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Prohlašuji, že jsem předloženou disertačńı práci vypracoval samostatně pod vedeńım
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studia.
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Introduction

The advancements of knowledge in the experimental particle physics can be divided
into two main streams, the astroparticle physics and the accelerator based physics. As
the name of this work hints, it belongs to the second type of particle physics. Colliders
helps physicists to reveal the yet to be know details about our universe, its history
and its performance on sub-nuclear scales. Up to this time, the Standard Model (SM)
theory proved to be precise enough with predictions of the existence of particles and
their properties, although there are discrepancies in several cases leading to the theories
Beyond the Standard Model (BSM). Several of the BSM theories deals with heavier
versions of known bosons which could unravel possibilities of their existence in already
measured spectra, hidden between uncertainties, or use them as a probe in simulated
scenarios with a higher collision energy and beam luminosity.

This dissertation work aims to explore possibilities of adding almost unused topolo-
gies (semi-boosted) into reconstruction procedures for studies of top anti-top quark pair
(tt̄) spectra in the semi-leptonic decay channel (`+jets). tt̄ decay channels are named
after products of decaying W bosons, which may decay to a lepton and a neutrino
(leptonic decay), or to a of quark and anti-quark pair (hadronic decay), in other words
in the semi-leptonic tt̄ channel one W boson decays leptonically and the other one
hadronically. Two topologies are commonly used at presence, resolved and boosted,
but in between them lies a region, where the resolved topology transits to the boosted
topology, while none of those has the number of events high enough. This region of
energies is often omitted from analyses in both topologies.

To tune the process to the specific energy the aforementioned additional BSM heavy
boson is used of a specific mass. Scanning over the area of interest is done by simulating
the same process with different values of the heavy boson mass and full analysis for each
topology is performed. The results are probed for the performance on the unfolding
procedure and the loss of significance by this procedure is studied.

The dissertation work is divided into 6 chapters, where first chapter is dedicated
to description of the CERN and its experiments, mainly the ATLAS experiment. Sec-
ond chapter is a short introduction to the Standard Model, classification of events and
motivation for analyses in the top quark field in particle physics. The third chap-
ter presents energy corrections for the measured particle showers in the detector and
measured objects definitions. The fourth chapter describes a private analysis sample
generation, energy correction factors derivation, selection of events and objects and
reconstruction of the top anti-top quark pairs. The fifth chapter is dedicated to the
spectra shape comparison of chosen variables of reconstructed particles, spectra com-
parison in different topologies, resolution of reconstructed tt̄ mass peak and migration
of events between reconstruction levels in terms of topologies and comparison over dif-
ferent generated samples. The sixth and last chapter describes the performance of the
simulated signal in the unfolding procedure for several variables and strength of the
signal in the corrected spectrum.
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Chapter 1

CERN, LHC and the ATLAS
Experiment

The exploration and knowledge of particle physics is leaping forward with the ad-
vancement in digitization and also with industrial progress. The main problem of
particle physics is the energy. Processes with heavier particles, to which top quark be-
longs, are visible only in collision where there is the energy high enough to create them.
The methodology of studying particles is similar if not the same with first experiments
ever studied in this field, the particles are sent to the fixed target and physicist then
study products of the collision. The more advanced setup is performed by colliders,
which enables the possibility to send particles against each other fo the collision. The
increasing need for higher energy to uncover deeper knowledge lead to building larger
colliders. The largest collider facility in the world has been build in the middle of
Europe and there is no other laboratory which could compete in the energy value of
the colliding particles in the time of writing this work.

The laboratory facility, history, experiments and notable breakthroughs in particle
physics are described in this chapter. The first section serves as introduction to history
and aims of the international laboratory. Large Hadron Collider(LHC) is described
in the second section together with variables tied to physical layout of the collider
for example framework coordinates. Third section covers overview of experiments
currently operating at the LHC. The fourth section presents thorough description of
the ATLAS experiment and definitions of variables tied to the construction layout of
the detector.

1.1 CERN

Conseil Européen pour la Recherche Nucléaire (CERN) or European Council for
Nuclear Research in English is a research organization with the first council meeting
on 5 May 1952 [1]. This organization aimed to facilitate the nuclear research in Europe
without any link to the military purposes. The acronym CERN was firstly used to
name the organization committee, but then it remained unchanged for the description
of the whole laboratory till this day.

The work on the site started on 17 May 1954 and the first accelerator, Synchro-
cyclotron (SC), was in full operational state on 16 August 1957 [2]. This accelera-
tor contributed by the discovery of the rare decays of pions to electrons [3] one year
later and its the energy limit was 600 MeV. The Proton-Synchrotron (PS) accelera-
tor started to work on 24 November 1959 with maximum of energy for collisions of
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Figure 1.1: Overview of the accelerator complex at CERN. The figure was taken
from[5].

28 GeV. The Proton-Synchrotron accelerator is still used as a pre-accelerator nowa-
days. The next step in achieving higher energies in accelerators at CERN site was
Super Proton-Synchrotron (SPS), which started to operate on 3 May 1976 and is able
to reach the energy up to 450 GeV. SPS is also used as pre-accelerator for the LHC.
The SPS accelerator was the crucial instrument for the discovery of Z and W bosons
in 1983 as a proton-antiproton collider, for which scientists Carlo Rubbia and Simon
van der Meer shared the Nobel prize [4]. The Large Electron-Positron collider was the
next generation in the history of accelerators at the CERN. The circumference of this
accelerator is 27 kilometers and its energy limit started at 100 GeV but in the last
years of its measurements was able to provide energy for collisions up to 208 GeV. The
very important measurement at LEP confirmed that there are exactly tree families of
light neutrinos. The LEP accelerator was shut down in November 2000, but the al-
ready present tunnel was used to build the LHC. The overview of accelerator complex
is shown in Figure 1.1.

1.2 Large Hadron Collider

The Large Hadron Collider resides about 175 meters under the borderline between
Switzerland and France. The LHC is the largest particle collider to this date with
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circumference over 27 kilometers and four main intersection points, where the experi-
ments resides. The accelerator begun its operation in the year 2005 at energy 500 GeV,
which increased in 2010 to the energy of 3.5 TeV and after the upgrades the energy
increased to the 6.5 TeV and after another upgrade the energy has increased to the
6.8 TeV [6, 7].

The largest achievement of the LHC is the discovery of the Higgs boson, the last
particle of the Standard Model theory, in July 2012. Among its other successes be-
longs the observation of the quark-gluon plasma, the densest known form of matter,
and observation of the bounded pentaquark states. The LHC measurements and ex-
periments are important for probing theories beyond the Standard Model, for example
the supersymetry.

1.3 Experiments at the LHC

There are four main experiments at the LHC, ATLAS (A Toroidal LHC Appa-
ratus), CMS (Compact Muon Solenoid), ALICE (A Large Ion Collider Experiment)
and LHCb (Large Hadron Collider beauty). The largest multipurpose experiments are
ATLAS and CMS, both capable of measuring similar particle properties but with dif-
ferent sub-detectors, which work in tandem to cross-check the measured values of the
other detector device. The ALICE experiment’s main aim is to measure properties of
collisions of the heavy ions. The experiment LHCb specializes in measurements of the
charge and parity violation phenomena.

CERN supports research outside the LHC ring, for example LINAC (Linear Accel-
erator) for studying heavy ion collisions mainly lead ions, but also the oxygen, xenon
and argon ions were studied.

1.4 The ATLAS Experiment

The ATLAS experiment is the largest one built at the LHC ring. The construction
was finished in 2008 and first measurement was performed in September 2008. Over
its 13-year operation history the detector was upgraded over several technical stops.
The detector recorded in total the integrated luminosity of 140fb−1, which helped to
increase precision of unsubstantial amount of particle properties, ranging from top
quark mass to exclusion limits for the heavier hypothetical particles in BSM theories.

The collaboration shields over 3000 physicist from 38 countries involving 183 insti-
tutions under one collaboration.

The detailed description of the ATLAS detector, detecting principles for different
particles and other technicalities are described in the next section.

