̄ at particle level, where particle level refers to the true stable particles,
present after the parton shower (but which have not been put through the
detector simulation, see Section 5.1.5) [94]:

Geµ =
N tt̄,reco
eµ,all

N tt̄,particle
eµ,all

(7.6)

where all means that all eµ OS events in the tt̄ signal sample are taken into
account, without subdividing them according to how many b-tagged jets they
have. When calculating tt̄ related systematic uncertainties, the reconstruction
efficiency is calculated using a different tt̄ samples or reweighted tt̄ samples,
see Section 8.2. The nominal value of the reconstruction efficiency with the
nominal tt̄ Powheg + Pythia 8 dilepton sample is 53.26%± 0.02%.
The b-tagging correlation coefficient Cb takes into consideration the correla-
tion between between the two b-tagged jets and provides a correction to the
b-tagging efficiency and is:

Cb =
εbb

(εb)2
(7.7)

where εbb is the product of the efficiency of tagging the first b-jet and the
second b-jet, where the two efficiencies are not equal, and (εb)

2 is again the
product of the efficiency of tagging the first b-jet and the second b-jet, where
the two efficiencies are the same. The correlations arises from the fact, that
the second b-jet has a non-independent probability of being tagged as a b-jet,
when a first b-jet as already been tagged, due to the two jets having the same
common primary vertex. By isolating the Cb term in Eq. 7.5, it can be derived
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that:

Cb =
4 ·N tt̄

eµ,all ·N tt̄
eµ,2

(N tt̄
eµ,1 + 2N tt̄

eµ,2)2
(7.8)

where N tt̄
eµ,all is the total number of reconstructed eµ OS events from tt̄ while

N tt̄
eµ,1 and N tt̄

eµ,2 are the number of reconstructed eµ OS events from tt̄ with
either one or two b-tagged jets. When estimating the tt̄ systematic uncertain-
ties, the values are calculated with the appropriate samples, see Section 8.2.
The nominal value of the b-tagging correlation coefficient with the nominal tt̄
Powheg + Pythia 8 dilepton sample is 1.0061± 0.0006.
When the reconstruction efficiency, the b-tagging correlation coefficient and
the number of background events are calculated, the minimization of the neg-
ative log-likelihood of Eq. 7.5 can be performed.
The probability to observe N signal events in a collection of signal and back-
ground events is by definition Poissonian and can therefore be written as:

p(N |s, b) =
(s+ b)Ne−(s+b)

N !
(7.9)

where p(N |s, b) is the probability of observing N data events given signal
prediction s and background prediction b. In case we have two different ob-
servations N1 and N2, the probability (or likelihood) of observing them both
is the product of the single probabilities. If the signal and background models
contain parameters, those can then be found by minimizing the negative log
of the likelihood:

∂(−ln(L(N |s, b)))
∂(s, b)

= 0. (7.10)

In the case of the double tagging techinique, the likelihood becomes:

L = p(Nobs
1 |N1) · p(Nobs

2 |N2) (7.11)

where L is the likelihood, Nobs
1 and Nobs

2 are the number of observed eµ OS
events with one or two b-jets in data while N1 and N2 is the predicted number
of events with one or two b-jets from Eq. 7.5. The negative log-likelihood takes
this form:

− ln(L) = N1 +N2 −Nobs
1 ln(N1)−Nobs

2 ln(N2) (7.12)

and by substituting the double tagging equations from Eq. 7.5 in Eq. 7.12, the
cross section σtt̄ and the b-tagging efficiency εb can be found by minimization.
Note that in Eq. 7.12 the factorial of Nobs

1 and Nobs
2 have been removed since

they are constants and they would not affect the final minimisation result.
In order to carry this out, the TMinuit ROOT class was used with the MI-
NOS minimizer algorithm [98]. This algorithm also yields uncertainties on
the parameters of interest, but these uncertainties will be recalculated from
toy-experiments as described in Section 7.4.
The results for the b-tagging efficiency are shown in Fig. 1 in Appendix B, while
the results for the total fiducial cross section are discussed in Section 9.1.
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7.2 Total inclusive cross section

The total inclusive cross section can be found in the same manner as the total
fiducial cross section, though with the addition of a factor that takes into
account the acceptance between the entirety of the tt̄ pair produced in all
channels and those chosen in the fiducial region, as shown in Eq. 7.3.
In this case the reconstruction efficiency is substituted with the preselection
efficiency Eeµ = Aeµ ·Geµ, where Aeµ is defined as such:

Aeµ =
N tt̄,particle
eµ,all

N tt̄
all

(7.13)

where N tt̄,particle
eµ,all is the number of all particle level eµ OS events (not sub-

divided according to the number of b-jets), while N tt̄
all is the total number of

tt̄ pairs produced in the Monte Carlo sample used. The acceptance factor
comes purely from Monte Carlo tt̄ samples (the same sample used to calcu-
late the reconstruction efficiency should be used to calculate the acceptance).
However, since the nominal sample and the alternative tt̄ samples used in this
analysis are produced with a dilepton filter, it means that N tt̄

all is in reality
N tt̄
dilepton. This needs to be corrected with the branching ratio to obtain the

proper N tt̄
all. The branching ratio for tt̄ events to dilepton used in this analysis

is 10.537%, which is calculated using the Standard Model predicted branching
ratio, BR(W → `ν) = 10.82% [99, 100]. The nominal value of Eeµ (includ-
ing the branching ratio of tt̄ pairs to dilepton events) with the nominal tt̄
Powheg + Pythia 8 dilepton sample is 0.6768%± 0.0003, while the value of
the acceptance Aeµ also calculated with the nominal tt̄ Powheg + Pythia 8
dilepton sample is 1.2708%± 0.0004%.
When extracting the total inclusive cross section the double tagging equations
become:

N1 = Lσfid
tt̄
Eeµ2εb(1− εbCb) +N1,bkg (7.14)

N2 = Lσfid
tt̄
Eeµ(εb)

2Cb +N2,bkg

7.3 Fiducial differential cross section

Seven leptonic differential distributions are taken into consideration in this
analysis: pT(`+`−), pT(`+)+pT(`−), pT(`), E(`+)+E(`−), m(`+`−), |η(`)| and
∆φ(`+`−). Each distribution is unfolded to particle level in the fiducial region
by applying the double tagging technique on each bin of each distribution, as
earlier done in [13, 15, 17, 18]. The double tagging equations for the differential
measurements are as follows:

N i
1 = Lσitt̄G

i
eµ2εib(1− εibCib) +N i

1,bkg (7.15)

N i
2 = Lσitt̄G

i
eµ(εib)

2Cib +N i
2,bkg

where N i
1 and N i

2 are the number of data events with either one b-jet or
two b-jets in bin i, L is the integrated luminosity of the dataset used for the
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analysis, σitt̄ is the fiducial cross section in bin i, Gieµ is the reconstruction
efficiency for eµ OS events taken from simulation, εib is the b-tagging efficiency
in bin i, while Cib is the b-tagging correlation coefficient in bin i also taken from
simulation and finally N i

2,bkg and N i
1,bkg are the number of background events

in bin i with either one or two b-jets, calculated using simulation samples
and, in some cases, by applying data driven techniques together with the
estimates from simulations, as explained in Chapter 6. The two unknowns in
these equations, the cross section and the b-tagging efficiency, can be found
by applying the log-likelihood method to these two equations.
The reconstruction efficiency Gieµ is defined as above, though one value per
bin i per distribution is found:

Gieµ =
N i,tt̄,reco
eµ,all

N i,tt̄,particle
eµ,all

(7.16)

where all means that all eµ OS events from tt̄ events are taken into account,
without subdividing them according to how many b-tagged jets they have.
The N i,tt̄,reco

eµ,all and N i,tt̄,particle
eµ,all in the last bin of each distribution contain the

overflow events as well. This value is calculated for each bin in each distribu-
tion using the nominal tt̄ Powheg + Pythia 8 sample and the results can be
seen in Fig. 7.1. It is important to note, that in Fig. 7.1(a) and 7.1(b) both
leptons in the event are entered, meaning that there are two entries per event.
When calculating tt̄ related systematic uncertainties, the reconstruction effi-
ciency is calculated using a different tt̄ sample or a reweighted tt̄ sample, see
Section 8.2.
As in Eq. 7.8, the b-tagging correlation coefficient Cib takes into consideration
the correlation between between the two b-tagged jets for each bin i of each
distribution and provides a correction to the b-tagging efficiency and is:

Cib =
4N i

eµ,allN
i
eµ,2

(N i
eµ,1 + 2N i

eµ,2)2
(7.17)

where N i
all is the total number of eµ OS events while N i

1 and N i
2 are the

number of eµ OS events with either one or two b-tagged jets. The overflow
events are added to the counts of the last bin in each distribution. The cor-
relation coefficient is calculated using the nominal tt̄ Powheg + Pythia 8
simulation sample, as for the reconstruction efficiency, and when estimating
the tt̄ systematic uncertainties, the values are calculated with the appropriate
samples, see Section 8.2. The results for the nominal tt̄ Powheg + Pythia
8 simulation sample can be seen in Fig. 7.2.
In order to ensure, that the double tagging technique, which is a bin-by-bin
unfolding technique, is valid and works, the data needs to be binned such that
most of the reconstructed eµ OS events are in the same bin as the corres-
ponding particle level events. To check for this, migration matrices have been
built to check that around 90% of the events lie in the diagonal. In fact, in a
bin-by-bin unfolding from reconstruction level to particle level, the unfolding
itself is just a correction factor applied to every bin, and this can only be
done if the migration from particle level bins to reconstruction level bins does
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Figure 7.1: Reconstruction efficiency for each bin of each distributions calcu-
lated using Eq. 7.16 with the baseline dilepton Powheg + Pythia 8 sample.
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Figure 7.2: b-tagging correlation coefficient for each bin of each distributions
calculated using Eq. 7.17 with the baseline dilepton Powheg + Pythia 8
sample.
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not branch to too many bins. The migration matrices for the seven variables,
calculated with the nominal tt̄ Powheg + Pythia 8 dilepton sample, are
seen in Fig. 7.3 and they are obtained by matching the reconstructed eµ OS
events with the corresponding eµ OS events at particle level and plotting the
variables at reconstruction and particle level in a 2D histogram.
Once the binning is set in place and the reconstruction efficiency, b-tagging

correlation coefficient and the number of background events are calculated,
the b-tagging equations can be minimized for each bin in each distribution
adapting the negative log-likelihood from Eq. 7.12 to the following:

− ln(L) = N i
1 +N i

2 −N
i,obs
1 ln(N i

1)−N i,obs
2 ln(N i

2) (7.18)

where again the factorial of Nobs
1 and Nobs

2 are not included. The overflow
events in each distribution are added to the last bin of each distribution, both
for Gieµ, Cib, N

i,obs
1 and N i,obs

2 , but also for N i
1,bkg and N i

2,bkg. Finally, in order
to present the results in standard units, the differential cross section from bin
i is divided by the width of the same bin i.
The normalised differential cross section can be found by normalising the ab-
solute differential cross section. The normalised differential cross section for
bin i is therefore:

σitt̄,norm =
σitt̄∑
j σ

j
tt̄

(7.19)

The normalisation is applied before dividing the cross section with the bin
width. The normalisation condition introduces bin-to-bin correlations in the
normalised differential cross section and those will be found by bootstrapping
experiments, as explained in Section 7.4.4. The results for the b-tagging effi-
ciency are shown in Fig. 2 in Appendix B, while the results for the differential
cross section are discussed in Section 9.3.

7.4 Analysis strategy validation

In order to make sure that the analysis technique is not biased, validations have
been carried out using different strategies based on toy experiments, seeded
with both Monte Carlo and data outcomes. These are done in order to check
for systematic biases in the analysis and to estimate the covariance matrix for
all the measured variables.
Four different validation tests are performed:

• Internal bias tests, to measure the bias of the fit using the nominal tt̄
Powheg + Pythia 8 sample both to calculate the parameters of the
fit (reconstruction efficiency and b-tagging correlation coefficient), and
as signal sample to construct the pseudo-data;

• Stress tests, to measure the bias of the fit when using the nominal tt̄
Powheg + Pythia 8 sample to calculate the parameters of the fit
(reconstruction efficiency and b-tagging correlation coefficient), but a
sample with a different underlying truth distribution to construct the
pseudo-data (for example with a different top mass);
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Figure 7.3: Migration matrices for each distributions calculated with the
baseline dilepton Powheg + Pythia 8 sample. The m(`+`−) distribution
is plotted for the total range and for a portion of the range, due to the high
granularity at low values.
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• Closure tests, to measure the the bias of the fit when using half of the
nominal tt̄ Powheg + Pythia 8 sample to calculate the parameters
of the fit (reconstruction efficiency and b-tagging correlation coefficient)
and the other half as signal sample to construct the pseudo-data;

• Bootstrapping tests, to measure the statistical covariance matrix for each
variable and the statistical correlations between bins of one variable and
of bins of different variables.

7.4.1 Internal bias tests

The first validation was carried out using toy Monte Carlo samples as pseudo-
data, which were constructed by using the nominal tt̄ Powheg + Pythia
8 sample as signal and the nominal estimated background as background.
The values of the reconstruction efficiency and b-tagging correlation coefficient
where also taken from the nominal tt̄ sample. The N i

1 and N i
2 in Eq. 7.5 or in

Eq. 7.15, derived in this case from the Monte Carlo pseudo-data, were fluctu-
ated 1000 times, with the fluctuations being generated as a random number
extracted from a Poissonian distribution with N i

1 or N i
2 as mean values. This

was done for the total fiducial cross section and repeated for each bin in each
differential distribution and the double tagging fit was performed on all 1000
variations of each bin independently and the results for one of the variables
are shown in Fig. 7.4, where the results are plotted for each bin in each distri-
bution and they show the normalised residuals (σij−σitrue)/σitrue of the results,

where σij is the cross section in bin i for pseudo-experiment j, while σitrue is
the true cross section evaluated using true tt̄ → eµ events in bin i. The nor-
malised residuals are then each fitted to a gaussian, to extract the mean and
standard deviation of each bin, which are then plotted in Fig. 7.5(a)-7.5(g) for
the absolute differential cross section distributions and in Fig. 7.5(h) for the
total fiducial cross section to check for internal bias. In this case a bias would
be visible if the mean of the residuals of the pseudo-experiments for each bin
would be different from zero and the difference would be much bigger than
the standard deviation of the residuals of the same pseudo-experiments. This
would mean that the cross section extracted from the pseudo-data is very dif-
ferent from the truth cross section predicted by the same signal sample used,
leading to the conclusion that a bias is introduced most likely by the fit. As
it is seen in Fig. 7.5, there are very small deviations of the mean from zero,
but those deviations are well within the standard deviations, hence the results
show that the double tagging technique is not internally biased. The corres-
ponding results for the normalised differential distributions are in Fig. 3 in
Appendix C.