1.4.1 The ATLAS Detector

The ATLAS detector situated at the LHC at CERN is a multipurpose cylindrical
detector for measurement of properties of particles, studies of high energy physics as
well as signs of new physics. There are two beam pipes at the LHC in which two
beams of protons are circulating in opposite directions. These beams are crossing
in four interaction points where the detectors are build. Protons circulating in LHC
are colliding in bunches for enhancing the chance of collision, each bunch containing
approximately 1011 protons and colliding with frequency up to 40 MHz. There are
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Figure 1.2: Different particle traces for the different sub-detectors of the ATLAS ex-
periment. This figure was taken from [8].

multiple collisions of protons happening within each bunch crossing, a process called
pile-up (PU), but usually only few of them can be classified as a “hard” process. The
“hard” process is the creation of high-transverse momentum objects in proton-proton
collision. These can be heavy quarks, leptons or bosons which are objects of interest
for scientists and there is need of precise measurement of their properties or precise
measurement of properties of their decay products.

The ATLAS uses right-hand coordinate system with x-axis pointing to the center
of the ring, y-axis pointing up and z-axis pointing alongside the ring. This system
of coordinates is also used for the description of events inside experiments. The ex-
periments often use A-side and C-side notation, which is shorthand of clockwise and
anticlockwise direction from the center of the experiment detector respectively.

For further details of the detection see Fig. 1.2 which illustrates the passage of
individual particles through the sub-detectors of the ATLAS detector.

The details about the ATLAS detector are presented in this chapter. The actively
measuring devices are described in the order of distance from the interaction point, thus
the first section covers tracking detectors. The second section describes calorimeters.
Finally the third section introduces muon chambers, the farthest layer of the detector
from the interaction point.

12



Figure 1.3: Overview of the inner detector of the ATLAS experiment. The figure was
taken from [9].

1.4.2 Tracking Detectors

Tracking detectors are used for the reconstruction of charged particles trajectories in
its volume and the particle track curvature, which is important for the identification of
charge of the particle and for the vertex reconstruction algorithm, which is responsible
for the calculation of the position of the interaction point. The information from the
tracking detector is combined with the information from the calorimeter to identify
the particle, for example to distinguish between a proton and a neutron. The ATLAS
inner or tracking detectors are, in order from the interaction point, the pixel detector,
the semiconductor tracker and transition radiation tracker (TRT). The overview of the
inner detector is in Fig. 1.3.

First sub-detector from the interaction point is the pixel detector, which detects
charged particles by using CMOS modul in each pixel. The principle is based on the
generation of the charge by the ionizing particle in the semiconductor material, where
the generated charge is drifting to the electrodes in the electric field and collected as
a signal. Each of the modules has own read-out electronics for further processing and
its small size allows fast charge collection. The pixel detector contains 92 000 000
pixels or channels in 1 736 inner tracker modules and in 288 end-cap modules. The
inner pixel detector stands of three layers cylindricaly enclosing the interaction point
with the resolution of the detector equal to 50×400 µm2 and one innermost layer with
resolution of 50× 250 µm2 and precision 10 µm [10]. The pixel detector is shown in
Fig. 1.4

The detecting principle for the semiconductor tracker is based on the phenomenon,
where the incoming particle creates the charge carriers in the material, electrons and
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Figure 1.4: The pixel detector of the ATLAS experiment. The figure was taken
from [11].

holes in our case, whose then traverse in the material to the corresponding voltage
similar to the previous sub-detector. This is considered as a hit in the read-out channel
for the reconstruction. The semiconductor tracker consists from four cylidrical layers
in the central area of the detector and from nine end-cap disks on each side of the
detector with over 6 000 000 channels in 6 398 barrel modules and in 9 505 end-cap
modules. The charged particles traces are measured with precision up to 25 µm for
the path in the transverse orientation to the beam pipe [12].

The transition radiation tracker is the outermost part of the inner detector and
the detection principle based on the transition radiation phenomenon, where electro-
magnetic radiation is emitted by the charged particle crossing the boundary between
two media. The main advantage of the detector is the ability to distinguish electrons
from pions. It consists of 52 544 tubes each with length 144 cm in the barrel and
245 760 tubes in end-cap areas 37 cm long. All tubes have 4 mm in diameter and 30
µm thick gold-tungsten wire in the middle. The precision of the detector is 0.13 mm
corresponding to the distance of the particle track to the wire [13].

1.4.3 Calorimeters

Calorimeters are detectors of energy of ionizing particles, usually placed after
tracker detectors in the order from the interaction point. ATLAS sampling calorime-
ters are build from absorber, which is usually a kind of dense material suitable for the
development of the particle shower interleaved with layers of active material which is
used for measurement of the particle shower energy. The principle of measurement is to
stop the incoming particle by collisions with the absorber material, which creates a par-
ticle shower and measure deposited energy of the shower in active medium layers. The
downside of the measurement is that the original particle is destroyed in the process.
Calorimeters are divided into two groups, electromagnetic and hadronic calorimeters,

14



where the electromagnetic calorimeter is device for measuring the energy of electrons,
positrons and photons due to the energy loses in the calorimeter through the conversion
of photons to electron-positron pairs and bremsstrahlung of electrons and positrons,
which is known as the electromagnetic cascade, and hadronic calorimeters for mea-
surements of energy of hadrons, mostly protons, neutrons and pions. Calorimeters
have potential to detect almost all types of particles with exception for non-interacting
neutrinos and muons, which ionization losses are usually too small to stop them.

The electromagnetic calorimeter of the ATLAS detector is a sampling calorimeter
based on liquid argon active medium with a lead absorber. The lead absorber is folded
in the accordion structure and liquid argon placed between the lead layers serves as
the active medium cooled to the temperature of −184◦C. The calorimeter encloses the
tracking detectors in the barrel area with cylindrical layers parallel to the beam and
two end-cap parts placed transversely to the beam. The barrel layers are 6.4 m long,
53 cm thick and contain 110 208 channels, whereas the discs in the end-cap area have
2,077 m in radius and are 0.632 m thick, with 63744 channels [14, 15].

The barrel part of the hadronic calorimeter lies radially further from the interaction
point than the electromagnetic one and it is a sampling calorimeter built on the prin-
ciple of alternating iron and scintillation tiles placed longitudinal to the beam. The
calorimeter is divided in wedges, each covering the azimuthal angle of approximately
0.1 radian and 158,5 cm high, with summed number of channels equal to 9 836 [16].
The second part of the hadronic calorimeter are two wheels of end-cap detectors, with
copper absorber and liquid argon as the active medium with thickness 0.8 m for the
first wheel and 1.0 m for the second one both with radius 2.09 m, with summed number
of read-out channels of 3648. The third part of the hadronic calorimeter also called
the forward calorimeter is formed from tree discs with 0.455 m in diameter and with
thickness of 0.45 m made of copper (first disc) and tungsten (second and third disc)
absorber with inserted rods perpendicular to the beam with liquid argon active medium
and number of read-out channels equal to 11 288 for both end-caps [15].

The layout of the ATLAS calorimeters is shown in Fig. 1.5.

1.4.4 Muon Chambers

Muon spectrometer is spatially the largest part of the ATLAS detector, its contri-
bution cover roughly one half of whole detector. Muon spectrometer of the ATLAS
detector consists of four different types of muon detecting systems, namely two muon
trigger systems, thin gap chambers and resistive plate chambers and two precision
measurement sub-detectors: monitored drift tubes and cathode strip chambers. Muon
trigger systems are fast responding detecting devices used for triggering on events of
interest with limited precision, whereas the precision measurement sub-detectors are
measuring with higher precision but only events selected by triggers. The principle
of muon spectrometer is similar for all four measuring sub-detectors, where ionizing
particle interacts with gaseous mixture inside the detecting chamber creating anions
and cations, which travel to the electrodes and read-out as the signal. The resolution
of muon chambers is in average comparable with the size of the used chambers [18].

The resistive plate chambers are muon trigger sub-detector placed in the barrel
area whereas the thin gap chambers are used in the end-cap area of the detector. The
resistive plate chambers are made from two parallel resistive plates serving as electrodes
with 2 mm gap filled with gaseous mixture of 94.7% C2H2F4, 5% C4H10 and 0.3% SF6.
The thin gap chambers are multiwire proportional ionizing detection chambers with
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Figure 1.5: The layout of the electromagnetic and hadronic calorimeter of the ATLAS
experiment. The figure was taken from [17].

distance between wires of 1.4 mm which serves as anode and distance of wire to cathode
1.8 mm and wire thickness of 50 µm. The used gas mixture is combination of CO2

55% and 45% n-pentane [18].
The monitored drift tubes are placed in both, perpendicularly in barrel area and

transversely in end-caps, occupying most of the space of the whole spectrometer. The
aluminum tubes with 3 mm in diameter and from 0.9 to 6.2 m in length are placed
in three or four layers filled with active gas mixture of 93% Ar and 7% CO2. The
collecting electrode is 50 µm W-Rn wire placed in the middle of the tube with average
resolution of about 80 µm per wire. Finally, the cathode strip chambers are multiwire
proportional ionizing detection chambers with cathode strip read-out. The distance
between the wires is 2.54 mm, with gas mixture of 30% Ar, 50% CO2 and 20% CF4

with resolution of 50− 300µm in dependence on the counting rate [18].
The overview of the muon chamber of the ATLAS detector is shown in Fig. 1.6.
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Figure 1.6: The layout and visualization of the muon spectrometer chambers of the
ATLAS experiment. The figure was taken from [19].
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Chapter 2

Standard Model and the Top Quark

The Standard Model (SM) is a theory of particle physics where the particles consists
of three generation of quarks and leptons and interactions mediated by the correspond-
ing gauge bosons. The last discovered particle is the Higgs boson, which in theory gives
the other particles its mass by interaction with the Higgs field [20, 21, 22]. The overview
of known elementary particles is shown in Fig. 2.1. The motivation for top quark mea-
surement, its properties and production on LHC is presented in this chapter as well as
the latest analyses results.