7.4.2 Stress tests

Stress tests are performed in the same manner as for the internal bias tests,
but instead of using the nominal tt̄ Powheg + Pythia 8 sample as signal
sample, a sample with a different underlying truth distribution was used, in
this case we changed the underlying truth by changing the mass of the top
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Figure 7.4: Results of the 1000 internal bias tests pseudo-experiments per
bin for the pT(`+) + pT(`−) distribution, where the Monte Carlo pseudo-data
bin content was fluctuated 1000 times per bin. The normalised residuals,
(σij − σitrue)/σitrue, are plotted for each experiment and the final results are
fitted with a gaussian function.
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Figure 7.5: Mean and standard deviations extracted from the gaussian func-
tions fitted to the 1000 internal bias tests pseudo-experiments results for each
bin in each absolute differential distribution in (a)-(g) and for the total fiducial
cross section in (h). The mean is in all cases consistent with zero within the
standard deviation, demonstrating that the double tagging technique has no
internal bias.
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quark. The aim of these tests is to assess the stability of the double tagging
fit by changing the underlying truth distribution of the pseudo-data N i

1 and
N i

2 counts, to see if the fit converges towards the truth even when using differ-
ent samples/underlying distributions. The only values changed are therefore
the N i

1 and N i
2, while the rest of the parameters remain unchanged and are

taken from the nominal values. In particular the tests were performed with
two samples with varied top mass, one with mtop = 169 GeV and another with
mtop = 176 GeV. The background used is the same as the nominal back-
ground. The reconstruction efficiency and b-tagging correlation coefficient are
taken from the nominal tt̄ Powheg + Pythia 8 sample with mtop = 172.5
GeV. These tests are called stress tests, since they change the underlying
distribution to be tested, without changing the parameters used to unfold to
the particle level true cross section, and their aim is to assess whether the
technique works even if there are unexpected behaviours in the data.
The true cross section is evaluated using the true tt̄→ eµ events from the al-
ternative top mass samples as well. For both samples, 1000 pseudo-experiments
were carried out, the (σij−σitrue)/σitrue distributions of the pseudo-experiments
were fitted with gaussians and the result of the these are seen in Fig. 7.6(a)-
7.6(g) and Fig. 7.7(a)-7.7(g) for the absolute differential cross section distribu-
tions and in Fig. 7.6(h) and Fig. 7.7(h) for the total fiducial cross section, where
the points are the mean of the gaussian distributions and the error bars are the
corresponding standard deviations. For the stress tests with mtop = 176 GeV,
it can be seen that the fitting is quite stable, with the bias being small com-
pared to the error bars. On the other hand, the stress tests with mtop = 169
GeV show a bit more bias in the results, especially for the m(`+`−) and the pT

(`) distributions. This is not surprising since a smaller assumed mtop will lead
to a smaller Geµ at small total top quark transverse momenta. All biases are
though within a few standard deviations. The corresponding results for the
normalised differential distributions are in Fig. 4 and Fig. 5 in Appendix C.

7.4.3 Closure tests

Closure tests were performed to assess the ability of the double tagging fit to
converge on the correct answer within the computed uncertainty, using only
a part of the Monte Carlo events available. The aim of the closure tests is to
assess whether the technique works even if there is a smaller statistics than
expected. The tt̄ and background samples were divided into two independent
parts by using the Monte Carlo event number, events with an even event
number went to one subsample and events with an odd event number to the
other. One part was used to calculate the Gieµ, Cib, N

i
1,bkg and N i

2,bkg, while

the other was used to calculate the pseudo-data N i
1 and N i

2 values, which
were fluctuated 1000 times using a Poissonian with N i

1 and N i
2 as mean. This

was done in order to ensure statistical independence between the pseudo-
data counts and the other elements of the double tagging technique. The
cross section extracted from each pseudo-experiment was compared to the
true cross section evaluated using true tt̄→ eµ events. The results are shown
in Fig. 7.8(a)-7.8(g) for the absolute differential cross section distributions
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Figure 7.6: Mean and standard deviations extracted from the gaussian func-
tions fitted to the 1000 stress test pseudo-experiments results for each bin in
each absolute differential distribution in (a)-(g) and for the total fiducial cross
section in (h) using the tt̄ Powheg + Pythia 8 sample with mtop = 169
GeV as signal sample to construct the pseudo-data.
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Figure 7.7: Mean and standard deviations extracted from the gaussian func-
tions fitted to the 1000 stress test pseudo-experiments results for each bin in
each absolute differential distribution in (a)-(g) and for the total fiducial cross
section in (h) using the tt̄ Powheg + Pythia 8 sample with mtop = 176
GeV as signal sample to construct the pseudo-data.

68



CHAPTER 7. ANALYSIS STRATEGY

and in Fig. 7.8(h) for the total fiducial cross section and, even with a partial
dataset, the double tagging technique performs well, since the mean of the
normalised residuals of the pseudo-experiments is close to zero, within the
standard deviation of the experiments. The corresponding results for the
normalised differential distributions are in Fig. 6 in Appendix C.

7.4.4 Bootstrapping tests

Another validation technique used is bootstrapping, which is a re-sampling
technique that makes it possible to evaluate statistical uncertainties as well as
to uncover correlations between bins of the same and of different distributions
[101, 102]. In order to create toy experiments with bootstrapping, each event
used in the analysis (this applies both to data and Monte Carlo events) is as-
signed a series of weights, each of which is drawn from a Poissonian distribution
with mean 1 (the most popular weights are then 0, 1, 2, 3 and 4). The event is
then filled in the nominal histogram and in a series of replica histograms, where
for each replica the event weight is multiplied by the corresponding poissonian
weight for that replica. To make sure, that each event has an unique set of
Poissonian weights, the seed used to generate the weights is changed for every
event (for Monte Carlo events it is eventNumber +100·mcChannelNumber
while for data events it is eventNumber +100·runNumber).
The first bootstrapping validation test was performed using the bootstrapped
data events with 1000 replicas, meaning that for each bin in each distributions
the double tagging technique was solved 1000 times, each time with a boot-
strapped number of data events N i

1 and N i
2. The reconstruction efficiency and

b-tagging correlation coefficient were taken from the nominal tt̄ Powheg +
Pythia 8 sample, while the number of background events are taken from the
nominal background estimates (and are not bootstrapped). The 1000 replicas
are then used to find the covariance matrix, which contains information about
the bin-to-bin correlation within one variable and amongst bins of different
variables and, in the diagonal elements, contains the data statistical uncer-
tainty. The correlation matrix can be extracted and it is shown in Fig. 7.9 for
both the absolute and normalised differential cross section.
The correlation matrix for the absolute differential cross section shows that
there are almost no correlations between bins of one distribution as expec-
ted, since each bin is filled independently from the other bins in the same
distribution, with the exception of the pT(`) variable, since this is filled twice
per event, once for the electron and once for the muon (if the electron has a
low pT, the muon has a high probability of having a low pT as well). There
are instead correlations between bins of different distributions and those are
mostly positive, especially for pT(`+`−), pT(`+)+pT(`−), pT(`), E(`+)+E(`−),
m(`+`−), because, for example, an event with high pT leptons will likely have
a high pT(`+`−), pT(`+) + pT(`−), E(`+) + E(`−) and m(`+`−). |η(`)| and
∆φ(`+`−) are not as strongly correlated with other variables. When look-
ing at the correlation matrix for the normalised differential cross section the
positive correlations between bins of different distributions are still there, and
new negative correlations arise between the bins of one distribution, due to
the normalisation condition, where all bins are shifted.
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Figure 7.8: Mean and standard deviations extracted from the gaussian func-
tions fitted to the 1000 pseudo-experiments results for each bin in each abso-
lute differential distribution in (a)-(g) and for the total fiducial cross section
in (h) performed on a subpart of the total nominal tt̄ Powheg + Pythia
8 sample sample for closure tests. The mean is in all cases consistent with
zero within the standard deviation, demonstrating that the double tagging
technique works with lower statistics than expected.70
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The second bootstrapping validation test was performed using Monte Carlo
events as pseudo-data, where the Monte Carlo events are bootstrapped instead
of data. Again 1000 pseudo-data toy Monte Carlo replicas were generated
using the bootstrapping replica histograms from the nominal tt̄ Powheg +
Pythia 8 sample as signal plus background from the bootstrapping replicas of
the nominal background samples. The sum of the signal and background boot-
strapped counts were used as pseudo-data in the double tagging technique’s
N i

1 and N i
2. In this case, the fake lepton background was not estimated as in

the nominal background, but it was taken directly by Monte Carlo by adding
all the bootstrapped fake lepton contributions in the OS region. The recon-
struction efficiency and b-tagging correlation coefficient were taken from the
nominal tt̄ Powheg + Pythia 8 sample, while the number of background was
taken from the nominal samples. The double tagging equations were solved
1000 times for each bin in each differential distribution. Again the correlation
matrix extracted from these experiments is seen in Fig. 7.10 for both the ab-
solute and normalised differential cross section. The same tendencies are seen
as in the data bootstrapping experiments. Again here, the diagonal elements
of the covariance matrices for single differential distributions can be used as
the Monte Carlo statistical uncertainty.
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Figure 7.9: Correlation matrices for the normalised and absolute differential
cross section from data bootstrapping experiments.
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Figure 7.10: Correlation matrices for the normalised and absolute differential
cross section from Monte Carlo bootstrapping experiments
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The effect of each systematic uncertainty on the total and differential cross
section has been determined by recalculating each parameter of the double tag-
ging technique with the appropriate shift, and re-solving the equations to find
the shifted cross section. Depending on the systematic uncertainty though,
only some of the elements of Eq. 7.5 and Eq. 7.15 need to be recalculated
and therefore the systematic uncertainties have been divided into five major
families:

detector and reconstructed objects systematic uncertainties:
this category collects all the systematic uncertainties related to the re-
constructed objects, as electrons, muons, jets, b-jets, and the systematic
uncertainties related to the detector, such as the pileup. These system-
atic uncertainties affect all the elements of the double tagging equations.

tt̄ related systematic uncertainties: this category is for all the sys-
tematic uncertainties connected to the tt̄ production, such as ISR and
FSR, PDF, matrix element generator and fragmentation. Since the tt̄
sample is not part of the background, these systematic uncertainties
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affect only the reconstruction efficiency, the acceptance factor and the
b-tagging correlation coefficient.

background related systematic uncertainties: this category is for
the systematic uncertainties connected to the different backgrounds,
which include possible variations in the cross sections used to normal-
ise them, variations due to the modelling and estimation of data-driven
backgrounds. These systematic uncertainties affect only the count of
background events in Eq. 7.5 and Eq. 7.15.

integrated luminosity systematic uncertainty: this category is
only for the systematic uncertainty on the integrated luminosity. This
affects the value of the integrated luminosity in Eq. 7.5 and Eq. 7.15 and
the number of background events.

beam energy systematic uncertainty: this category is only for the
systematic uncertainty due to the uncertainty on the beam energy, which
affects the value of the final cross section at 13 TeV, and changes the re-
construction efficiency and the b-tagging correlation coefficient in Eq. 7.5
and Eq. 7.15 and the acceptance factor in Eq. 7.13.

MC statistics systematic uncertainty: this category is only for the
systematic uncertainty due to the limited statistics of Monte Carlo based
variables and it affects all the elements of the double tagging equations.

8.1 Detector and reconstructed objects

Since the events are reconstructed in the detector, we need to take into con-
sideration the systematic uncertainties that can arise due to features of the
detector itself, as event triggering, object reconstruction (electron, muons and
jets) and pileup. When selecting events with AnalysisTop-21.2.65, several
packages are loaded to calculate the up and down variations and weights for
each event in Monte Carlo, allowing for the calculation of the cross section for
each systematics variation. In Table 3 in Appendix D all the variations are
divided into categories.

Electron scale and resolution The energy scale and resolution of
electrons are calculated using Z → ee events and J/Ψ→ ee events. The
uncertainties due to the electron energy scale and energy resolution are
calculated by shifting the objects (electrons in this case) in energy.

Electron efficiency The trigger, reconstruction, isolation and identific-
ation efficiencies for electrons are derived with the tag-and-probe tech-
nique using Z → ee events, J/Ψ → ee events and W → eνe events and
using electrons with ∆R(e, jet) > 0.4 in different η and pT bins. Scale
factors are computed to account for the difference in efficiency in Monte
Carlo samples and data. The systematic uncertainties for these scale
factors are calculated by shifting them up and down with ±1σ variation
independently. For all the efficiencies the up and down variations are
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calculated by assuming that the systematic uncertainties on all η and
pT bins are fully correlated, in order to approximate the up and down
variations to one single variation.
This measurement is though quite sensitive to the electron identifica-
tion efficiency uncertainty and assuming 100% correlation between all
η and pT bins leads to a overestimation of this uncertainty. Therefore
a more complex correlation model (called SIMPLIFIED), which takes
into account the real correlations between bins, needs to be used [103].
In this way, only some of the bins are highly correlated, while most
of the bins are uncorrelated and their contribution to the systematic
uncertainty will be minimal. The η and pT binning used to find the
correlations are |η| = [0.0, 1.37, 4.9] (effectively we use only |η| up to 2.5)
and pT = [4, 7, 10, 15, 20, 25, 30, 60, 80, 13000] GeV.
With this correlation model ∼ 30 up and down variations for the iden-
tification efficiency scale factors are introduced. This model is applied to
the nominal tt̄Powheg + Pythia 8 sample using AnalysisTop-21.2.84

and the reconstruction efficiency Geµ and the b-tagging correlation coef-
ficient Cb are recalculated for each up and down variation, while the
number of background events is not recalculated (the nominal values are
used), since the major contribution to this systematic uncertainty comes
from the uncertainty on the reconstruction efficiency.

Muon scale and resolution scale The systematic uncertainties re-
lated to the µ scale and resolution are a ±1σ variation of the momentum
of the inner detector track, of the muon spectrometer track and of the
momentum scale based on different techniques [87].

Muon reconstruction efficiency The scale factors to take the muon
identification efficiency into account are derived from J/Ψ and Z → µµ
events using the tag-and-probe technique [87]. The systematic uncer-
tainties on these scale factors are calculated by shifting the factors up
and down with ±1σ statistic and systematic variations, separately for
the low pT region (pT < 15 GeV) and for the remaining pT region.

Muon trigger, ISO, TTVA efficiency The scale factors to correct the
Monte Carlo to data for µ trigger efficiency, isolation and track-to-vertex
associations efficiencies are varied up and down with ±1σ statistical and
systematic variations independently [87].

JVT The jet vertex tagger efficiency scale factor weight is used to correct
for the JVT efficiency and hence match Monte Carlo and data. Its sys-
tematic uncertainty is found by varying the scale factor weight with its
±1σ variation, this method though affects the reconstruction efficiency
in the total fiducial cross section with a 0.45% uncertainty, leading to
an uncertainty on the total cross section of also 0.45%. Since the recon-
struction efficiency is a purely leptonic variable and does not depend on
the number of jets in each event, the uncertainty from the JVT cut on
this should be zero and the total uncertainty on the cross section should
be dictated by the uncertainties on the b-tagging correlation coefficient
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and on the number of background events. Before putting the uncertainty
from JVT on the reconstruction efficiency to zero, tests need to be done
to assess whether this is a fair assumption. In particular, a factor that
could contribute to the uncertainty on Geµ is that JVT failing jets par-
ticipate in the overlap removal of objects, but they cannot remove other
objects. This could lead to a difference in the number of eµ events at
reconstruction level depending on the JVT working point used, hence
changing Geµ with the JVT working point.
Therefore, in order to have an idea of the actual size of the JVT uncer-
tainty, a few checks were carried out. The fraction of leptons removed by
overlap removal to the total number of leptons in a event was calculated.
In most of the cases the fraction of leptons removed in overlap removal
is zero, only in 0.1% of the selected eµ events this is different from zero.
This overlap-removed lepton fraction was multiplied to the relative dif-
ference between the JVT efficiency and its up and down variations for
each jet in the event. Again, in most of the events this resulted in a zero
uncertainty, while in the events where the fraction of leptons removed
by overlap removal was bigger than zero, the the JVT uncertainty es-
timated with this method amounted in average to approximately 0.03%,
as visible in Fig. 8.1.

0 0.0005 0.001 0.0015 0.002 0.0025 0.003
 - JVT_eff)/(JVT_eff))

up/down
)*((JVT_effleptons/N

overlap
(N

1−10

1

10

210E
ve

nt
s

 Run 2
-1 = 13 TeV, 139 fbs

Figure 8.1: Estimation of the JVT uncertainty

Given the above tests, the error on the reconstruction efficiency in the
total and differential cross section was set to zero and the JVT systematic
uncertainty is calculated by varying the b-tagging correlation coefficient
and number of background events with the up and down variations of
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the JVT scale factor uncertainty.

JES effective NPs The uncertainties in the jet energy scale are derived
using Z + jet, γ + jet and multijet samples at

√
s = 13 TeV with data or

simulation calibration corrections [104]. In total 15 nuisance parameters
are varied up and down, where all variations are orthogonal to each other
and are assumed uncorrelated.

JES EtaInterCalibration The η intercalibration is a way to calibrate
the jet energy scale from jets in the forward region (0.8 < |η| < 4.5)
from jets in the barrel (|η| < 0.8) [104]. The uncertainty due to this
calibration is performed by shifting the energy of the physics objects
with the up and down variations of the calibration. The systematic
uncertainties components include a statistical component, a modelling
component (that accounts for different Monte Carlo generators mod-
elling of the physical objects and pileup modelling) and a non-closure
component of the technique in the 2.0 < |η| < 2.6 region.

JES flavour Jets contain different quark flavours and gluons, but when
reconstructing the jet, uncertainties arise on their actual composition.
Additionally, the jet energy scale calorimetric response poses a system-
atic uncertainty [104]. Both those uncertainties are found by shifting the
physics objects’ energy and momentum with the up and down variations
of these uncertainties.

JES b-jes response The uncertainty due to the calorimetric response
to b-jets is found by shifting the appropriate physics objects’ energy with
up and down variations [104].

JES pileup The jet energy scale pileup uncertainty comes mainly from
Monte Carlo simulation modelling, in particular the number of average
interactions µ, number of primary vertices NPV and the modelling of the
pT distributions. These uncertainties are found by shifting the physics
objects’ energy and momentum with the up and down variations of these
uncertainties.

JES PunchThrough When a jet has such a high pT, that the jet is no
longer contained in the calorimeter, but crosses over to the muon spec-
trometer, we denote it as a punch-through jet. Up and down uncertainty
variations due to the correction of these jets are applied to all relevant
physics objects.

JES HighPt This uncertainty is due to high pT jets response in the
detector and is calculated by shifting the physics objects’ energy and
momentum with the up and down variations of these uncertainties.

MET soft term The uncertainties related to missing energy ET,miss
is found by data/Monte Carlo comparison of the pT distribution of the
missing energy components.
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JER The jet energy resolution uncertainty is found by using the 7 or-
thogonal nuisance parameter model, where the object are recalculated
for each parameter’s up and down variations. Besides the 7 parameters,
another uncertainty taking the data vs Monte Carlo disagreement into
consideration is calculated using symmetrized variations.

b-tagging The b-tagging efficiency scale factor for a specific working
point is applied to Monte Carlo events through a weight and therefore
the uncertainties on the b-tagging are calculated by varying this scale
factor weight. The uncertainty on b-jets efficiency is found with nine
eigenvectors (with up and down symmetrisation), the uncertainty on
c−jets efficiency is found with four eigenvectors and the uncertainty on
light jets efficiency is found with five eigenvectors [93].

8.2 tt̄

The tt̄ related uncertainties have an impact on the reconstruction efficiency
and of the b-tagging correlation coefficient of the double tagging technique, see
Eq. 7.5, and on the acceptance factor of Eq. 7.13. Most of these uncertainties
can be calculated with alternative tt̄ samples, others require a reweighting of
the nominal sample in order to generate the variations of the parton shower.
The list of tt̄ uncertainties and an overview of how they are calculated is
described here.

Hard scattering The uncertainty due to the matrix element genera-
tion of the events is determined by comparing the nominal tt̄ Powheg
+ Pythia 8 sample with the alternative sample generated with Mad-
Graph5 aMC@NLO interfaced with Pythia 8 [105]. The effect of using
the MadGraph5 aMC@NLO + Pythia 8 sample on Eeµ, Geµ and Cb
are shown in Table 8.1.

top pT reweighting The major impact that different matrix element
generators have on a kinematic analysis is the modelling of the pT of the
top quark (at parton level). In this analysis, this is reflected in the mod-
elling of the pT of the leptons, which in the nominal tt̄ Powheg+Pythia
8 sample is quite evident not optimal, see Fig. 5.2, 5.3, 5.4 and 5.3
[19, 20, 95]. Therefore another way of estimating the hard scattering
uncertainty is to correct the pT of the top quark in the nominal tt̄
Powheg+Pythia 8 sample through reweighting instead of using an-
other generator, and compare this to the nominal tt̄ Powheg+Pythia
8 sample without reweighting. The corrections are based on the NNLO
QCD + NLO EW differential predictions from [106]. In order to accom-
plish this, for each reconstructed eµ event the corresponding truth level
event is found (at parton level) and the top pT correction is derived us-
ing the pT of the top quark after radiation. This correction is applied to
the event weight along with the Monte Carlo weight and the appropriate
scale factors. The effect of the reweighting on Eeµ, Geµ and Cb for the
total inclusive and fiducial cross section are shown in Table 8.1.

80



CHAPTER 8. SYSTEMATIC UNCERTAINTIES

Fragmentation The systematic uncertainty related to the different
fragmentation or hadronisation models can be assessed using a differ-
ent fragmentation model than the one used in the Pythia samples, the
Lund model. In particular the Herwig model is used as the alternative
one. Therefore the nominal sample is compared to a sample using the
same events, which are showered with Herwig 7 instead of Pythia 8
[105]. The effect on Eeµ, Geµ and Cb of using the Powheg + Herwig
7 sample are shown in Table 8.1.

ISR The initial state radiation systematic uncertainty is found by re-
weighting, which adapts the sample to a varied renormalisation and/or
factorisation scale. In Monte Carlo samples, the renormalisation scale
µR is the energy scale at which the coupling αS is calculated, while
the factorisation scale µF is the energy scale at which the PDF is evalu-
ated. The down variation is found by substituting the Monte Carlo event
weight in the nominal tt̄ Powheg+Pythia 8 dilepton sample (though
the AFII sample, to be consistent with the high ISR variation) with
a new weight that doubles the renormalisation and factorisation scale,
µR,down = 2.0µR and µF,down = 2.0µF , which are then multiplied with
the Var3cDown weight from the A14 tune, in order to adjust the αS para-
meter (and the product of the weights is divided by the original Monte
Carlo weight, to normalise the change of the two weights) [105]. The
up variation is found using again reweighting, this time with another tt̄
Powheg+Pythia 8 AFII sample, where the hdamp parameter is shifted
to 3 ·mtop, see Table 4.2, in order to match the data better. Here the
same reweighting procedure for the down variation is applied, though
now the new weights change the renormalisation and factorisation scale
to the half, µR,up = 0.5µR and µF,up = 0./muF , and the Var3cUp weight
is used to adjust the A14 αS parameter (and again the product of the
weights is divided by the original Monte Carlo weight) [105]. In both
cases, the resulting histograms need to be normalised with an adjusted
sum of weights, that takes the above changes into consideration. The
effect of using the Powheg+Pythia 8 sample with more or less ISR on
Eeµ, Geµ and Cb are shown in Table 8.1.

FSR The final state radiation systematic uncertainty is also found by
reweighting. In this case, both the up and down variations are found
by reweighting the nominal tt̄ Powheg+Pythia 8 dilepton sample, by
substituting the Monte Carlo weight (and the sum of weight for norm-
alisation) with weights that change the αFSRS parameter up and down.
The effect of using the Powheg+Pythia 8 sample with more or less
FSR on Eeµ, Geµ and Cb are shown in Table 8.1.

PDF The PDF uncertainty is again extracted through reweighting of the
nominal sample. The default PDF for the nominal sample is NNPDF3.0,
which is one of the PDF’s included in PDF4LHC15 as described by [107].
The same article [107] gives recipes on how to determine the uncertainty
on the PDF for a cross section measurement, and these guidelines were
followed. First of all the cross section is calculated with the PDF4LHC15
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PDF, by reweighing the nominal sample by changing the Monte Carlo
weight with the appropriate weight. The value of the cross section found
is then the central value. Afterwards the cross section is calculated for
each of the components of the Hessian PDF4LHC15 30 error set, where
each component is orthogonal to the others, again by changing the Monte
Carlo weight with the appropriate Hessian PDF4LHC15 30 weight in the
nominal tt̄ sample. When the cross section is determined both with the
central value and with the error set, the PDF uncertainty is found with:

δPDFσ =

√√√√ 30∑
k=1

(σ(k) − σ(0))2 (8.1)

where 30 is the number of the vectors of the error set, σ(k) is the cross
section found with each of the error set weights and σ(0) is the cross
section found with the central value. The formula is taken from [107].

Table 8.1: Difference in total b-tagging correlation coefficient, total reconstruc-
tion and total preselection efficiency between the baseline dilepton Powheg
+ Pythia 8 sample and tt̄ systematics samples.

Generator difference with respect to Powheg+Pythia 8 (410472 FS) ∆Eeµ/Eeµ [%] ∆Geµ/Geµ [%] ∆Cb/Cb [%]

Powheg + Herwig 7 (410558) -0.47 -0.19 -0.05
MadGraph5 aMC@NLO + Pythia 8 (410465) -1.75 -0.60 -0.15
Powheg+Pythia 8 hdamp = 3 ∗mtop more ISR (410482) -0.63 -0.35 0.10151
Powheg+Pythia 8 less ISR (410472 AFII) 0.12 -0.12 -0.06
Powheg+Pythia 8 more FSR (410472 FS) 0.21 0.15 -0.05
Powheg+Pythia 8 less FSR (410472 FS) -0.27 -0.22 0.11
Powheg+Pythia 8 with top pT reweighting -0.66 -0.27 -0.03

Top mass dependence Changing the top mass changes several val-
ues of the double tagging technique, in particular the reconstruction
efficiency, the acceptance factor and the number of background events,
since the major background comes from Wt, where the mass of the top
quark mass plays a role. In order to estimate the affect it has on the
total cross section, the dependence of the different double tagging equa-
tions’ parameters on the top quark mass has been studied with samples
at top mass values of 169, 171, 172, 172.25, 175.5, 172.75, 173, 174 and
176 GeV.
The plot showing the dependence of Geµ for the total fiducial cross sec-
tion can be seen in Fig. 8.4(a), where each point is found by ∆Geµ/Geµ =
(Geµ(mtop) − Geµ(172.5 GeV))/Geµ(172.5 GeV) and the graph is fitted
with a second order polynomial. At the top mass of 172.5 GeV, which
is the value used for all the Monte Carlo samples used for this ana-
lysis, the derivative of the efficiency with respect to mtop is found in
order to have an estimate of the dependence of the reconstruction ef-
ficiency on the mass of the top, and its value is 0.114 ± 0.005 %/GeV,
see Table 8.2 (the uncertainty on the value is found by calculating the
derivative at 173.5 and 171.5 GeV and finding the difference with the
central value). In the same manner the dependence on the top mass
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Figure 8.2: Difference in reconstruction efficiency between the baseline
dilepton Powheg + Pythia 8 sample and the systematics tt̄ samples for
the hard scattering and fragmentation uncertainties for each bin of each dif-
ferential distribution.
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Figure 8.3: Difference in b-tagging correlation coefficient between the baseline
dilepton Powheg + Pythia 8 sample and the systematics tt̄ samples for the
hard scattering and fragmentation uncertainties for each bin of each differential
distribution.
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for Cb is 0.0004 ± 0.007 %/GeV, for the number of background events
with one b-jet is −0.76± 0.02 %/GeV and for the number of background
events with two b-jets is −0.58±0.04 %/GeV, see Table 8.2 and Fig. 8.4.
The total effect of these dependencies on the total fiducial cross section
amounts to dσtt̄fid/dmtop = −0.024± 0.006 %/GeV.
The same procedure can be applied to the total inclusive cross section,
where dEeµ/dmtop is 0.488± 0.006 %/GeV and its effect on the total in-
clusive cross section leads to dσtt̄/dmtop = −0.399±0.008 %/GeV. These
values are not added in Table 9.1 and Table 9.2 for the total fiducial and
inclusive cross section, where the top mass uncertainty is quoted as zero.
For the differential cross section the uncertainty is calculated by find-
ing the differential cross section with the varied parameters (Gieµ, Cib,
N i

1,bkg, N
i
2,bkg) at ±1 GeV (from 172.5 GeV)and symmetrizing the dif-

ference between the nominal cross section and the ones with varied mass
parameters. The results for the top mass uncertainty on the differential
distributions are quoted in the tables in Section 9.3.
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Figure 8.4: Dependence of the double tagging technique parameters on the
top mass value.
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Table 8.2: Derivative of the double tagging technique parameters with respect
to mtop, evaluated at mtop = 172.5 GeV.