2.1 Standard Model

The Standard Model is successful explanation of the basic principles of the matter.
The SM is based on interactions of strong (Quantum chromodynamic theory), weak and
electromagnetic (Qantum Elecroweak theory) force on the sub-atomic scale mediated
by gauge particles [23, 24, 25, 26, 27, 28] and using quarks and leptons as basic building
blocks for particles, first described by Gell-Mann and Zweig in 1964 [29, 30] and later
incorporated in the QCD theory, which postulates that SM hadrons are composed from
quarks and anti-quarks. The history of the SM formulation is described for example
in [31], which was confirmed in 1974 by the discovery of c-quark in the particle named
as J/ψ [32, 33]. Even though the SM was describing matter on sub-atomic scales, there
were missing undiscovered particles, τ lepton [34], bottom [34] and top quark [35, 36]
and Higgs boson [37, 38]. The overview of basic particles in the Standard Model
is shown in Fig. 2.1. Although, SM has been improved over the years, there are
phenomenons, which the theory is unable to explain and thus opening the space for
the theories Beyond the Standard Model (BSM) such as supersymmetry theory [39],
string theory [40] or theory of composited Higgs boson [41] and more.

2.2 Top Quark

The top quark is the heaviest quark in the SM and its discovery was announced in
1995 by the CDF and D0 experiments at the Tevatron collider [35, 36]. The experiments
at Tevatron were the first to measure the top quark properties. Later, when the LHC
started to operate, ATLAS and CMS experiments joined the efforts [43]. The top quark
mass combined results from aforementioned experiments isMt = 172.69±0.30 GeV [44],
which is an important parameter in studies of the stability of the universe [45], thus
the interest in increasing the precision of the measurement. The top quark, with
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Figure 2.1: Overview of the Standard Model basic particles with additional information
about their charge, mass and spin. The figure was taken from [42].
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a) b1) b2) b3)

c1) c2) d)

Figure 2.2: Feynman diagrams of top quark production on the LHC at CERN for tt̄
pairs (top row) and for single top (bottom row). The tt̄ production quark-antiquark an-
nihilation is described by diagram a), the gluon-gluon production diagrams are shown
in b1) for s-channel, in b2) for t-channel and in b3) for u-channel. The single top pro-
duction is described in diagrams c1) for t-channel and c2) for s-channel, the associated
single top production with W boson is shown in diagram d).

its large mass in comparison to other quarks and very short lifetime, decays before
the hadronization can occur, thus the measurement of its properties can not be done
directly. The large mass is responsible for largest coupling to the Higgs boson in
comparison to the rest of the quarks, thus being important for measuring Higgs boson
properties and for BSM theories.

2.2.1 Top Quark Production at the LHC

The top quark production at the LHC can be categorized to single top production
and top anti-top quark pair tt̄ production, but any combinations of those, for example
top anti-top quark pair production with associated single top quark production or two
top anti-top quark pairs production, also referred to as the four top quark production,
is possible but with smaller probability. The tt̄ pairs are generated either by the quark
anti-quark annihilation or gluon-gluon fusion, see the corresponding Feynman diagrams
in Fig. 2.2 a) and b1) to b3) for different production channels. Those production
channels are describing the momentum conversion from initial state particles to the
final state particles and are named after the Mandelstamm variables [46] s-channel,
t-channel and u-channel. The tt̄ production is dominated by the gluon-gluon fusion,
which correspond to the 90% of the generated pairs, remaining 10% are events from
the quark-antiquark annihilation.

The single top quark production, which is mediated through the W bosons and
weak interaction, is shown in Fig. 2.2 c1), c2) and d) for main production channels
and for associated production with W boson respectively. The dominating production
channel is t-channel (Fig. 2.2 c1)), which corresponds to roughly 73% of the single top
events, the s-channel (Fig. 2.2 c2)) adds only 3% of events. 24% single top events are
produced via associated production with the W boson (Fig. 2.2 d)).
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This thesis is aimed to study the top anti-top quark pair events on the LHC with
the ATLAS detector, although the datasets measured at CERN laboratory are not
directly used. The private analysis is based on experience from collaboration with
ATLAS top quark working group, where I have contributed to the internal note, which
resulted in publication [47], more details in section 2.4. The datasets used in the thesis
are simulation of the processes ongoing on the LHC and the ATLAS detector.

2.3 Channels and Topologies

The production of the top anti-top quark pairs is separated into decay channels by
the final products of the decay. The majority of top quarks and anti-top quarks, around
99%, decay to the W boson and bottom or anti-bottom quark and the decay happens
before the top quark hadronizes or reaches the detection surface. Furthermore, the W
boson decay either to the lepton and corresponding neutrino (leptonicaly decaying W
boson) or quark anti-quark pair (hadronicaly decaying W boson). Similar notation is
used to top quarks, in other words, leptonically decaying top quark has its daughter
W boson decayed leptonically. The final decay products of W bosons determine the
channel. There are two W bosons in each tt̄ event which both decay either hadronically
or leptonically leading to three combinations. If both W decayed hadronically, then
we classify the event as an event in all-hadronic channel, if both W bosons decay
leptonically, then the event belongs to the di-lepton channel. The semi-leptonic channel
is defined by combination of one hadronically decaying W boson while the other W
boson decay leptonically, which is the explored channel in this work.

The topology classification is needed for the analysis purposes after the process
and channel is established. The topology is defined by the position of final states
products in the detector, which is highly correlated to the momentum of the decayed
particle. In the resolved topology all decay products are separated in the detector, no
overlap of the jets is allowed. This topology often corresponds to decayed particles with
lower momentum. The opposite boosted topology, where all product of the decay are
reconstructed as one object, large jet, is corresponding to the decay of particles with
large momentum. The semi-boosted topology lies in between those two, where some
products are reconstructed as one object as in the boosted topology into the large jet,
but rest of decay products are reconstructed separate as in the resolved topology.

Two hypothetical particles, vector boson Z ′ and scalar boson y0, are used for better
exploration of this energy region. These particles are used as probing mechanism
of reconstruction and it is possible to tune energy of the event by setting its mass.
The studied process can be described as follows: pp → Z ′(y0) → tt̄, t1 → W +
+ b → ν + ` + b, t2 → W + b → b + q + q̄. Topologies mentioned above are different
in final products observed in detector especially on the hadronicaly decaying side.
The resulting jets, typical for resolved topology coming from hadronic decay, are not
overlapping each other in the detector thus forming small jets, see Fig. 2.3 a) for
the graphical description. This behavior is standard for events from the beginning of
energetic spectrum of MZ′ . In contrary, the boosted topology exploits the overlap of
products and part of the definition of this topology is large jet, which contains all final
products of hadronicaly decaying top quark, see Fig. 2.3 d) for schematic visualization.
It is obvious, that there is condition on sufficient energy of top quark for this topology
to have the final products collimated enough to form large jet. In between of those
topologies lies interval of energy spectrum, where the resolved events are diminishing,
but the energy is not yet high enough to form boosted event. This transition region
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between those two topologies is preferred by the semi-boosted and semi-boosted mixed
topology, where two products of hadronicaly decaying top quark form large jet, but
one product lies outside this large jet and forms single small jet, the difference between
those two topologies is in the origin of the escaping product. The decaying schemes
and final products of studied events for semi-boosted and semi-boosted mixed topology
are shown on figure 2.3, b) and c) respectively.