Quantity Derivative [%/GeV]

dGeµ/dmtop 0.114± 0.005
dEeµ/dmtop 0.488± 0.006
dCb/dmtop 0.0004± 0.007
dNbkg,1/dmtop −0.76± 0.02
dNbkg,2/dmtop −0.58± 0.04

8.3 Background

The background related uncertainties are calculated for each different back-
ground described in Section 4.2 independently, and they affect only the total
number of background events in the double tagging technique, see Eq. 7.5.
The list of background systematic uncertainties taken into consideration is
described below.

Wt cross section The relative uncertainty on the Wt background the-
oretical cross section is 5.3% and it is calculated by [108], where the
theoretical cross section uncertainty is determined in case of

√
s = 7 or

8 TeV. The theoretical uncertainty at
√
s = 13 TeV is derived with the

same methods as for the
√
s = 7 or 8 TeV case [13–15]. The total Wt

background from the top and anti-top contributions are multiplied by
1± 0.053 in order to find the up and down variations of this systematic
uncertainty.

Wt/tt̄ interference, DR vs DS The interference between tt̄ and Wt is
handled in the nominal samples using the diagram removal scheme. How-
ever, this is not the only choice, as another scheme has been developed,
the diagram subtraction scheme, the difference between the two schemes
is explained in [46] and in Section 2.2.1. The samples used to derive this
systematic uncertainty are referenced in Table 4.2 and are also generated
with Powheg + Pythia 8 as the nominal Wt background.

Wt ISR/FSR The uncertainty due to initial and final state radiation
in the Wt background is derived by reweighting of the nominal samples,
in the same way as the tt̄ samples above. The only difference is that
for the ISR up variation we do not need to use a sample with a higher
hdamp, the samples used for both the up and down variations are the
nominal samples from Table 4.2.

Wt hard scattering The uncertainty in the matrix element generation
is determined by comparing the nominal Wt background with the one
generated using the MadGraph5 aMC@NLO generator interfaced with
Pythia 8, see Table 4.2.

Wt fragmentation The systematic uncertainty due to the hadronisa-
tion or fragmentation model is assessed by comparing the nominal Wt
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background to the one produced with Powheg interfaced with Herwig
7. The same events as in the nominal samples are generated, but they
are showered with a different approach thanks to Herwig 7 [80].

Diboson cross section The uncertainty on the diboson background
theoretical cross section is 6% following [109]. The total diboson back-
ground (derived from the sum of all the sub-sample contributions) is
scaled up and down with 1 ± 0.06 in order to find the up and down
variations of this systematic uncertainty.

Diboson modelling The modelling uncertainty of the diboson back-
ground is assessed through reweighting of the Sherpa sample in order
to change the factorisation and renormalisation scale used to generate the
Sherpa samples. The seven point scale variation are changed as such:
(µR,var, µF,var)x(0.5µR, 0.5µF ), (0.5µR, 1µF ), (1µR, 0.5µF ), (1µR, 1µF ),
(1µR, 2µF ), (2µR, 1µF ), (2µR, 2µF ). The uncertainty on the diboson
modelling is the envelope of the scale variations.

Z+jets scale factor The scale factors derived in Section 6.2 have a
statistical uncertainty due to the limited Monte Carlo events. The un-
certainty from the fit amounts to less then 1%, but in order to take into
consideration eventual errors due to high Monte Carlo weights or other
fluctuations due to the fitting procedure, a systematic uncertainty of 5%
is assigned to the derived factors, both in the one b-jet and in the two
b-jet region.

Z+jets modelling The systematic uncertainty due to the modelling
of the Z + jets background is derived by looking at a few alternative
samples. The nominal Sherpa 2.2.1. samples are compared to Powheg
+ Pythia 8 samples (see Table 4.2). The scaling factors are recalculated
using the alternative samples and they are applied to the alternative Z →
ττ + jets samples, see Fig. 8.5 and Table 8.3. The Powheg + Pythia 8
samples in the two b-jets selection, see Fig. 8.5(c) and 8.5(d) have a larger
Monte Carlo/data discrepancy than the corresponding selection with the
Sherpa 2.2.1. samples, this could be caused by the fact, that Powheg
+ Pythia 8 does not have the matrix elements for Z → bb̄ production,
generating the two b-jet final state only via the parton shower. This
means, that the normalisation factor extracted for these samples is higher
than for the Sherpa 2.2.1. samples, as shown in Table 8.3.

Table 8.3: Factors extracted from the Z → ee + jets and the Z → µµ + jets
control regions for the Powheg + Pythia 8 samples.

Selection/number of b-jets 1 b-jet 2 b-jets

Z → ee + jets 1.270± 0.002 2.34± 0.02
Z → µµ + jets 1.347± 0.002 2.45± 0.02

Fake lepton background When performing the estimate of the num-
ber of misidentified leptons in the OS region using Eq. 6.1, the Rib factor
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Figure 8.5: Control regions to extract the Z-factor that normalises the
Powheg + Pythia 8 simulated samples to data. Different components, as tt̄,
diboson and misidentified leptons are also included as part of the background.
The fit to extract the Z-factor is performed between 60 GeV and 120 GeV.
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derived from Monte Carlo and the N i,promptRS,SS
b , the number of SS

prompt events from Monte Carlo estimations, are affected by systematic
uncertainties. The origin of these systematic uncertainties is the fact
that a series of assumptions are made both on the mechanisms to pro-
duce the secondary or misidentified leptons, and on instrumental effects
that result in misidentified leptons. The number of data events N i,data,SS

b

has also a statistical uncertainty and this contribution is also included.
For each detector systematic uncertainty, the values of Rib, N

i,prompt,SS
b

and N i,data,SS
b are recalculated and a new estimate of the fake lepton

background is performed, while for the rest of the tt̄ and background un-
certainties, these numbers are taken as their nominal values. This does
not mean though, that these values could not be affected by a different
fragmentation model, for example, or by one of the background samples.
For this reason, instead of recalculating the misidentified lepton back-
ground each time we change one of the signal or background samples,
we apply a conservative 50% systematic uncertainty on the number of
prompt RS events in the SS region, both for the one and two b-jets selec-
tions, while the Rib are varied up and down, with 25% for the one b-jet
sample and with 50% for the two b-jet sample [13–15, 110].

tt̄V cross section The uncertainty on the tt̄ V cross section is 13%
following [111].

8.4 Luminosity

The integrated luminosity uncertainty affects two parts of the double tag-
ging technique, one is the value itself of the integrated luminosity, which is
included in Eq. 7.5 and in Eq. 7.15, the other is the number of background
events. The reconstruction efficiency and the b-tagging correlation coefficient
are not affected, as they are ratios and are hence not affected by normalisa-
tion uncertainties. The uncertainty in the combined 2015 − 2018 integrated
luminosity is 1.7% [68], obtained using the LUCID-2 detector [112].

8.5 Beam energy

The beam energy value is one of the parameters the theoretical value of the
cross section depends on and therefore it needs to be taken into consideration
in the systematic uncertainty evaluation. The uncertainty due to the LHC
beam energy is considered as an experimental uncertainty and added to the
rest of the systematic uncertainties. This uncertainty is parametrised in [7]
and the recommendation for

√
s = 13 TeV analyses is to use an uncertainty of

0.23%. This value is used for the uncertainty on the total fiducial and inclusive
cross section.
To extract the uncertainty on each bin of the normalised and absolute differen-
tial cross section, a reweighting method is used on the MadGraph5 aMC@NLO
+ Pythia 8 sample, using the nominal value for the uncertainty on the LHC
beam energy, which is evaluated to 0.1% [113]. Each Monte Carlo event weight
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was reweighted with a ratio to correct the PDF for the higher or lower beam
energy using the LHAPDF library [114]. The reweighting ratio is:

R =
f(xmod1 , Q2) · f(xmod2 , Q2)

f(x1, Q2) · f(x2, Q2)
(8.2)

where x1 and x2 are the momentum fractions of the partons (also called
Bjorken-x values), xmod1 and xmod2 are the shifted momentum fractions and
Q2 is the energy scale of the collision. The xmod1 and xmod2 are found as:
xmodi = xi · (1 ± 0.001), where 0.001 comes from the LHC beam energy un-
certainty of 0.1% [113]. The sum of weights used for normalisation is changed
correspondingly, to take the new weights into consideration. The method to
calculate the beam energy uncertainty was taken from [16, 110].
The effect of the beam energy on the differential measurements is very small
and it amounts to a systematic uncertainty of ∼ 0.01%.

8.6 MC statistics

The Monte Carlo statistical uncertainty is derived from the diagonal elements
of the Monte Carlo covariance matrix extracted by doing bootstrapping exper-
iments explained in Section 7.4. In the case of the total fiducial and inclusive
cross section, the Monte Carlo statistical uncertainty is derived using Poisso-
nian fluctuation experiments, as also explained in Section 7.4.
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9.1 Total fiducial cross section

The results for the total fiducial cross section can be seen in Table 9.1, where
the total uncertainty due to both statistical and systematic effects amounts to
2.34%. The total fiducial cross section for the full Run 2 dataset is found to
be:

σfid,tt̄ = 10.67± 0.02± 0.20± 0.14 pb

where the first uncertainty is the statistical one, the second is the luminosity
uncertainty and the last is the systematic uncertainty from all of the other
sources. Looking closely at the table and at the different contributions, it is
clear that the total uncertainty is dominated by the luminosity uncertainty. It
is also by far larger than the statistical uncertainty, making this measurement
totally systematic dominated. Another large uncertainty is the one coming
from the single top Wt background, where the main contributions are the un-
certainties related to its cross section and to the tt̄/Wt interference modelled
with the diagram removal and diagram subtraction schemes (see Table 4 in
Appendix E). A study performed in ATLAS with the 2015−2016 data showed
that neither the diagram subtraction nor the diagram removal scheme are ac-
curate descriptions of the data, especially in the high invariant mass region,
where the data are somewhere in between the two models [115]. These Wt

91



CHAPTER 9. RESULTS

uncertainties are theoretically limited and until we have a better error estim-
ate on the cross section or a better theoretical and Monte Carlo modelling of
the tt̄/Wt interference, this uncertainty is hardly reducible.
The pileup uncertainty is also quite high, probably due to the high pileup
conditions of data taking in especially 2017 and 2018. This uncertainty could
though be slightly overestimated, since we are looking at a quite pure signal of
leptons. To check for this, the isolation of leptons could be measured in-situ
in data events, in that way the pileup information is included in the lepton
isolation uncertainty and the pileup uncertainty could be removed, so not to
include it twice.
The jet and missing energy related uncertainties are very small or even zero,
as expected, since no cuts on the jets have been applied. A slightly higher
uncertainty is observed for the b-tagging, which comes from the up and down
variations of the b-tagging scale factors applied on Monte Carlo events.
Finally the result is affected by the tt̄ uncertainties, in particular by the hard
scattering uncertainty, pointing to the fact that tt̄ Monte Carlo modelling still
has room for improvement [19, 105]. As explained in Section 8.2, the hard
scattering uncertainty could be evaluated by applying a top pT correction
based on NNLO QCD + NLO EW calculations, instead of using the altern-
ative MadGraph5 aMC@NLO generator. In this case the hard scattering
uncertainty would drop to 0.24% and the total uncertainty on the total fidu-
cial cross section would drop to 2.31%.

Compared to the results obtained in Run 1 in [13, 14], where the total un-
certainty on the total inclusive cross section amounts to 3.9% and 3.6% for
the measurement at

√
s = 7 TeV and 8 TeV respectively (the uncertainties on

the total fiducial cross section are approximately the same size), the current
measurement from Run 2 shows a definite improvement, both due to higher
statistics, but also thanks to improved reconstruction algorithms and Monte
Carlo modelling. When comparing this result with the latest published result
with the data collected in the period 2015−2016 [16], where the measurement
of the total fiducial cross section has a total uncertainty of 2.36%, it can be
seen that using the full Run 2 dataset clearly does not improve terribly on the
total uncertainty. The statistical improvement due to the bigger size of the
dataset impacts the measurement only slightly, because in both this analysis
and in [16] the result is completely dominated by systematic uncertainties and
in particular by the luminosity uncertainty. Also, even if one of the other
biggest systematic uncertainties presented in this analysis are reduced (tt̄/Wt
interference, pileup and tt̄ modelling), there is no chance of getting a total
uncertainty below 2% due to the luminosity uncertainty.

9.2 Total inclusive cross section

The total inclusive cross section for the full Run 2 dataset is found to be:

σtt̄ = 839.8± 1.3± 16.0± 18.4 pb

where the first uncertainty is the statistical one, the second is the lumin-
osity uncertainty and the last is the systematic uncertainty from all of the
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Table 9.1: Results for the total fiducial cross section, the individual uncertain-
ties on total fiducial cross section and their total.

Fiducial cross section [pb] 10.672

Data statistics % 0.1592
MC statistics % 0.1561
Fragmentation % 0.1370
Hard scattering % 0.4512
Top mass dependence % 0.0000
PDF % 0.0321
ISR % 0.2022
FSR % 0.2645
Electron scale and resolution % 0.1124
Electron efficiency % 0.3569
Muon scale and resolution scale % 0.0482
Muon reconstruction efficiency % 0.2234
Muon trigger, ISO, TTVA efficiency % 0.2682
JVT % 0.0311
JES b-jes response % 0.0514
JES effective NPs % 0.0117
JES EtaInterCalibration % 0.0057
JES flavour % 0.0652
JES pileup % 0.0055
JES PunchThrough % 0.0000
JES HighPt % 0.0000
MET soft term % 0.0000
JER % 0.0000
b-tagging % 0.0791
Wt background % 0.7342
Diboson background % 0.0550
ttV background % 0.0317
Z+jets background % 0.0489
Fakes background % 0.3221
Pileup % 0.6888
Beam energy % 0.2300
Luminosity % 1.9018

Total uncertainty % 2.3358
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other sources. The different contributions to the uncertainty can be seen in
Table 9.2.
The total uncertainty, which amounts to 2.91%, is higher than the total un-
certainty on the total fiducial cross section, due to an increase in the tt̄ related
uncertainties. All the detector, background and luminosity uncertainties are
the same as for the total fiducial cross section.
The reason there is an increase in the tt̄ uncertainties is due to the accept-
ance factor, which is based fully on Monte Carlo and hence can change a lot
depending on the type of simulation. In particular the hard scattering uncer-
tainty blows up due to the acceptance factor from MadGraph5 aMC@NLO
interfaced with Pythia 8, which is not very well simulated and does not
match the available data [19, 105, 116]. As in the case of the total fiducial
cross section, the hard scattering uncertainty could be calculated with top pT

reweighting to NNLO QCD + NLO EW, instead of using the alternative Mad-
Graph5 aMC@NLO generator. The uncertainty from the top pT reweighting
on the total inclusive cross section is 0.64%, and using this as the generator
uncertainty would bring the total uncertainty down to 2.32%.
The predicted NNLO value of the total inclusive cross section is for

√
13 TeV

and for a top mass of 172.5 GeV σtt̄,pred = 831.76+19.77
−29.20(scale)+23.18

−22.45(mt)
+35.06
−35.06(PDF+αS)

pb [7–11], and the value found in this analysis falls right within one sigma of
the predicted value, meaning that the measurement is consistent with the
Standard Model framework.
The total uncertainty is lower compared to the one from Run 1 [13, 14], due to
an improvement in detector modelling and tt̄ simulation, though this uncer-
tainty is well above the one obtained in the measurement with the 2015−2016
data [16], where the total uncertainty on the total inclusive cross section
is 2.4%, and this is caused mainly by the high generator uncertainty (hard
scattering) in this analysis. In fact it has become clear, that the Mad-
Graph5 aMC@NLO interfaced with Pythia 8 does not describe data well
(other than being simulated with the incorrect branching ratios) [19, 105,
116] and this means a very likely overestimation of the generator uncertainty.
While new samples with improved setups and tuning are being developed, this
uncertainty could be evaluated with top pT reweighting, and this would bring
the total uncertainty to a value slightly lower, as mentioned above, than the
one measured in [16], as for the total fiducial cross section.

9.3 Differential cross section

The results for the absolute differential cross section are presented in this sec-
tion in Table 9.3 - 9.9 and plotted in Fig. 9.1 and Fig. 9.2. The statistical
uncertainty increases with increasing pT, combined mass or energy, reaching
a maximum of 6%, while it is constant for η and ∆φ bins. The luminosity un-
certainty is still one of the dominating uncertainties in most bins, as it ranges
between 1.9%− 2.3%, but especially in the high pT bins, the Wt uncertainty
dominates the total uncertainty. This is mostly due to the tt̄/Wt interference
uncertainty, the modelling of which disagrees with the data at high pT val-
ues [115] (see tables in Appendix E). The rest of the uncertainties follow the
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Table 9.2: Results for the total inclusive cross section, the individual uncer-
tainties on total inclusive cross section and their total.

Inclusive cross section [pb] 839.797

Data statistics % 0.1592
MC statistics % 0.1561
Fragmentation % 0.4145
Hard scattering % 1.6327
Top mass dependence % 0.0000
PDF % 0.4198
ISR % 0.4596
FSR % 0.3234
Electron scale and resolution % 0.1125
Electron efficiency % 0.3569
Muon scale and resolution scale % 0.0482
Muon reconstruction efficiency % 0.2234
Muon trigger, ISO, TTVA efficiency % 0.2682
JVT % 0.0310
JES b-jes response % 0.0514
JES effective NPs % 0.0117
JES EtaInterCalibration % 0.0057
JES flavour % 0.0652
JES pileup % 0.0055
JES PunchThrough % 0.0000
JES HighPt % 0.0000
MET soft term % 0.0000
JER % 0.0000
b-tagging % 0.0791
Wt background % 0.7342
Diboson background % 0.0550
ttV background % 0.0317
Z+jets background % 0.0488
Fakes background % 0.3221
Pileup % 0.6888
Beam energy % 0.2300
Luminosity % 1.9018

Total uncertainty % 2.9071
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same trend as for the total fiducial cross section, where the hard scattering
and pileup are amongst the highest uncertainties. As for the total fiducial
and inclusive cross sections, using top pT reweighting to include corrections
for NNLO QCD + NLO EW effects instead of using the alternative Mad-
Graph5 aMC@NLO generator would reduce the hard scattering uncertainty
(see tables in Appendix E). The last value in each differential distribution is
the cross section calculated with the events from that bin and from the over-
flow bin. The error contributions divided into categories are shown in Fig. 9.3.
A feature that is very visible from Fig. 9.3(b) is a peak in the systematic er-
ror around |η| = 1.5. This is due to large uncertainties in the modelling of
the ”crack” region between the calorimeter barrel and endcap, see Fig. 5.2(f)
and 5.4(f).
The results for the normalised differential cross section are presented in this
section in Table 9.10 - 9.16 and plotted in Fig. 9.4 and Fig. 9.5. The statist-
ical uncertainty follows the same trends as for the absolute differential cross
section, while on the systematic side, the uncertainty due to the luminosity
decreases due to the normalisation and it is no longer one of the dominating
uncertainties. Instead the interference between tt̄/Wt becomes one of the most
important uncertainties, and it dominates especially the high ends of the pT,
combined mass and energy distributions (see Appendix E). The tt̄ uncertain-
ties are also amongst the biggest ones, while the lepton and jets uncertainties
are very small. As for the absolute differential cross section, an improvement
in the hard scattering uncertainty can be achieved by using the top pT re-
weighted distributions to assess the size of the hard scattering uncertainty
(see tables in Appendix E). The last value in each differential distribution is
the cross section calculated with the events from that bin and from the over-
flow bin. The error contributions divided into categories are shown in Fig. 9.6.
When comparing the results obtained in this analysis with the ones from the
full Run 1 in [17, 18], it is clear that the uncertainties on all bins, both statist-
ical and systematic are very much improved in the same way as the uncertainty
on the total fiducial cross section. The uncertainties on the results with the
data collected from 2015 − 2016 [16] are instead very close to the ones found
in this analysis, again underlying the fact that the measurement is dominated
by systematic uncertainties and their calculations have not improved drastic-
ally between 2015 − 2016 and the full Run 2. For the normalised differential
cross sections though, the large statistics of the full Run 2 sample represent a
significant gain over previous measurements, since the systematic uncertainty
on the luminosity basically cancels, but the results for the normalised differ-
ential distributions cannot be directly compared to the ones in [16], due to the
different binning.
A thing to note regarding this analysis though, is that the granularity of the
binning of most of the variables is finer, without loosing too much precision on
each bin and this is possible thanks to the high statistical power of the Run 2
dataset. Having precise and finer distributions is an advantage for many reas-
ons: these distributions can be used for top pole mass extraction, as will be
explained in Chapter 10, and the more bins there are, the higher the number
of degrees of freedom will be when comparing the measured differential cross
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CHAPTER 9. RESULTS

section with the template distributions with a χ2. Also the lower uncertainties
on the normalised differential distributions will translate to lower systematic
uncertainties on the top mass value as well.
These distributions can also be used to study the theoretical/Monte Carlo
modelling of top quark processes, by comparing theoretically modelled distri-
butions with different top properties to the measured ones, one example being
the tt̄/Wt interference or the top pT spectrum, as done in [20] for example.
Certainly the low uncertainty on each bin would help in discerning viable
models to non-viable ones when doing a comparison between the data and
the alternative modelled distributions. A comparison between the measured
distribution and the Monte Carlo predicted ones is carried out for example
in Fig. 9.1, 9.2, 9.4 and 9.5, where the measured absolute and differential
cross section distributions are plotted together with the particle level pre-
dicted differential distributions from three Monte Carlo samples, the nominal
Powheg+Pythia 8 sample, the Powheg + Herwig 7 sample and the Mad-
Graph5 aMC@NLO + Pythia 8 sample. It is clear that the Monte Carlo
samples do not describe several features of the tt̄ system, as the lepton pT and
the ∆φ distribution. The difference in the lepton pT distributions between the
measured cross section and the predicted one is up to 20%−30% in the highest
bins, as also recently described in [19]. The difference between the measured
and the predicted distributions for the ∆φ variable follow the same tendencies
as [58], where at low ∆φ values the predictions undershoot by ∼ 5%, while at
high ∆φ values the predictions overshoot by ∼ 5%.
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CHAPTER 9. RESULTS
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Figure 9.1: The measured absolute differential cross section is plotted to-
gether with the predictions from three different Monte Carlo samples, the
nominal Powheg+Pythia 8, the Powheg + Herwig 7 sample and the
MadGraph5 aMC@NLO + Pythia 8 sample for the variables pT(`), η(`),
E(`+) + E(`−) and m(`+`−).
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Figure 9.2: The measured absolute differential cross section is plotted to-
gether with the predictions from three different Monte Carlo samples, the nom-
inal Powheg+Pythia 8, the Powheg + Herwig 7 sample and the Mad-
Graph5 aMC@NLO + Pythia 8 sample for the variables pT(`+) + pT(`−),
pT(`+`−) and ∆φ(`+`−).

106



CHAPTER 9. RESULTS

50 100 150 200 250 300 350

 [GeV]
T

Lepton p

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(a)

0 0.5 1 1.5 2 2.5

|ηLepton |

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(b)

100 200 300 400 500 600 700 800 900

 [GeV]
µ

 + EeE

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(c)

0 100 200 300 400 500 600 700 800

 [GeV]µem

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(d)

100 200 300 400 500 600

 [GeV]µ

T
 + pe

T
p

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(e)

0 50 100 150 200 250 300

 [GeV]µe

T
p

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(f)

0 0.5 1 1.5 2 2.5 3
µeφ∆

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

F
ra

ct
io

na
l u

nc
er

ta
in

ty

 Syst⊕Stat 
Stat

Leptons
Luminosity
Pileup
Background
Jets/b-tagging
ttbar

absolute cross sectionRun2
-1 = 13 TeV, 139 fbs

(g)

Figure 9.3: Statistical and total systematic error and contributions from dif-
ferent categories of systematic uncertainties for the absolute differential cross
section.
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CHAPTER 9. RESULTS
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CHAPTER 9. RESULTS
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Figure 9.4: The measured normalised differential cross section is plotted to-
gether with the predictions from three different Monte Carlo samples, the
nominal Powheg+Pythia 8, the Powheg + Herwig 7 sample and the
MadGraph5 aMC@NLO + Pythia 8 sample for the variables pT(`), η(`),
E(`+) + E(`−) and m(`+`−).
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Figure 9.5: The measured normalised differential cross section is plotted to-
gether with the predictions from three different Monte Carlo samples, the nom-
inal Powheg+Pythia 8, the Powheg + Herwig 7 sample and the Mad-
Graph5 aMC@NLO + Pythia 8 sample for the variables pT(`+) + pT(`−),
pT(`+`−) and ∆φ(`+`−).
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Figure 9.6: Statistical and total systematic error and contributions from differ-
ent categories of systematic uncertainties for the normalised differential cross
section.
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The measured normalised differential distributions at particle level, shown in
Chapter 9, for the tt̄ production cross section with dileptonic events carry in-
formation about the mass of the top quark in their shape, as explained in [24].
Following the ideas presented in [24], five of the seven presented distributions
(pT(`+`−), pT(`+)+pT(`−), pT(`), E(`+)+E(`−), m(`+`−)) can be exploited
to extract the top pole mass thanks to their shape, which is compared to a
series of distributions generated from samples with different top masses.
The advantage of this technique is that is does not require the reconstruc-
tion of the top quark from its decay products, avoiding in this way the large
uncertainties connected to the missing energy of the neutrinos and the un-
certainties due to the jets used in the reconstruction. There are of course
other drawbacks, as the uncertainties due to the modelling of the pT of the
leptonic observables, which currently suffer from the mismodelling of the pT

of the top due to missing NNLO correction and EW corrections. These effects
can potentially be mitigated in the future thanks to a better understanding of
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the top quark and hence a better modelling of the top quark production and
decay.
The goal of this chapter is to show how the normalised differential distribu-
tions could be used in the future to extract the mass of the top quark by
outlining the method with some simplifications. Therefore the measurement
shown here is merely an outline of how a top mass precision measurement
would be carried out.

10.1 Method

The top pole mass is found thanks to template fits, which means that the
measured normalised differential cross section distributions from Chapter 9
are compared to normalised particle level distributions generated with different
top mass values. In total five distributions are considered, pT(`+`−), pT(`+)+
pT(`−), pT(`), E(`+) + E(`−), m(`+`−), and each distribution is compared
to particle level distributions generated with Powheg + Pythia 8 at top
masses of 169, 171, 172, 172.25, 175.5, 172.75, 173, 174 and 176 GeV. For
each distribution and each top mass point, χ2 values are computed using the
following equation, also used in [17]:

χ2(mtop) = ∆T
(n−1)(mtop) · S−1

(n−1) ·∆(n−1)(mtop) (10.1)

where ∆(mtop) is the vector difference between the bins of the measured norm-
alised differential distribution and the particle level prediction at a particular
mass point and S−1 is the inverse covariance matrix containing the statist-
ical and systematic uncertainties on the normalised differential distributions
as well as off-diagonal correlation terms between bins. Note, however, that
the covariance matrix receives no contribution from the modelling of the tem-
plates. The correlations arise from different sources: the statistical covariance
matrix has mostly negative correlations between bins due to the normalisation
of the distributions and they are measured thanks to bootstrapping experi-
ments, as shown in Fig. 7.9(b), while each source of systematic uncertainty is
taken as fully correlated between bins of single distributions.
In order to make sure that the covariance matrix S−1 can be inverted (the
matrix cannot be singular), one of the bins is eliminated from the covariance
matrix and from the vector difference ∆(mtop) and for simplicity, the last bin
is eliminated. Equal results are obtained if another bin other than the last is
removed.
When all the χ2 values are calculated, they are divided by the number of de-
grees of freedom (NDF), which is the number of bins taken into consideration
minus one, and the minimum of the χ2/NDF distribution is found for each
distribution by fitting a second degree polynomial to the χ2/NDF points for
each variable, hence giving a value for the most likely top pole mass of the
measured distribution. The uncertainty on these values is found by extracting
the mass value at χ2

min ± 1 from the second degree polynomial fit. When all
the values are found, they need to be combined in one single value and to this
end the BLUE (Best Linear Unbiased Estimator) [117] is used, where all the
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correlations between the variables are taken into consideration when finding
the average value.