2.4 Analyses in Top Quark Final States

The top quark physics field is rich on different analyses ranging from measuring
top quark properties, for example top quark mass, spin correlations and polarization,
forward-backward and charge asymmetry and more, to production cross sections of the
single top quark and top anti-top quark pair.

The top quark mass measurement is the most precisely measured property due to
the measurement on all four main experiments on both at Tevatron and at LHC. The
mass of the top quark is Mt = 172.69 ± 0.30 GeV according to the Particle Data
Group [44]. This value is combination of measurements from Tevatron and LHC from
different production channels [48, 49, 50, 51, 52, 53]. The top quark mass measurements
are important for particle process generators as it is one of the parameters used for
tuning the generated spectra to correspond to the measured data. The most precise
measurements are from semi-leptonic channel as it has the best signal to background
ratio and only one neutrino in the final state. One of the unique properties of the top
quark decay is the spin correlation between top and anti-top quark born in pair, where
the polarization is directly measured in angular distribution of their decay products.
The results from LHC and Tevatron are listed here [54, 55, 56, 57, 58, 59, 60]

The single top quark production cross section has been first measured at Teva-
tron [61, 62], where the production is mainly through s-channel and t-channel whereas
the main channel at LHC is the t-channel [63, 64, 65, 66, 67, 68, 69, 70]. The single
top quark with associated W -boson production was measured at LHC only [71, 72, 73],
but not at Tevatron due to the small cross section.

The top anti-top quark pair cross section has been measured by Tevatron [74, 75, 76]
as well by LHC experiments namely ATLAS, CMS and LHCb [77, 78, 79, 80, 81, 82, 83,
84, 85]. The most precise measurements come from the di-lepton channel at Tevatron,
exploiting the τ hadronic decay, as well at LHC, where the eµ combination has the
best signal to noise ratio.

Thorough list of the analyses and their results can be found in [86]. The top quark
physics future lies in precision measurements and its modeling as it is background for
other analyses especially in Higgs boson analyses, but top quark maintain important
role for the BSM theories as well.

Results of measurement of the normalized differential cross section of top anti-top
quark pair in [47] have been based on internal note, to which I have contributed. The
analysis is performed on data from proton-proton collisions at a centre-of-mass energy
of
√
s = 8 TeV and integrated luminosity of 20.3 fb−1, recorded in 2012 with the

ATLAS detector. Selected data are measured in the semi-leptonic channel, corrected
for detector influences and compared with the simulation. The general agreement with
the predicted values is apparent. My contribution to this analysis was implementation
of several variables of interest to the analysis C++ code and optimization of binning
for the unfolding procedure used for correction of the detector influences, for example
the acceptance or the finite resolution of the detector.
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Figure 2.3: Schematics of an event Z ′ → tt̄ decay in resolved a), semi-boosted mixed
b), semi-boosted c) and boosted d) topology.

23



Chapter 3

Objects Definition and
Identification with the ATLAS
Detector

The detection and identification of the particles and other objects used in the anal-
yses is described in this chapter as well as the studied reconstruction levels. The iden-
tification is important to discriminate between final-state particles, originating from
the studied process and other particles originating from hadronization and other back-
ground sources. There are three reconstruction levels describing the studied process.

The first, parton or generator (in simulation) level is corresponds to the theoretical
point of view of the process and contains all the particles of the final-state before
hadronization. The second is the particle level, which corresponds to the particles after
the hadronization process and third, deals with particles and objects at the detector
level with all imperfections of the detector.

The common practice is to compare theoretic prediction and measured spectra on
the particle level. Parton shower and hadronization generators are used on the sim-
ulated hard process event to reach the particle level. On the other hand, detector
corrections and unfolding procedure are used to reach the same level from the experi-
mental point of view, which is described in detail in the chapter 6.

There are three categories of particles measured at the ATLAS detector on the
particle level. First, stable particles, which are defined by the lifetime of the particle
as cτ > 10 mm in other words the particle is able to survive long enough to travel the
distance from the interaction point to the detector, including hadrons. Second category
are prompt leptons, which are generated final-state particles and not originating from
hadronization. The prompt photons are in the third category, which are radiated in
the studied process and are belong the final-state particles. Photons, produced by
initial-state radiation are also included.

3.1 Leptons and Missing Transverse Energy

Leptons and neutrinos are crucial for reconstructing the W bosons, which may
decay into a lepton and a neutrino pair. The detectors are able to directly detect
leptons with exception of τ lepton, which decay before entering the detection areas
of the detector although products of the decay are detected and there are method
for its reconstruction. The detection of neutrinos is next to impossible and ATLAS
detector is unable to detect them. However, there is a concept in the reconstruction
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phase which replaces direct measurement of the neutrinos (at least their transverse
momentum) by measurement of the imbalance in transverse momentum by summing
four-vectors of all detected particles, which should equal to zero by definition due to the
vanishing transverse momentum contribution of the incoming protons. This imbalance
of momentum is caused by neutrinos escaping the detection and is equal to the negative
sum of neutrino four-vectors from the studied final-state, called the missing transverse
energy (MET), or momentum as the mass of neutrinos is negligible, and defined as
follows

−→
Emiss

T = (−
∑

i

px,i,−
∑

i

py,i), (3.1)

where
−→
Emiss

T is the missing transverse momentum vector,
∑

i px,i is summed contribution
of all detected particles momentum alongside x-axis and

∑
i py,i is summed contribution

of all detected particles momentum alongside y-axis. Both leptons and MET, are used
in the reconstruction of the top anti-top quark pair events in the ATLAS analyses and
in this work.

There are three definitions of leptons divided by the reconstruction steps. First
are born-level leptons, which are particles before the final-state radiation, which corre-
sponds to the Feynman diagrams without associated QED photon radiation of products
of the process. Bare leptons are stable particles corresponding to the particle recon-
struction level and may differ from the born leptons by the energy carried away by the
emitted photons from the lepton. Dressed leptons are stable particles corresponding
to the particle level as well, but the energy of photons in small cone around lepton
are added back to the lepton to achieve better precision of the measurement. In other
words the dressed leptons are prepared from bare leptons by correcting their energy for
the photon radiation losses in hadronization process. Analysis described in this work is
using bare leptons from the simulation and uses private dressing correction afterwards
before the reconstruction of the event at the particle level, see section 4.3.1 for more
information.

3.2 Jets

Most of the physics results performed at the ATLAS detector use jets as physics
objects. The reconstructed objects hadronic final states known as jets, are products
of dedicated jet reconstruction algorithms. There are three jet levels, as illustrated in
Fig. 3.1. Parton level jet is constructed from constituents before the hadronization,
i. e. quarks and gluons, next level is a particle level jet, which is built using stable
particles, third level is the detector level, where the input for the jet algorithm are
deposits of the energy in calorimeter.

3.2.1 Jet Reconstruction Algorithms

The reconstructed jet at any level can be described by its momentum and angular
variables used to evaluate the direction of jet. The first variable of interest is the
transverse momentum (pT), which is the momentum of the particle in the transverse
plane with respect to the direction of the incoming colliding protons. The sum of
transverse momenta of all particles in event is expected to be zero, which results from
the law of conservation of momentum. The higher the transverse momentum is, the
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Figure 3.1: The visualization of the particle reconstruction levels from parton (particles
before hadronization) through particle level (particles after the hadronization) to the
detector level (measured particle tracks and deposits in calorimeters).

higher energy deposit in calorimeter is for a fixed direction of the jet. Two angular
variables are used for the description of the direction of the jet. First variable is
the azimuthal angle φ in the transverse plane in regard to the direction of incoming
protons in the detector. The cylindrical ATLAS detector is symmetric in this variable
which thus has no influence on the reconstruction of the jet. Second variable called
pseudorapidity describes the elevation of the jet from the direction of the incoming
protons and is defined by the following formula:

η = − ln tan
θ

2
, (3.2)

where θ is the angle or between the jet momentum direction and the beam axis,
but the angle measured in laboratory frame may differ by the boost of the particle
alongside the beam axis and is denoted as production angle θ∗. The jet direction lies
in the transverse plane to the direction of the incoming colliding protons for η = 0.
There are several jet reconstruction algorithms. These algorithms use iterative method
for clustering jet constituents [87]. The condition for clustering is a metric defined as
follows:

di,j = min(pq
T,i,p

q
T,j)

∆y2
i,j + ∆φ2

i,j

R2
, (3.3)

where pT,i and pT,j are transverse momenta of examined constituents i and j, q is
the parameter for different clustering algorithms and R is the distance parameter,
roughly corresponding to the radius the resulting jet area in the calorimeter and y is
pseudorapidity defined in high energy physics as
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y =
1

2
ln
E + pz

E − pz

, (3.4)

where E is energy and pz is longitudinal momentum of the studied object, corresponding
to direction alongside the LHC ring and denoted as the z-component of the momentum.
Pseudorapidity converges to the rapidity in approximation m � p, where m is mass
and p is momentum of the studied object. The algorithm then sums the four-momenta
of the two constituents with smallest di,j and removes them from the list of objects
for reconstruction and adds the resulting constituent into the list and repeats the
procedure.