10.2 Templates

The templates are the distributions of the five observables in simulated particle
level eµ events. They are binned in the same way as the data and then normal-
ised to the integrated luminosity of the relevant data period, using the sample
k-factor, the filter efficiency and the sum of Monte Carlo weights. Finally, the
histograms are normalised to unit area and each bin content is divided by the
bin width in order to obtain the normalised differential cross section at the
different top mass values. The particle level mass templates distributions are
plotted together with the measured normalised differential cross section distri-
bution for variable for pT(`+`−) in Fig. 10.1 (the plots for the other variables
are in Appendix F). Already from Fig. 10.1 it is clear that the mass templates
do not model the data properly [19, 20, 95] and this could very well affect the
mass measurement to be performed.

4−10

3−10

2−10

to
p

mσ
no

rm
al

iz
ed

 

 = 169.0 GeVtop m

 = 171.0 GeVtop m

 = 172.0 GeVtop m

 = 172.25 GeVtop m
 = 172.5 GeVtop m

 = 172.75 GeVtop m

 = 173.0 GeVtop m

 = 174.0 GeVtop m

 = 176.0 GeVtop m

Run2
-1 = 13 TeV, 139 fbs

0 50 100 150 200 250 300

 [GeV]µe

T
p

0.8
0.9

1
1.1
1.2
1.3
1.4

M
C

 te
m

pl
at

e/
D

at
a

Figure 10.1: Top mass templates distributions at particle level plotted together
with the measured normalised differential cross section for variable pT(`+`−).

The normalised differential cross section values for each bin of each distribution
are parametrized, in order to have a smoother distribution of the normalised
cross section as a function of the top mass. To do this, for each bin in each
distribution, the values of the normalised differential cross section for each top
mass point are plotted and fitted to a second degree polynomial. The values
used for the templates in χ2 fits are extracted from the second degree poly-
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Figure 10.2: Ratio of top mass templates to the nominal top mass template
with mtop = 172.5 GeV.
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nomial fits at the top mass points of the original top mass variation samples.
The parametrization for pT (`+`−) is shown for each bin in the distribution in
Fig. 10.3, while the parametrization of the templates for the other variables
are shown in Appendix G.

10.3 Covariance matrix

The covariance matrix in Eq. 10.1 must contain the information about the
uncertainty on the measured normalised differential cross section. The cov-
ariance matrix should contain therefore both the statistical and systematic
uncertainties, as well as the correlation terms between bins in the off-diagonal
elements.
The data statistical covariance matrix is found thanks to bootstrapping exper-
iments, explained in Section 7.4.4, where the diagonal elements are the stat-
istical uncertainty values squared for each bin, while the off-diagonal elements
contain the correlations (mostly negative), which arise due to the normalisa-
tion and can be seen in Fig. 7.9.
For each systematic uncertainty, a covariance matrix for each distribution is
calculated, where the diagonal elements contain the systematic uncertainty
squared on the bins of the distributions, while the off diagonal elements con-
tain the correlations between bins of each single distribution and, in this case,
all bins within one distribution are taken as fully correlated for every system-
atic uncertainty. The only systematic uncertainty which has bins that are not
fully correlated within one variable is the Monte Carlo statistical uncertainty.
When the covariance matrices for all systematic and statistical uncertainties
for each variable are calculated, they are summed, so to have at the end five
total covariance matrices, one for each variable. The five covariance matrices
are presented in Appendix H. The correlation between bins due to statist-
ical and systematic correlations can be found for each bin with the following
formula:

ρi,j =
σi,j
σi · σj

(10.2)

where ρi,j is the correlation factor between bins i and j, σi,j is the covariance
between bin i and j and σi and σj are the uncertainties on bin i and bin j
respectively (and they are the square root value of the diagonal elements of
bin i and j, respectively).
The correlations between bins are positive, even though the statistical correla-
tion due to normalisation is negative, and this is mainly because the statistical
uncertainties in most of the bins is lower than the systematic uncertainties,
especially the tt̄ uncertainties, which are fully correlated (with a correlation
factor of 1). In particular the highest bins in the pT distributions are highly
correlated, and this is because of the very high uncertainty coming from the
tt̄/Wt interference. The correlation matrices can be seen in Fig. 10.4.
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Figure 10.3: Parametrisation of the particle level templates for each bin of
pT(`+`−). The values for each bin are fitted to a second order degree polyno-
mial (in red).
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Figure 10.4: Correlation matrices for statistical and systematic correlations in
the covariance matrices for the five variables used for the top mass estimation

125



CHAPTER 10. TOWARDS A HIGH PRECISION MEASUREMENT OF
THE TOP QUARK MASS

10.4 Results

Once the templates and the total covariance matrices are ready, the χ2/NDF
distribution for each variable can be calculated using Eq. 10.1. The results
of the χ2 distributions divided by the number of degrees of freedom can be
seen in Fig. 10.5, where the χ2/NDF are fitted to second order polynomial
functions in order to extract the minimum, which is the measured top mass
value for each variable. Already from a first look it is quite clear that the most
precise and sensitive variable is the pT(`+`−), because the parabola is the most
narrow amongst all the fitted graphs. Another feature that quickly catches
the eye is that the χ2/NDF points calculated with the chosen templates are
not placed symmetrically around the minimum of the χ2/NDF distribution
and this is due to shortcomings of the Powheg + Pythia 8 templates where
the matrix elements are calculated to NLO, while the parton shower is eval-
uated only to leading order. Improved templates could come from combining
fixed order matrix elements with a parton shower calculated at NLO level, or
even at NNLO level, since this would ameliorate the problem with the pT top
distributions [20, 118]. Also just reweighing the current templates to include a
correction for NNLO QCD + NLO EW effects [20, 106], as done in Section 8.2,
could help in solving this challenge. The first example has been already used
for the top mass extraction from Run 1 data in [17], where fixed-order cal-
culations from the MCFM generator were used to extract the top mass. No
measurements in ATLAS have been published with NNLO calculations yet,
since those have only lately started to become available.
The total uncertainty (statistical + systematic) on each mass value is found
with the total covariance matrix for that variable, but, to find the statistical
uncertainty alone, toy experiments need to be used. For this purpose, the nor-
malised differential cross sections found with data bootstrapping experiments
can be used as the measured normalised differential cross section together with
the total covariance matrix in Eq. 10.1, so that 1000 values of the top mass
are extracted for each variable. The statistical uncertainty on the top mass is
then the RMS of these 1000 values from bootstrapping experiments.
The results extracted from Fig. 10.5 can be seen in Table 10.1, where the
predicted top mass values for each distribution are shown, as well as their
total uncertainty, extracted using the total covariance matrix, their statistical
uncertainty, extracted with toy experiments, and the total systematic uncer-
tainty found by taking the difference (in quadrature) between the total and
statistical contribution to the error.
The results are not consistent with the current ATLAS combined average of

172.69± 0.48 GeV [119] nor with the latest world average of the top pole mass
of 173.1±0.9 GeV [120]. In fact they are several standard deviations below the
previous results, except for the value extracted from the pT(`+`−) observable.
It is clear that the template modelling of the top pT distribution (predicting
a harder spectrum than that observed in data) is the source of the problem,
and that reliable results with this method require templates with higher the-
oretical accuracy, as fixed order calculations including NNLO effects and EW
correction, which might ameliorate the mismodelling of the top pT.
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Figure 10.5: χ2/NDF distribution for the five variables used to find the top
mass. Each distribution is fitted to a second degree polynomial to find the
minimum of the distribution.

Table 10.1: Top mass values and uncertainties from the five different variables.

Variable pT(`) pT(`+`−) M(`+`−) pT(`+) + pT(`−) E(`+) + E(`−)

Central value 166.35 171.09 167.02 166.56 167.56
Tot uncertainty 0.83 0.77 1.88 0.73 1.61
Stat uncertainty 0.08 0.06 0.11 0.07 0.12
Syst uncertainty 0.82 0.77 1.87 0.72 1.60
Minimum χ2 1.03 0.9 6.0 3.5 0.8

127



CHAPTER 10. TOWARDS A HIGH PRECISION MEASUREMENT OF
THE TOP QUARK MASS

10.5 BLUE combination

The BLUE combination is developed to combine several measurements of the
same quantity, performed with different methods, coming from the same data-
set. Since each measurement comes from the same dataset, all the measure-
ments will be more or less correlated with each other and these correlations
need to be taken into consideration when finding a combined measurement
[117]. In the case of two or more measurements which are fully uncorrelated,
the best estimate of the central value and of its uncertainty are the weighted
average and the weighted uncertainty [117].
First of all the statistical correlations between the five different top mass meas-
urements need to be measured using correlated sub-samples. To this end, the
normalised differential cross section results from the data bootstrapping ex-
periments from Section 7.4.4, together with the total covariance matrix, are
used to calculate 1000 different values of the top mass for each variable. From
these 1000 values, the correlations between the five variables is found with the
standard Pearson correlation equation:

ρ =
< mi

top ·m
j
top > − < mi

top > · < mj
top >

σmi
top
· σ

mj
top

(10.3)

where mi
top is the vector of 1000 top mass values extracted with variable i and

mj
top is the vector of 1000 top mass values extracted with variable j, while

σmi
top

and σ
mj

top
are the standard deviations of the top mass vector of variables

i and j. The values of the statistical correlation between the five variables can
be seen in Fig. 10.6.
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Figure 10.6: Statistical correlation between the five variables used to extract
the top mass.

Besides the statistical correlation, the systematic uncertainties also add a con-
tribution to the correlation between the variables, and in this case, where the
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systematic uncertainties are the dominating uncertainties, they would add a
significant contribution. To add the systematic correlations, one would have
to estimate the size of each systematic uncertainty on each value of the top
mass. Then, since the systematic uncertainties are calculated in the same way
for each variable, each source of systematic uncertainty can be taken as 100%
correlated between variables. In this quick overview of the top mass estima-
tion, there has not been time to find the size of each systematic uncertainty on
each top mass, therefore the BLUE combination will be presented here using
only the statistical uncertainty and the statistical correlations.
From the correlation matrix an error matrix can be extracted with the total
errors on each measurement in the diagonal elements and the correlation terms
in the off-diagonal elements. In this case the error matrix would look like this:

E =


σ2
st,1 ρ2,1 · σst,2σst,1 ρ3,1 · σst,3σst,1 ρ4,1 · σst,4σst,1 ρ5,1 · σst,5σst,1

ρ1,2 · σst,1σst,2 σ2
st,2 ρ3,2 · σst,3σst,2 ρ4,1 · σst,4σst,2 ρ5,2 · σst,5σst,2

ρ1,3 · σst,1σst,3 ρ2,3 · σst,2σst,3 σ2
st,3 ρ4,3 · σst,4σst,3 ρ5,3 · σst,5σst,3

ρ1,4 · σst,1σst,4 ρ2,4 · σst,2σst,4 ρ3,4 · σst,3σst,4 σ2
st,4 ρ5,4 · σst,5σst,4

ρ1,5 · σst,1σst,5 ρ2,5 · σst,2σst,5 ρ3,5 · σst,3σst,5 ρ4,5 · σst,4σst,5 σ2
st,5


where ρi,j is the correlation factor between two variables (with i and j going
from 1 to 5) and σst,i is the statistical uncertainty on mtop,i.
In case we added the systematic uncertainties, the diagonal elements would
become:

σ2
st,i +

∑
x

σ2
x,i (10.4)

and the off-diagonal elements would become:

ρi,j · σst,iσst,j +
∑
x

1 · σx,iσx,j (10.5)

where σx,i is the systematic uncertainty for one specific systematic source x,
and since this has to be done for all the systematic sources, a sum over all the
sources is performed.
With the error matrix, weights can be calculated for each variable, so that the
combined top mass value is a weighted average according to the errors. The
combined estimate becomes then, following [117]:

ˆmtop =
∑

αimtop,i (10.6)

where ˆmtop is the combined value of the five mtop values, αi is the weight i
for the mass estimate from variable i and mtop,i is the top mass estimate from
variable i. The variance on the combined mass value is then [117]:

σ2
mtop

= αTEα (10.7)

where σ2
mtop

is the variance on the top mass combined estimate, α is the vector
of weights and E is the error matrix.
The five weights, whose sum needs to be one, are found so that they minimise
the variance of the combined estimate, with:

α =
E−1U

UTE−1U
(10.8)
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where U is a vector of ones and E−1 is the inverse error matrix.
Once the weights are found, they can be substituted in Eq. 10.6 and 10.7 to
find the combined top mass value and its uncertainty.
As mentioned before this was performed only with the statistical uncertainties
and correlations and the resulting α is (for the variables in the following order:
pT(`), pT(`+`−), m(`+`−), pT(`+) + pT(`−), E(`+) + (`−)):

α =


0.155
0.607
0.071
0.205
−0.038


These weights can be inserted in Eq. 10.6 giving a combined ˆmtop = 169.27
GeV with a combined statistical uncertainty of σstat = 0.06 GeV.
Given the size of the total uncertainty and the correlation between the meas-
urements, the total uncertainty would probably be around 600 − 700 MeV.
Thanks to the high statistics of the full Run 2 dataset and to the improve-
ments in the systematic uncertainty estimations in newer software releases,
the experimental precision of the top mass measurement can be very much
improved and hopefully, with the new NNLO predictions the templates used
for the indirect top mass estimation will improve this measurement even fur-
ther.
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CONCLUSION

In this analysis the tt̄ production total fiducial and inclusive cross section and
the tt̄ production absolute and normalised differential cross sections for seven
different variables (pT(`+`−), pT(`+)+pT(`−), pT(`), E(`+)+E(`−), m(`+`−),
|η(`)| and ∆φ(`+`−)) are measured using the full dataset collected during the
Run 2 in the ATLAS experiment at

√
s = 13 TeV with a total integrated

luminosity of 139 fb−1. This is done using opposite sign dilepton eµ events
with either one or two associated b-jets and the tt̄ production cross section is
extracted by fitting with Poissonian statistics the number of data events to
the expected number of events modelled with Monte Carlo and data-driven
techniques.
The total inclusive cross section was measured to:

σtt̄ = 839.8± 1.3± 16.0± 18.4 pb

where the first uncertainty is the statistical one, the second is the luminosity
uncertainty and the last is the total systematic uncertainty from all of the other
sources other than the luminosity. The combined uncertainties corresponds
to a total uncertainty of 2.91%. The total uncertainty on the total fiducial
cross section is 2.34% and the difference between the total uncertainty on the
total fiducial and inclusive cross section is due to tt̄ related uncertainties, in
particular the generator uncertainty.
The normalised differential cross section distribution for 5 of the variables
(pT(`+`−), pT(`+)+pT(`−), pT(`), E(`+)+E(`−), m(`+`−)) are then used to
extract the top pole mass by comparing the measured distributions to Monte
Carlo templates at different top mass values. For each top mass point and
for each variable a χ2 is calculated with the difference between the measured
distribution and the templates at that mass point, weighted by the covariance
matrix given by the systematic and statistical uncertainties on each bin and
the correlation between bins. The χ2 distributions for each variable are then
fitted to a second degree polynomial, where the minimum of each fit gives the
value of the top mass for that variable. The modelling of the Monte Carlo
top mass variation templates is found to be not adequate for a top pole mass
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extraction, mainly due to a harder pT spectrum, so for a proper top pole mass
extraction more advanced templates are needed.