We recognize three basic algorithms in dependence on the parameter q in the ex-
ponent of the momentum. If the exponent is set to one, the algorithm is known as
Kt algorithm. This algorithm reconstructs jets by clustering together softer particles
first. This leads to a less compact shape of the jet. Second algorithm, known as the
AntiKt, has the parameter q in the exponent set to minus one. The AntiKt recon-
struction algorithm is generally preferred algorithm used in physics analyses thus there
is need for the correction factors derivation for this algorithm. The reconstruction
algorithm clusters the softer constituent first with constituents with higher transverse
momentum instead of clustering them among themselves. The third algorithm is called
Cambridge/Aachen algorithm, where the parameter q is set to zero.

3.2.2 Jet Correction Chain and Jet Energy Scale

The energy of a jet registered by the detector is not measured precisely, there
are several influences due to the detector and the nature of collisions. First, there
are pile-up events and particles, such as products of non-”hard” process, which form
additional to the energy in the cells of the calorimeter. There is always a fraction of
soft jet constituents coming from final or initial state radiation. These constituents
are radiated by initial colliding partons, called initial state radiation, or by partons
produced in the final state. There is a correction applied to take into account this
influence and called the pile-up subtraction, lowering the deposited energy in cells of
the calorimeter by an offset term, ρ in the correction formula 3.5, which is evaluated
on event-by-event basis in dependence on η and the jet area A. Second, two residual
corrections have to be applied as there is still dependence of the previous correction
on jet transverse momentum and position in calorimeter. The first one, known as a µ-
term, corrects for energy of products of particles coming from previous “hard” process,
depending on average number of proton-proton interactions per bunch crossing 〈µ〉 and
is described by β in 3.5. The second is the residual pile-up correction, when there are
more than one “hard” process, depending on number of reconstructed primary vertices
and is represented by parameter α in 3.5, a so-called NPV-term. Reconstructed primary
vertices are reconstructed positions where the proton-proton collision have occurred.
In summary these are called pile-up and residual pile-up corrections and are often
rewritten as

pPU−corr
T = pdet

T − ρ× A− α× (NPV−1)− β × 〈µ〉 , (3.5)

where pPU−corr
T is the transverse momentum of the jet corrected for the pile-up influ-

ences.
The dependence of the terms (on pT and η) is evaluated with the other term fixed,

e.g. the NPV term is fixed when evaluating dependence of the correction on µ.
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Figure 3.2: The flowchart of corrections applied to the jets.

Next, the most important correction, is the jet energy scale correction, which de-
scribes the energy response of the detector as function of the angle in the detector and
energy of the jet. The response of the detector is defined as the average of the ratio of
the jet energies on detector level over the particle level.

The fourth step in jet calibration is the Global Sequential Calibration, which takes
into account the flavor of the original parton from which the jet was formed. This
step was added due to high response difference between gluon and quark initiated jets.
This difference formed the largest addition to the systematic uncertainties before the
Global Sequential Calibration was introduced. The last step of correcting is the in situ
correction, which uses not only simulation but measured data as well. This step uses
the balance of energy of physical objects in the transverse plane of the detector. The
summed energy from all products of a collision in the transverse plane should be equal to
zero. The ratio between the Monte Carlo simulated samples balance and data balance
gives the correction value, which is then applied to the data. The physical objects for
the in situ techniques are usually photons or Z bosons produced in association with
jets [88]. This article describes the second and third step and evaluation of correction
factors values. The workflow chart is described in Fig. 3.2

After the application of the residual pile-up correction the JES response step fol-
lows. The JES correction factors are evaluated by a specialized package, which I helped
to operate during the qualification task for the ATLAS collaboration. Those factors
provide information about the ratio between the detector and the particle level energy.
This ratio describes ineffectiveness of the calorimeter in detection of the jet energy. Dif-
ferent jets are used for this derivation including jets with lower transverse momentum
thresholds for better evaluation of correction factors around values where the thresh-
old values of jet transverse momentum for physics analyses lie. Correction factors for
the ATLAS detector data are derived for each jet collection, namely electromagnetic
scale (EM scale) and particle flow (PFlow) for small-R jets and local cluster weighted
(LCW) scale for large-R jets [87]. The response of jets is usually lower for lower energy
jets and then the behavior is expected to rise, but not to exceed unity on average. The
method to calculate the response uses information from Monte Carlo simulation and
forms the ratio between values of the jet energy measured by the simulated detector,
introduced as detector level value (Edet), and energy of the particle level jet, often
referred as particle level value (Eptcl). Matching of jets for the response calculation
is done in following steps. First, the jet at the detector level is chosen, then there
are chosen matching candidates on particle level complying the distance parameter cut
(Rcut) defined as follows

Rcut > ∆R =
√

∆y2
det,ptcl + ∆φ2

det,ptcl, (3.6)

where variables with “det” and “ptcl” subscript corresponds to detector level and
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Figure 3.3: The response RE of detector level jets in dependence on the energy and η
of the jet for the EM scale (top left), PFlow (top right) and LCW scale (bottom) jet
collections. The figure was taken from [89, 90].

particle level, respectively. The particle level jet candidate with the smallest distance
parameter is chosen as a matching jet. The jet response is defined as

RE(η,pT) =

〈
Ejet

det

Ejet
ptcl

〉
events

. (3.7)

The inverse value of response RE(η,pT) is the JES correction for given transverse
momentum in a specified area in the detector. The algorithm prepares histograms
of the response values corresponding to the energy interval specified by user and each
histogram is fitted by a Gaussian function as there is expectation that the responses are
normally distributed. The mean of the fit is plotted against the reconstructed energy
and fitted by a polynomial logarithmic function. This function is used to interpolate
response for any given energy. The response depends on energy and position in the
detector described by the variable η and its shown in Fig. 3.3 for EM scale (top left),
PFlow (top right) and LCW scale (bottom).

The LCW scale jet collection has better response of the detector as mentioned
before. The η range of the PFlow jet collection is shorter as the response is about the
same from |η| > 2.4 with the EM scale collection when there is no longer available the
information from tracking detectors for PFlow jet collection. The difference between
collections in forward regions may be result of few more aspects, as influence of the
lower threshold of the jets incoming to the calibration, which was different for each
of those collections as well there may be misbehavior in reconstruction of different
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collections which is yet to be understood. The drops in response for |η| values around
1.3 and 3.2 are present in all jet collections and are caused by the construction of the
detector due to the embedding of parts of detector in these rapidity regions. Detailed
information can be found in [91, 89, 90].

As a part of the qualification task I was responsible for the JES factors derivation
for the aforementioned jet collections for run 2 and prepared the figures to the internal
note on which the following publication [92] was based.

3.2.3 b-tagging of Jets

The presence of the b-hadrons in the jet is used for the identification of jets origi-
nating from the b-quark, which is widely used in analyses and may be used in the new
physics studies. Top quark analyses are not an exception as the main decay products
of top quark is to the bottom quark and W boson. Techniques for determination of
the originating particle helps in the reconstruction processes in the analyses and there
are three main approaches to the problem.

One approach, based on impact parameter algorithm, is through association of
tracks to the position of the primary vertex. The impact parameter is the longitudinal
(z0) or transversal distance (d0), with respect to the beam, of the track to the pri-
mary vertex. The lifetime of the B-hadron, which is around 1.5 ps and its subsequent
decay to the secondary vertex, which is displaced from the proton-proton collision, is
exploited. The tracks not associated to the primary vertex are used for the proba-
bility density function calculation of the original particle flavor by comparison with
probability density function of reference histograms from the Monte Carlo simulation.

The second vertex finding algorithm is based on the discrimination of the flavor
of jets originating from b-quark or B-hadron using the lifetime of aforementioned B-
hadron as in previous case. Reconstruction of the secondary vertex, which is displaced
from the primary vertex, combines information from tracking detector as well from the
calorimeter.

The third approach called topological multi-vertex finding algorithm exploits the
topological structure of the weak decay inside the jet and tries to reconstruct the whole
decay process from the B-hadron approximation through its path and vertex position
estimate.

The more sophisticated methods are relying on the machine learning, namely boosted
decision tree and deep feed-forward neural networks, both using results from previously
mentioned methods as the input for training.

The efficiency of the b-tagging, which corresponds to the probability of a successful
jet b-tagging, is very important for the analyses, most of the b-taggers operate between
60 - 85% operation point, tested on sample with top anti-top quark pair events [93].
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Chapter 4

Private Analysis

A private analysis is described in this chapter. It aims to study the process where
top anti-top quark pair decays in the ` + jets channel and its performance in different
topologies with focus on the semi-boosted one. The motivation for this study is the
enhancement of the measurable events by adding the semi-boosted and semi-boosted
mixed topology into the analyses in the top anti-top quark final states, which would be
otherwise discarded. The comparison of the performance of the unfolding procedure
between topologies is present with its evaluation of influence on the signal strength of
the presence of the simulated hypothetical particle. The hypothetical particles Z ′ and
y0 are used as a probe, where the different values of mass of the hypothetical particle
are used to tune in the desired energy region for topology studies. Its reconstructed
mass peak is used as the tool for resolution studies. This chapter contains description
of preparation of the simulated samples, the simulation of the ATLAS detector, pri-
vate JES correction derivation and the event selection followed by the reconstruction
description in all four studied topologies.

The analysis framework consists of three main parts: The preparation of the sam-
ples, the selection and reconstruction of the selected events and the unfolding proce-
dure. The samples are prepared with the MadGraph5 package and the simulation of
the ATLAS-like detector is performed with the DELPHES package, see section 4.1 for
more information. The framework has been implemented with a private algorithm for
JES factors derivation and application. Control plots from this procedure are presented
for small and large jets in section 4.2. Jets are enter the events selection after the ap-
plication of this JES correction and tagging on the original particle is performed on the
large jets enhance the performance of the event selection, see section 4.3.2 for further
information. The event selection is described in section 4.3 and the reconstruction of
the tt̄ kinematics in final section of this chapter 4.4.

4.1 Generated Samples

Samples were simulated by the MadGraph5 2.6.4 software package [94] with special-
ized model package (Abelian Higgs Model UFO) for simulation of a hypothetical vector
particle Z ′ and scalar particle y0 [95, 96, 97]. Samples were prepared for different values
of mass of this hypothetical particle, ranging in interval of 500 – 1000 GeV.

All samples hold information from the both detector and particle levels. The detec-
tor level corresponds to measured data with imperfections as coming from a close-to-real
detector. Particle level describes particles just before entering the detector.

Events are simulated to correspond to proton-proton future collisions at the Large
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Table 4.1: The cross-section, processes details and the generated number of events
for the samples generated by the MadGraph5 package; c.c. stands for the charge
conjugation and ` for the electron or muon.

Sample Cross-section[pb] Generated process Events
Wbb+jets 153.43 pp → W+ + j,W+ → l+ + νl+c.c. 655 855
WWbb+jets 180.31 pp → W+W−bb̄,W+ → l+ + νl,W

− → jj+c.c. 1 000 000
Z′(M = 1000 GeV) 0.000061 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
Z′(M = 900 GeV) 0.000083 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
Z′(M = 800 GeV) 0.00012 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
Z′(M = 700 GeV) 0.00016 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
Z′(M = 600 GeV) 0.00023 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
Z′(M = 500 GeV) 0.00033 pp → Z′ → tt̄,t → bjj,t̄ → b̄l−ν̄l+c.c. 500 000
y0(M = 1000 GeV) 0.031 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
y0(M = 900 GeV) 0.053 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
y0(M = 800 GeV) 0.091 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
y0(M = 700 GeV) 0.16 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
y0(M = 600 GeV) 0.27 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
y0(M = 500 GeV) 0.41 pp → y0 → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 500 000
tt̄+jets 178.6 pp → tt̄,t → bjj,t̄ → b̄`−ν̄`+c.c. 2 934 961

Hadron Collider (LHC) at CERN with the center of mass energy
√
s = 14 TeV. Jets are

the experimental signatures of hadronic final states of quarks and gluons, which form
particle showers entering the detector and leaving their energy there. Jet constituents
are clustered energy deposits in calorimeters or stable particles at the particle level.
Small jets, with distance parameter R = 0.4, in all signal and background samples
were generated with a cut on the transverse momentum on generator level of pT,SJ >
20 GeV to increase amount of events of interest in the detector simulation. Samples
containing the hypothetical particle Z ′, Wbb+jets background sample and a tt̄ sample
were all generated at the next-to-leading order (NLO) of QCD, while samples with
the hypothetical particle y0 and WWbb+jets background sample were generated at the
leading order (LO) only. The y0 was simulated at the leading order due to the triangle
loop process for which the NLO level was unavailable in the MadGraph5 simulation
and the cause for the WWbb+jets background sample is a small contribution to the
events reconstructed by the analysis framework.

The luminosity of the sample is calculated as follows:

L =
N

σ
, (4.1)

where L is the luminosity of the sample, N is the number of generated events and σ is
cross-section of the sample.

Spectra from different samples may be weighted to the same luminosity for compar-
ison purposes or for the admixture for the unfolding procedure. The weight is defined
as Lref = wLw where Lref is the luminosity of the reference sample, w is the weight for
spectra scaling and Lw is the luminosity of the weighted spectrum sample.
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4.1.1 Detector Simulation

The detector simulation is facilitated by the DELPHES simulation package version
3.4.1 [98], which emulates detector effects. Both the large and small jets, were recon-
structed by FastJet algorithm [99] using jet distance parameter R = 1 and R = 0.4,
respectively. The prepared samples were used as input for a private framework based
on ROOT 6.16 [100], where the results were analyzed and saved to output files from
which the plots were drawn afterwards. The DELPHES simulation consist of evaluating
tracks of the particles in the magnetic field, hadronic and electromagnetic calorimeter
response tuned to correspond to the ATLAS detector as well as the muon identification
in spectrometers. Deposits in the calorimeter are consistent with measurement of jets,
electrons and are used for the calculation of missing energy. The jet b-tagging is also
present in the package for different working points corresponding to the ones used in the
analyses. The response of calorimeters is used to calculate jet energy scale correction
function, which is slightly worse than the JES functions used in the private analysis
for small jets especially in high η regions. The DELPHES-provided JES should not be
used in case of large jets, where are the large discrepancies in closure tests.

The ATLAS detector template card for DELPHES configuration was used, but with
adjusted setting to cover additional information, namely B-hadron information, Z ′

particle information, which was used for the verification of the framework, and photon
information. The b-tagging working point was set to correspond to the 80% working
point, whereas the DELPHES-provided JES correction was performed by following
formula:

J ES =

√
1 +

a− b ∗ |ηJ|2
pT,J

, (4.2)

where J ES is the jet energy scale correction factor for the jet, parameter a is set to
3 GeV, parameter b value is 0.2 GeV, ηJ is the pseudorapidity of the jet and pT,J is the
transverse momentum of the jet in GeV.

4.2 Private Jet Energy Scale

The DELPHES-provided JES correction for large jets is not used at all, but the
DELPHES JES (JetJES collection) for small jets is, but the ratio of the small jet
energy on the detector level over the energy of the matched particle jet plotted against
the small jet η on the detector level is showing large dependence on η as it is shown in
Fig. 4.3 left, thus, the small jets are corrected for this phenomenon in same manner as
large jets by private additional JES correction factors.

The jet energy scale correction used in the analysis framework has been derived
from the tt̄ sample specially generated for this purpose with lower cut on the minimal
transverse momentum of jets (15 GeV) to enhance performance of JES correction for
jets with lower transverse energy, namely around 25 GeV. The JES factor derivation
is performed in a similar manner to the ATLAS working group method and amplified
both large and small DELPHES jets.