132



BIBLIOGRAPHY

[1] 2019 Review of Particle Physics - Top Quark, url:
http://pdg.lbl.gov/2019/listings/rpp2019-list-t-quark.pdf

(visited on 04/09/2019).

[2] CDF Collaboration,
Observation of top quark production in p̄p collisions,
Phys. Rev. Lett. 74 (1995) 2626, arXiv: hep-ex/9503002 [hep-ex].

[3] D0 Collaboration, Observation of the top quark,
Phys. Rev. Lett. 74 (1995) 2632, arXiv: hep-ex/9503003 [hep-ex].

[4] M. Thomson, Modern particle physics,
Cambridge University Press, 2013, isbn: 9781107034266.

[5] 2019 Review of Particle Physics - Top Quark, url:
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-top-quark.pdf

(visited on 11/09/2019).

[6] A. Buckley et al., Global fit of top quark effective theory to data,
Phys. Rev. D92 (2015) 091501, arXiv: 1506.08845 [hep-ph].

[7] J. Ferrando and D. Wendland,
Reference tt̄ production cross sections for use in ATLAS analyses,
tech. rep. ATL-COM-PHYS-2014-112, CERN, 2014, url:
https://cds.cern.ch/record/1662536 (visited on 07/08/2019).

[8] P. Bärnreuther, M. Czakon and A. Mitov,
Percent Level Precision Physics at the Tevatron: First Genuine
NNLO QCD Corrections to qq̄ → tt̄+X,
Phys. Rev. Lett. 109 (2012) 132001, arXiv: 1204.5201 [hep-ph].

[9] M. Czakon and A. Mitov, NNLO corrections to top-pair production at
hadron colliders: the all-fermionic scattering channels,
JHEP 12 (2012) 054, arXiv: 1207.0236 [hep-ph].

[10] M. Czakon and A. Mitov, NNLO corrections to top pair production at
hadron colliders: the quark-gluon reaction, JHEP 01 (2013) 080,
arXiv: 1210.6832 [hep-ph].

133

http://pdg.lbl.gov/2019/listings/rpp2019-list-t-quark.pdf
http://dx.doi.org/10.1103/PhysRevLett.74.2626
http://arxiv.org/abs/hep-ex/9503002
http://dx.doi.org/10.1103/PhysRevLett.74.2632
http://arxiv.org/abs/hep-ex/9503003
http://pdg.lbl.gov/2019/reviews/rpp2018-rev-top-quark.pdf
http://dx.doi.org/10.1103/PhysRevD.92.091501
http://arxiv.org/abs/1506.08845
https://cds.cern.ch/record/1662536
http://dx.doi.org/10.1103/PhysRevLett.109.132001
http://arxiv.org/abs/1204.5201
http://dx.doi.org/10.1007/JHEP12(2012)054
http://arxiv.org/abs/1207.0236
http://dx.doi.org/10.1007/JHEP01(2013)080
http://arxiv.org/abs/1210.6832


BIBLIOGRAPHY

[11] M. Czakon, P. Fiedler and A. Mitov, Total Top-Quark
Pair-Production Cross Section at Hadron Colliders Through O(α 4

S ),
Phys. Rev. Lett. 110 (2013) 252004, arXiv: 1303.6254 [hep-ph].

[12] J. Haller et al., Update of the global electroweak fit and constraints on
two-Higgs-doublet models, Eur. Phys. J. C78 (2018) 675,
arXiv: 1803.01853 [hep-ph].

[13] ATLAS Collaboration, Measurement of the tt̄ production cross-section
using eµ events with b-tagged jets in pp collisions at

√
s = 7 and

8 TeV with the ATLAS detector, Eur. Phys. J. C 74 (2014) 3109,
arXiv: 1406.5375 [hep-ex].

[14] R. Hawkings, Measurement of the tt̄ production cross-section in pp
collisions at

√
s =7-8 TeV using eµ events with b-tagged jets,

tech. rep. ATL-PHYS-INT-2014-025, CERN, 2014, url:
https://cds.cern.ch/record/1952814 (visited on 07/08/2019).

[15] ATLAS Collaboration, Measurement of the tt̄ production cross-section
using eµ events with b-tagged jets in pp collisions at

√
s = 13 TeV

with the ATLAS detector, Phys. Lett. B 761 (2016) 136,
arXiv: 1606.02699 [hep-ex].

[16] Measurement of the tt̄ production cross-section and lepton differential
distributions in eµ dilepton events from pp collisions at

√
s = 13 TeV

with the ATLAS detector, tech. rep. ATLAS-CONF-2019-041,
CERN, 2019,
url: http://cds.cern.ch/record/2686255 (visited on 02/09/2019).

[17] ATLAS Collaboration, Measurement of lepton differential
distributions and the top quark mass in tt̄ production in pp collisions
at
√
s = 8 TeV with the ATLAS detector,

Eur. Phys. J. C 77 (2017) 804, arXiv: 1709.09407 [hep-ex].

[18] R. Hawkings,
Measurement of lepton differential distributions in tt̄ production in pp
collisions at

√
s = 8 TeV using eµ events with b-tagged jets,

tech. rep. ATL-COM-PHYS-2015-002, CERN, 2015, url:
https://cds.cern.ch/record/1979932 (visited on 07/08/2019).

[19] Improvements in tt̄ modelling using NLO+PS Monte Carlo generators
for Run2, tech. rep. ATL-PHYS-PUB-2018-009, CERN, 2018, url:
https://cds.cern.ch/record/2630327 (visited on 11/09/2019).

[20] M. Czakon, D. Heymes and A. Mitov,
High-precision differential predictions for top-quark pairs at the LHC,
Phys. Rev. Lett. 116 (2016) 082003, arXiv: 1511.00549 [hep-ph].
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APPENDIX

A Detailed list of samples and metadata

Table 1: List of DSID for the TOPQ1 Monte Carlo samples and their cross
section σ, k-factor and filter efficiency.

DSID σ [nb] k-factor filter efficiency

410472 0.72977 1.1398 0.10546
410470 7.2977 1.1398 0.54384
410482 0.72974 1.1398 0.10546
410465 0.71204 1.1681 0.10718
410252 0.076277 1.1484 1
410558 0.73015 1.1391 0.10544
411052 0.08464 1.1407 1
411053 0.080106 1.1404 1
411054 0.077947 1.1402 1
411055 0.077418 1.1401 1
411056 0.076373 1.1401 1
411057 0.075857 1.14 1
411058 0.073831 1.1399 1
411059 0.069969 1.1395 1

410648 0.003997 0.9451 1
410649 0.003994 0.9458 1
410646 0.037936 0.945 1
410647 0.037905 0.9457 1
410656 0.0038902 0.9704 1
410657 0.0039665 0.9493 1
410658 0.036996 1.1935 1
410659 0.022175 1.1849 1
411038 0.0039993 0.9446 1
411039 0.003996 0.9453 1
412003 0.007903 0.9559 1
411107 0.04005 0.9457 1
411108 0.040018 0.9457 1
411109 0.038823 0.9455 1
411110 0.038793 0.9455 1
411111 0.038229 0.9454 1
411112 0.038198 0.9454 1
411113 0.038082 0.9454 1
411114 0.038051 0.9454 1
411115 0.037789 0.9453 1
411116 0.03776 0.9453 1
411117 0.037646 0.9453 1
411118 0.037615 0.9453 1
411119 0.037072 0.9452 1
411120 0.037043 0.9452 1
411121 0.03596 0.9450 1
411122

DSID σ [nb] k-factor filter efficiency

410155 0.00054822 1.096 1
410156 0.00015503 1.11 1
410157 0.00052821 1.11 1
410218 3.6864e-05 1.12 1
410219 3.6865e-05 1.12 1
410220 3.6555e-05 1.12 1
345940 5.1156e-05 1.1 1

364250 0.001252 1 1
364253 0.0045765 1 1
364254 0.012501 1 1
364255 0.0032344 1 1
364283 1.0545e-05 1 1
364284 4.7168e-05 1 1
364285 0.00011629 1 1
364287 4.0847e-05 1 1
364288 0.0014484 1 1
364289 0.0029708 1 1
364290 0.00017238 1 1
345705 9.9577e-06 1 1
345706 1.0163e-05 1 1
345723 7.1055e-06 1 1
363355 0.015560 1 0.27686
363356 0.015563 1 0.14135
363357 0.0067951 1 1
363358 0.0034328 1 1
363359 0.024707 1 1
363360 0.024726 1 1
363389 0.011419 1 1
363394 0.0012561 1 1
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Table 2: List of DSID for the TOPQ1 Monte Carlo samples and their cross
section σ, k-factor and filter efficiency.

DSID σ [nb] k-factor filter efficiency

364156 19.149 0.9702 0.8245
364157 19.142 0.9702 0.13091
364158 19.138 0.9702 0.044641
364159 0.94552 0.9702 0.6743
364160 0.94544 0.9702 0.24335
364161 0.94414 0.9702 0.084708
364162 0.3397 0.9702 0.60292
364163 0.33988 0.9702 0.29253
364164 0.33964 0.9702 0.110298
364165 0.072079 0.9702 0.54768
364166 0.0721 0.9702 0.32016
364167 0.072058 0.9702 0.12542
364168 0.015006 0.9702 1
364169 0.0012348 0.9702 1
364170 19.153 0.9702 0.82467
364171 19.145 0.9702 0.13086
364172 19.138 0.9702 0.04482
364173 0.94498 0.9702 0.67483
364174 0.94574 0.9702 0.24413
364175 0.94579 0.9702 0.10341
364176 0.33967 0.9702 0.59875
364177 0.33987 0.9702 0.28876
364178 0.33964 0.9702 0.10898
364179 0.072074 0.9702 0.5483
364180 0.072105 0.9702 0.31969
364181 0.072091 0.9702 0.13706
364182 0.015047 0.9702 1
364183 0.0012344 0.9702 1
364184 19.155 0.9702 0.82462
364185 19.149 0.9702 0.13152
364186 19.148 0.9702 0.045111
364187 0.94502 0.9702 0.67562
364188 0.94623 0.9702 0.24247
364189 0.94571 0.9702 0.10391
364190 0.33978 0.9702 0.59872
364191 0.33966 0.9702 0.28477
364192 0.33935 0.9702 0.10599
364193 0.072091 0.9702 0.54837
364194 0.071994 0.9702 0.31881
364195 0.071945 0.9702 0.13597
364196 0.015052 0.9702 1
364197 0.0012341 0.9702 1

DSID σ [nb] k-factor filter efficiency

364100 1.9824 0.9751 0.82175
364101 1.9821 0.9751 0.11358
364102 1.9815 0.9751 0.065797
364103 0.10913 0.9751 0.68948
364104 0.10881 0.9751 0.19704
364105 0.10898 0.9751 0.11768
364106 0.039873 0.9751 0.60281
364107 0.03986 0.9751 0.23529
364108 0.039891 0.9751 0.15623
364109 0.0085256 0.9751 0.56023
364110 0.0085259 0.9751 0.26641
364111 0.0085274 0.9751 0.17659
364112 0.0017871 0.9751 1
364113 0.0001476 0.9751 1
364114 1.9816 0.9751 0.82133
364115 1.9815 0.9751 0.11386
364116 1.9821 0.9751 0.065754
364117 0.11065 0.9751 0.69423
364118 0.1105 0.9751 0.18855
364119 0.11046 0.9751 0.11827
364120 0.040679 0.9751 0.61619
364121 0.040671 0.9751 0.23293
364122 0.040674 0.9751 0.15333
364123 0.0086701 0.9751 0.56739
364124 0.0086689 0.9751 0.26608
364125 0.0086806 0.9751 0.17629
364126 0.0018092 0.9751 1
364127 0.00014875 0.9751 1
364128 1.9817 0.9751 0.83449
364129 1.9817 0.9751 0.10956
364130 1.9821 0.9751 0.065757
364131 0.11061 0.9751 0.69266
364132 0.11056 0.9751 0.19023
364133 0.11066 0.9751 0.110886
364134 0.040771 0.9751 0.61809
364135 0.040716 0.9751 0.23429
364136 0.040741 0.9751 0.15589
364137 0.0086639 0.9751 0.5634
364138 0.008676 0.9751 0.26433
364139 0.0086795 0.9751 0.17627
364140 0.0018075 0.9751 1
364141 0.00014826 0.9751 1
364198 2.4143 0.9751 0.96536
364199 2.4144 0.9751 0.0344249
364200 0.0503299 0.9751 0.89308
364201 0.050291 0.9751 0.11212
364202 0.0032396 0.9751 0.853639
364203 0.0032814 0.9751 0.1602
364204 2.4153 0.9751 0.965199
364205 2.4155 0.9751 0.0346949
364206 0.050354 0.9751 0.89325
364207 0.050483 0.9751 0.1087
364208 0.0032539 0.9751 0.85487
364209 0.0032524 0.9751 0.15349
364210 2.4159 0.9751 0.96534
364211 2.4144 0.9751 0.034669
364212 0.050373 0.9751 0.893129
364213 0.050470 0.9751 0.10985
364214 0.003285 0.9751 0.85551
364215 0.0032803 0.9751 0.15623
361106 1.8942 1.0260 1
361107 1.8909 1.0261 1
361108 1.9011 1.0261 1
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B b-tagging efficiency

The b-tagging efficiency is fitted in the double tagging equation together with
the cross section and the values extracted are shown here in Fig. 1 for the
b-tagging efficiency from the total event count, see Eq. 7.5 and in Fig. 2 for
the b-tagging efficiency for the differential distributions, see Eq. 7.15. The
errorbars in the plots reflect the uncertainty on the b-tagging efficiency from
the fit. No statistical or systematic analysis is performed on the extracted
values.