The first step of the JES factors derivation is matching the jets at the detector
level with jets on particle level. Matching is performed by choosing the jet with largest
transverse momentum at the detector level and then finding the jet from particle col-
lection, which is angularly closest to the detector level jet in terms of ∆R defined in
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Figure 4.1: The visualization of the response of the detector for jets vs. η and energy
on the detector level for small jets (left) and large jets (right).

equation 3.6. Matched jets are separated according to their η value. The η interval in
which JES factors are derived is set to 0.3, which is coarser than at ATLAS but suf-
ficient for the private analysis purposes. The response of the detector is evaluated for
each of the η interval, but it is not only depending on the η but on the energy of the jet
as well. The response for each combination of energy and η is forming one dimensional
plot, which is fitted by the Gaussian curve to obtain the mean value corresponding to
the JES factor for the given energy bin. The response factors are then fitted by an
exponential function to obtain the response function which allows to correct any jet
energy in the studied range. Those response functions are stored in separate calibra-
tion file and each jet used in the private analysis is corrected. The example of the
fitted response of the detector function for the central region and region with higher
η is shown Fig. 4.2 for small jets and for large jets. The general visualization of the
response of the detector correction is shown in Fig. 4.1 (left) for small jets and (right)
for large jets. The general trend is that the jets in the central area of ATLAS detector
are better corrected at the lower energies whereas the jets in the more forward region
are better corrected at the larger energies.

The closure test, the ratio of corrected small jet energy at the detector level over
the energy of the matched small jet at the particle level plotted against the small jet η
at the detector level is shown in Fig. 4.3 (right). For the large jets, the same is shown
in Fig. 4.4.

Closure tests show that the deviation from unity from ratio between the corrected
detector level small jet and the generated particle level matched small jets are under
5% value in both, transverse momentum (pT,J) and η closures, whereas the deviation
for large jets is over 5% but only for the transverse momentum values which are not
used in private analysis. Overall performance of JES correction of detector level jets,
small and large, is in fair agreement with the particle level generated matched jets,
respectively, used in the private analysis.

4.3 Event Selection

Events considered in the analysis are reconstructed at two levels; once with the
DELPHES ATLAS detector simulation, forming detector level spectra, and at the
particle level. The event selection and the requirements differ slightly for the recon-
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Figure 4.2: Derived factors fitted by the response function in the central ATLAS region
η bin (top row) and more forward region η bin (bottom row) for large (left) and small
(right) jets.

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
 [GeV]

det
η

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

pt
cl

*J
E

S
/E

de
t

E

210

310

410

2.5− 2− 1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5
 [GeV]

det
η

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

1.4

1.5

pt
cl

*J
E

S
/E

de
t

E

210

310

410

Figure 4.3: Closure test,i. e. the ratio of energy of JES corrected jet at the detector
level over energy of matched jet at the particle level, of small jet energy corrected for the
JES in dependence on η by the DELPHES package only (left) and by the DELPHES-
provided JES with the application of the private JES (right), tested on the tt̄ sample.
The horizontal lines denote the 5% difference between the corrected detector level jet
and the generated particle level matched jet.
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Figure 4.4: Closure test, i. e. the ratio of energy of JES corrected jet at the detector
level over energy of matched jet at the particle level, by private JES factors in depen-
dence on the energy (left) and the transverse momentum (right) of the small jets (top
row) and large jets (bottom row) at the detector level, tested on the tt̄ sample. The
horizontal lines denote the 5% difference between the corrected detector level jet and
the generated particle level matched jet.
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struction level and for the boosted, semi-boosted, semi-boosted mixed and resolved
topologies and are described below.

4.3.1 Missing Transverse Energy and Lepton Selection

The missing transverse energy (ET,miss) used in the private analysis is defined in
same manner as in equation 3.7. The magnitude of the missing transverse energy is
required to be ET,miss > 25 GeV for all topologies as well as for both the detector
and the particle levels. This ensures that only events in which neutrinos carry away
a considerable amount of energy from the decay are chosen for the analysis. This is a
standard requirement for the missing energy in most of top quark analyses in channels
including leptons.

The second condition in the selection order is the requirement on the lepton (muon
or electron) transverse momentum, namely p` > 25 GeV. Similar value is also com-
monly used in top quark analyses. Tau leptons are not directly considered in the
simulation as they decay before they enter the detector, but their leptonic decay prod-
ucts (`, µ) are. In case there are more electrons or muons fulfilling this requirement,
only the electron or muon with the highest transverse momentum is taken into account.
These requirements are the same for all topologies. Events are separated to an electron
or a muon channel by the flavor of the selected lepton. The lepton may radiate low
energy photons which are highly collimated. The separation of those radiated photons
and the lepton is below the resolution of the detector and the photon energy is added by
construction at the detector level. The lepton dressing procedure is performed at the
particle level reconstruction to correct for this phenomenon. Photon four-vectors, ful-

filling the condition of the angular separation threshold ∆Rγ,` =
√

∆η2
γ,` + ∆φ2

γ,` < 0.1,

are added to the lepton four-vector.

4.3.2 Large Jet Selection

The large jet four-vector is the result of the reconstruction with the anti-kt al-
gorithm with a distance parameter R = 1. A private jet energy scale correction as
described in section 4.2 is applied to the detector level large jet before the selection,
derived on the tt̄ sample. The magnitude of the jet energy scale correction is about
5% depending on η and pT. The transverse momentum of large jets is required to
be pT,LJ > 100 GeV. This condition helps to reduce the number of events with jets
not coming from top quark decays. Furthermore, all large jets are considered in the
pseudorapidity range |η| < 2.5. This constraint ensures in practice better jet identifi-
cation as the forward region of the detector is not instrumented for tracking and has
a worse energy resolution. The isolation criterion of jets from the lepton ensures that
the selected lepton is not contained within the large jet by following the requirement

of ∆RLJ,` =
√

∆η2
LJ,` + ∆φ2

LJ,` > 1. All these requirements are applied to all three

topologies1 and both the detector and the particle levels. Each large jet is then probed
for the top quark and W boson tagging, first for the hypothesis as coming from the
top quark decay, then, in the semi-boosted topology, as coming from the W boson
decay and in case none of the tagging was successful, the event is then considered as a
candidate for the semi-boosted mixed or the resolved topology.

1There is no large jet in the resolved topology.
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Figure 4.5: Distribution of the jet substructure variable τ2,1 (left) and τ3,2 (right) in
the dependence on the large jet mass (MLJ) for the sample with My0 = 700 GeV at the
detector level. The large jets in the red dotted area are selected for the reconstruction
of the boosted W boson and top quark. The mass window is set around the expected
mass values equal to the W boson and top quark mass, respectively.

Tagging for the boosted topology is based on the constraint on the mass of the
large jet 110 GeV< MLJ < 240 GeV and a constraint combining the large jet mass and
a jet substructure variable τ3,2 [101], describing the possibility of finding three small
jets inside the studied large jets rather than two small jets, as MLJ/τ3,2 > 256 GeV.
The value for the second constraint was added to avoid background jets, e.g. a large
jet from the W boson. The selection is depicted in Fig. 4.5 (right) by the area inside
the red dotted lines.

Tagging of large jets for the semi-boosted topology is based on the large jet mass
window 60 GeV< MLJ <120 GeV and the jet substructure variable τ2,1, describing the
possibility of finding two small jets inside the studied large jets rather than one small
jet, τ2,1 < 0.6. The selection is shown in Fig. 4.5 (left).

In order to evaluate the tagging efficiencies, a comparison to the generator level
information is needed to define a truth jet label as top, W or light otherwise. The
angularly closest large-R jet to the direction of the original top quark was used as a
probe for the truth top tagging efficiency εtop which is defined as follows

εtop =
Nmatch&tag

jet,top

Nmatch
jet,top

, (4.3)

where Nmatch&tag
jet,top is the number of jets matched to the original top quark and top-

tagged by the tagging technique; and Nmatch
jet,top is number of all jets originating from the

top quark. The truth W boson tagging efficiency is defined in a similar manner.
The mistag (fake) efficiency was also evaluated, which describes the false positivity

of the tagger on jets not originating from the top quark or the W boson. It is defined
by the following formula in case of the top tagging

εmis,top =
N¬match&tag

jet,top

N¬match
jet,top

, (4.4)

where εmis,top is the mistag efficiency of the top quark tagger, N¬match&tag
jet,top is the number

of large jets which are not matched to the generator level top quark but are top-tagged
by the tagger; and N¬match

jet,top is the number of all large jets not matched to the generator
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Figure 4.6: Tagging and mistag efficiencies for the W boson (left) and for the top quark
(right) in dependence on the transverse momentum of the large jet studied on the tt̄
sample at both particle and detector levels.

level top quark. The W mistag efficiency is calculated in a similar way for the both
detector and particle levels.

Both tag and mistag efficiencies are shown in Fig 4.6 for the W (left) and top (right)
tagger, studied at both detector and particle levels in dependence on the transverse
momentum of the large jet. The sample for the mistag efficiency was the production of
2j2b events and contained 32.5M events, with events generated in exclusive pT ranges
of the leading and sub-leading jets in order to populate the phase space of higher
transverse momenta.