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5

# of events
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0.5294
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0.5306bε

 Run 2
-1 = 13 TeV, 139 fbs

Figure 1: b-tagging efficiency for the total event count from the fit of Eq. 7.5
with the nominal reconstruction efficiency and b-tagging correlation coefficient
from dilepton Powheg + Pythia 8 sample and the nominal background. The
errorbars reflect the error on the b-tagging efficiency from the fit.
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Figure 2: b-tagging efficiency for each bin of each distributions from the fit
of Eq. 7.15 with the nominal reconstruction efficiency and b-tagging correla-
tion coefficieny from dilepton Powheg + Pythia 8 sample and the nominal
background. The errorbars reflect the error on the b-tagging efficiency from
the fit.
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C Validation tests for normalised differential cross
section distributions
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Figure 3: Mean and standard deviations extracted from the gaussian functions
fitted to the 1000 internal bias tests pseudo-experiments results for each bin
in each normalised distribution. The mean is in all cases consistent with
zero within the standard deviation, demonstrating that the double tagging
technique has no internal bias.
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Figure 4: Mean and standard deviations extracted from the gaussian functions
fitted to the 1000 pseudo-experiments results for each bin in each normalised
distribution using the tt̄ Powheg + Pythia 8 sample with mtop = 169 GeV as
signal sample
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Figure 5: Mean and standard deviations extracted from the gaussian functions
fitted to the 1000 pseudo-experiments results for each bin in each normalised
distribution using the tt̄ Powheg + Pythia 8 sample with mtop = 176 GeV as
signal sample
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Figure 6: Mean and standard deviations extracted from the gaussian functions
fitted to the 1000 pseudo-experiments results for each bin in each normalised
distribution performed on a subpart of the total tt̄ sample for closure tests.
The mean is in all cases consistent with zero within the standard deviation,
demonstrating that the double tagging technique works.
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D Components of all detector uncertainties

Table 3: All contributions to detector uncertainties

Uncertainty type Type Contributions

Electron scale and resolution Up/Down EG RESOLUTION ALL, EG SCALE ALL, EG SCALE AF2

Electron efficiency Up/Down weight leptonSF EL SF Trigger, weight leptonSF EL SF Reco,
weight leptonSF EL SF ID, weight leptonSF EL SF Isol

Muon scale and resolution scale Up/Down MUON ID, MUON MS, MUON SAGITTA RESBIAS, MUON SAGITTA RHO, MUON SCALE

Muon reconstruction efficiency Up/Down weight leptonSF MU SF ID STAT, weight leptonSF MU SF ID SYST,
weight leptonSF MU SF ID STAT LOWPT, weight leptonSF MU SF ID SYST LOWPT

Muon trigger, ISO, TTVA efficiency Up/Down weight leptonSF MU SF Trigger STAT, weight leptonSF MU SF Trigger SYST,
weight leptonSF MU SF Isol STAT, weight leptonSF MU SF Isol SYST,
weight leptonSF MU SF TTVA STAT, weight leptonSF MU SF TTVA SYST

JVT Up/Down weight jvt, weight jvt

JES b-jes response Up/Down JET CategoryReduction JET BJES Response

JES effective NPs Up/Down JET CategoryReduction JET EffectiveNP Detector1, JET CategoryReduction JET EffectiveNP Detector2,
JET CategoryReduction JET EffectiveNP Mixed1, JET CategoryReduction JET EffectiveNP Mixed2,
JET CategoryReduction JET EffectiveNP Mixed3, JET CategoryReduction JET EffectiveNP Modelling1,
JET CategoryReduction JET EffectiveNP Modelling2, JET CategoryReduction JET EffectiveNP Modelling3,
JET CategoryReduction JET EffectiveNP Modelling4, JET CategoryReduction JET EffectiveNP Statistical1,
JET CategoryReduction JET EffectiveNP Statistical2, JET CategoryReduction JET EffectiveNP Statistical3,
JET CategoryReduction JET EffectiveNP Statistical4, JET CategoryReduction JET EffectiveNP Statistical5,
JET CategoryReduction JET EffectiveNP Statistical6

JES EtaInterCalibration Up/Down JET CategoryReduction JET EtaIntercalibration Modelling,
JET CategoryReduction JET EtaIntercalibration NonClosure highE,
JET CategoryReduction JET EtaIntercalibration NonClosure negEta,
JET CategoryReduction JET EtaIntercalibration NonClosure posEta,
JET CategoryReduction JET EtaIntercalibration TotalStat

JES flavour Up/Down JET CategoryReduction JET Flavor Composition, JET CategoryReduction JET Flavor Response

JES pileup Up/Down JET CategoryReduction JET Pileup OffsetMu, JET CategoryReduction JET Pileup OffsetNPV,
JET CategoryReduction JET Pileup PtTerm, JET CategoryReduction JET Pileup RhoTopology

JES PunchThrough Up/Down JET CategoryReduction JET PunchThrough MC16

JES HighPt Up/Down JET CategoryReduction JET SingleParticle HighPt

MET soft term Up/Down MET SoftTrk ResoPara, MET SoftTrk ResoPerp, MET SoftTrk

JER Up/Down JET CategoryReduction JET JER DataVsMC, JET CategoryReduction JET JER EffectiveNP 1,
JET CategoryReduction JET JER EffectiveNP 2, JET CategoryReduction JET JER EffectiveNP 3,
JET CategoryReduction JET JER EffectiveNP 4, JET CategoryReduction JET JER EffectiveNP 5,
JET CategoryReduction JET JER EffectiveNP 6, JET CategoryReduction JET JER EffectiveNP 7restTerm

b-tagging Up/Down weight bTagSF MV2c10 70 eigenvars B[0], weight bTagSF MV2c10 70 eigenvars B[1],
weight bTagSF MV2c10 70 eigenvars B[2], weight bTagSF MV2c10 70 eigenvars B[3],
weight bTagSF MV2c10 70 eigenvars B[4], weight bTagSF MV2c10 70 eigenvars B[5],
weight bTagSF MV2c10 70 eigenvars B[6], weight bTagSF MV2c10 70 eigenvars B[7],
weight bTagSF MV2c10 70 eigenvars B[8], weight bTagSF MV2c10 70 eigenvars C[0],
weight bTagSF MV2c10 70 eigenvars C[1], weight bTagSF MV2c10 70 eigenvars C[2],
weight bTagSF MV2c10 70 eigenvars C[3], weight bTagSF MV2c10 70 eigenvars Light[0],
weight bTagSF MV2c10 70 eigenvars Light[1], weight bTagSF MV2c10 70 eigenvars Light[2],
weight bTagSF MV2c10 70 eigenvars Light[3], weight bTagSF MV2c10 70 eigenvars Light[4],
weight bTagSF MV2c10 70 extrapolation, weight bTagSF MV2c10 70 extrapolation from charm

Pileup Up/Down weight pileup
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E Detailed tables of systematic uncertainties

In this section the detailed tables of all the uncertainties for the total and
differential cross section are presented. The total uncertainty is not computed,
as the alternative generator uncertainty with top pT reweighting is added to
the tables as well
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Table 4: Detailed results of the systematic uncertainties for the total fiducial
cross section.

Fiducial cross section [pb] 10.672

Data statistics % 0.1592
MC statistics % 0.1561
Fragmentation % 0.1370
Hard scattering % 0.4512
top pT % 0.2418
Top mass dependence % 0.0000
PDF % 0.0321
ISR % 0.2022
FSR % 0.2645
Electron scale % 0.1122
Electron resolution % 0.0075
Electron trigger efficiency % 0.0502
Electron reconstruction efficiency % 0.1520
Electron ISO efficiency % 0.1010
Electron ID efficiency % 0.3026
Muon scale % 0.0481
Muon resolution % 0.0030
Muon reconstruction efficiency % 0.2234
Muon trigger efficiency % 0.0504
Muon ISO efficiency % 0.2625
Muon TTVA efficiency % 0.0220
JVT % 0.0311
JES b-jes response % 0.0514
JES effective NPs % 0.0117
JES EtaInterCalibration % 0.0057
JES flavour % 0.0652
JES pileup % 0.0055
JES PunchThrough % 0.0000
JES HighPt % 0.0000
MET soft term % 0.0000
JER % 0.0000
b-tagging % 0.0791
Wt cross section % 0.5143
Wt/tt̄ interference % 0.3774
Wt hard scattering % 0.2293
Wt fragmentation % 0.2514
Wt ISR % 0.0108
Wt FSR % 0.1272
Diboson cross section % 0.0215
Diboson scale % 0.0502
ttV background % 0.0317
Z modelling % 0.0457
Z factor % 0.0172
Fakes background % 0.3221
Pileup % 0.6888
Beam energy % 0.2300
Luminosity % 1.9018
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Table 5: Detailed results of the systematic uncertainties for the total inclusive
cross section.

Inclusive cross section [pb] 839.797

Data statistics % 0.1592
MC statistics % 0.1561
Fragmentation % 0.4145
Hard scattering % 1.6327
top pT % 0.6379
Top mass dependence % 0.0000
PDF % 0.4198
ISR % 0.4596
FSR % 0.3234
Electron scale % 0.1122
Electron resolution % 0.0075
Electron trigger efficiency % 0.0502
Electron reconstruction efficiency % 0.1520
Electron ISO efficiency % 0.1010
Electron ID efficiency % 0.3026
Muon scale % 0.0481
Muon resolution % 0.0030
Muon reconstruction efficiency % 0.2234
Muon trigger efficiency % 0.0504
Muon ISO efficiency % 0.2625
Muon TTVA efficiency % 0.0220
JVT % 0.0310
JES b-jes response % 0.0514
JES effective NPs % 0.0117
JES EtaInterCalibration % 0.0057
JES flavour % 0.0652
JES pileup % 0.0055
JES PunchThrough % 0.0000
JES HighPt % 0.0000
MET soft term % 0.0000
JER % 0.0000
b-tagging % 0.0791
Wt cross section % 0.5143
Wt/tt̄ interference % 0.3774
Wt hard scattering % 0.2293
Wt fragmentation % 0.2514
Wt ISR % 0.0107
Wt FSR % 0.1272
Diboson cross section % 0.0215
Diboson scale % 0.0502
ttV background % 0.0317
Z modelling % 0.0457
Z factor % 0.0172
Fakes background % 0.3221
Pileup % 0.6888
Beam energy % 0.2300
Luminosity % 1.9018
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Figure 7: Top mass templates distributions at particle level plotted together
with the measured normalised differential cross section for variable E(`+) +
E(`−).
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Figure 8: Top mass templates distributions at particle level plotted together
with the measured normalised differential cross section for variable m(`+`−).
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Figure 9: Top mass templates distributions at particle level plotted together
with the measured normalised differential cross section for variable pT(`).
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Figure 10: Top mass templates distributions at particle level plotted together
with the measured normalised differential cross section for variable pT(`+) +
pT(`−).
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G Parametrization of particle level templates

181



169 170 171 172 173 174 175 176

 [GeV]
top

m

0.1

0.105

0.11

0.115

0.12

0.125

0.13

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

50.0 - 60.0 GeV
  mass var

  fit of mass var

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.74

0.76

0.78

0.8

0.82

0.84

0.86

0.88

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

60.0 - 70.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.0017

0.00175

0.0018

0.00185

0.0019

0.00195

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

70.0 - 80.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.0027

0.00275

0.0028

0.00285

0.0029

0.00295

0.003

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

80.0 - 90.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.0038

0.00385

0.0039

0.00395

0.004

0.00405

0.0041

0.00415

0.0042

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

90.0 - 110.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.0046

0.00465

0.0047

0.00475

0.0048

0.00485

0.0049

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

110.0 - 125.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.00465

0.0047

0.00475

0.0048

0.00485

0.0049

0.00495

0.005

0.00505

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

125.0 - 160.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.00395

0.004

0.00405

0.0041

0.00415

0.0042

0.00425

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

160.0 - 200.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.00285

0.0029

0.00295

0.003

0.00305

0.0031

0.00315

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

200.0 - 250.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.00185

0.0019

0.00195

0.002

0.00205

0.0021

0.00215

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

250.0 - 300.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.0011

0.00115

0.0012

0.00125

0.0013

0.00135

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

300.0 - 370.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.56
0.58

0.6
0.62

0.64

0.66
0.68

0.7
0.72

0.74

0.76
0.78

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

370.0 - 450.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.26

0.28

0.3

0.32

0.34

0.36

0.38

0.4

0.42

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

450.0 - 550.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.08

0.1

0.12

0.14

0.16

0.18

0.2

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

550.0 - 700.0 GeV

169 170 171 172 173 174 175 176

 [GeV]
top

m

0.02

0.04

0.06

0.08

0.1

3−
10×

 [1
/G

eV
]

µ
 +

 E
e

 d
N

/d
E

σ
1/

700.0 - 900.0 GeV

Figure 11: Parametrisation of the particle level templates for each bin of
E(`+) + E(`−). The values for each bin are fitted to a second order degree
polynomial (in red).
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Figure 12: Parametrisation of the particle level templates for each bin of
m(`+`−). The values for each bin are fitted to a second order degree polyno-
mial (in red).
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Figure 13: Parametrisation of the particle level templates for each bin of pT

(`). The values for each bin are fitted to a second order degree polynomial (in
red).
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Figure 14: Parametrisation of the particle level templates for each bin of pT

(`+) + pT (`−). The values for each bin are fitted to a second order degree
polynomial (in red).
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