The case of the semi-boosted mixed topology is also considered for tagging, but
unlike in the semi-boosted topology, where the large jet can be tagged as coming from
the W boson, there is no expected peak in the large jet mass spectrum in the semi-
boosted mixed topology, and it cannot be tagged based on its mass. Thus, there is
another requirement for the large jet to contain a small jet originating from the b quark

decay by requiring the condition ∆RLJ,SJ =
√

∆η2
LJ,SJ + ∆φ2

LJ,SJ < 0.5 at the detector

level, see Section 4.3.3 for further information about small jets. A similar condition is
set at the particle level for the large jet to contain a B-hadron within ∆RLJ,B−had < 0.5.

4.3.3 Small Jet Selection

The general requirements for the small jet selection are on the transverse momentum
pT > 25 GeV and the isolation from the selected lepton ∆RSJ,` > 0.5. The private
jet energy scale correction is applied to detector level small jets before the selection,
which was derived on the tt̄ sample on top of the DELPHES default jet energy scale.
The magnitude of this residual jet energy scale correction is about 2%. The b-tagging
of the small jets is done by the DELPHES simulation at the detector level and by the
requirement of containing a B-hadron at the particle level by fulfilling the requirement
of ∆RSJ,B−had < 0.4.

The small jet for the reconstruction of the leptonically decaying top quark has to
fulfill the angular condition ∆RSJ,` < 2, which ensures that it lies in the vicinity of the
selected lepton, and must be b-tagged. The large jet isolation condition ∆RSJ,LJ > 1.5
applies to all topologies with the exception of the resolved topology, where there is
no large jet. Such a selected small jet is then removed from the jet collection and
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from further consideration. This is the only selected small jet in case of the boosted
topology.

For the reconstruction of the hadronically decaying top quark in the semi-boosted
topology a small b-tagged jet is required in the vicinity to the selected large jet 1 <
∆RSJ,LJ < 1.5. Thus a partial overlap between the selected large jet and the considered
small jet is allowed, i.e. the selected b-tagged small jet can be partially contained in
the selected large jet.

The conditions for the semi-boosted mixed topology are similar to the conditions for
the semi-boosted topology. The vicinity condition to the large jet remains unchanged
but the small jet is required not to be b-tagged. This condition together with the b-tag
of the selected large jet ensures the correct selection for this topology.

The resolved topology selection is tried as the last option before the event is dis-
carded. The reconstruction of the hadronically decaying top quark in the resolved
topology requires three small jets, one of them b-tagged. The algorithm first takes two
small non-b-tagged jets with the highest transverse momentum and tests their invari-
ant mass MSJ,SJ < 120 GeV to avoid dijets not corresponding to the mass of the W
boson. Then it adds the four-vector of the remaining b-tagged jet2. If such three jets
are found, the event is accepted.

4.4 Top Quark Pair Reconstruction

The top quark pair reconstruction is independent on the event on the comple-
mentary reconstruction level, thus the different reconstructed topology event on the
detector and the particle level is not forbidden. Another parallelization in reconstruc-
tion is in the lepton selection, where the event with muon and electron is reconstructed
independently if both of them fulfill the selection criteria. Parallelization in the lepton
selection and independence on the complementary event is used to increase the num-
ber of reconstructed events and efficiency of the algorithm. The topology matching
between the detector and particle level is only performed for the spectra undergoing
the unfolding procedure.

4.4.1 Reconstruction of Leptonically Decaying Top Quark

Reconstruction of leptonically decaying part of event is same for all topologies.
First, the condition on missing energy is tested, then the presence of the selected
electron or muon is verified. The object reconstructed from four-momenta of the cho-
sen lepton and missing energy, considered as the energy of undetected neutrino, is
corresponding with W boson, but due to uncertainty coming from not knowing the
longitudinal component of neutrino momentum there are up to two possible values of
the W boson longitudinal momentum component. The ambiguity is caused by the
calculation from condition M`,ν = MW, whereM`,ν is combined invariant mass of the
reconstructed W boson from lepton and missing energy, which leads to the quadratic
equation. The more central value of the longitudinal component of reconstructed neu-
trino momentum is usually selected in ATLAS collaboration analyses. The last object
needed for the leptonically decaying top quark reconstruction is the selected b-tagged
small jet. The leptonically decaying top quark four-momentum is then obtained as the
combination of four-momenta of the reconstructed W boson object and the selected

2One b-tagged jet is used in the reconstruction of the leptonically decaying top quark.
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small jet. In case that the algorithm was able to reconstruct the leptonically decaying
top quark with selected electron and muon simultaneously, the top quark candidate re-
constructed from lepton with higher transverse momentum is selected. Reconstruction
of the leptonically decaying top quark is identical for the detector and particle level,
with exception of the small jet b-tagging.

4.4.2 Reconstruction of Hadronically Decaying Top Quark.

The reconstruction of the hadronically decaying top quark is different for each of
the topologies. The algorithm first tries to find the boosted topology top quark pair
candidate, in case of failure it attempts to find the semi-boosted topology pair and
in case of subsequent failure it tries the semi-boosted mixed topology selection. The
resolved topology top quark pair reconstruction takes place only if all previous topology
conditions fail. The studied event is discarded only in case in which algorithm was
unsuccessful in reconstruction of event in all topologies.

The reconstruction of the hadronically decaying top quark in the boosted topology
is based on selection of top tagged large jet, as mentioned in previous section, which
is considered as the top quark candidate, because it should contain most of the decay
products corresponding to the original particle.

The reconstruction of the hadronically decaying top quark in the semi-boosted
topology is similar but the selected tagged large jet corresponds to the W boson in-
stead to the top quark as in the previous case. Thus, the small jet tagged by the
reconstruction algorithm as containing products of B-hadron decay is needed to com-
plete the four-momentum of the reconstructed top quark.

The reconstruction of the hadronically decaying top quark in the semi-boosted
mixed topology is performed by summing one large b-tagged jet and one non-b-tagged
small jet four-vectors. The invariant mass of such a large jet does not produce a peak
corresponding to any particle but in the combination with the selected small jet the
resulting invariant mass peak should correspond to the one of the top quark as shown
in Fig. 5.16.

The reconstructed hadronically decaying top quark four-momentum in the resolved
topology is the sum of four-momenta of three selected small jets as described in sec-
tion 4.3.3. As there is no selected large jet but only small jets, this topology is the
most prone one to the miscombination of jets, which is one of the reasons of slightly
worse resolution in the reconstruction of the top quark pair invariant mass.

Finally, the reconstructed top anti-top quark pair four-momentum is obtained as
a combination of four-momenta of the reconstructed hadronically and leptonically de-
caying top quark.
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Chapter 5

Results

Results from selection and reconstruction are presented in this chapter following
step-by-step the aforementioned procedures. This involves basic characteristics of the
signal samples, control plots of variables of different particles used in the reconstruction
and comparison between the two signal samples with MZ′ = 700 GeV and My0 =
700 GeV. The signal sample with the hypothetical particle y0 with decay width of 10%
of its invariant mass is chosen for the results presentation.

5.1 Shape Comparison

Several basic plots and spectra are presented in this subsection ranging from the
multiplicity of the jets to the overview of spectra for different variables in the recon-
struction process. Multiplicities of all small jets in the generated signal samples with
MZ′ = 700 GeV and My0 = 700 GeV are shown in Fig. 5.1 (left) while the multiplicity
of the large jets is shown in Fig. 5.1 (right) for both detector and particle levels. Sim-
ilarly, the multiplicity of the b-tagged small jets and large jets is presented in Fig. 5.2
respectively. The jet multiplicity and b-tagged jet multiplicity shows similar trend for
small and large jets, where the multiplicity at the particle level is larger than multi-
plicity at the detector level. Different topologies need different number of small and
large jets, some of them b-tagged. Multiplicity ranges from two up to ten small jets
in signal samples and confirms that there are enough jets for the reconstruction. The
situation with large jets is different as there is smaller amount of large jets in the event,
but only one chosen large jet is needed for the event reconstruction if any. Overall, jet
multiplicity and the multiplicity of b-tagged jets is similar comparing the y0 and the
Z ′ signal samples.

5.2 Spectra Shape Comparison

The shape spectra comparison is performed for both detector and particle level for
the signal samples with MZ′ = 700 GeV and My0 = 700 GeV before and after the basic
selection for all spectra in this section.

Small jets or small-R jets are crucial for reconstruction in all studied cases. There
are basic conditions same for all topologies as mentioned in previous section, for exam-
ple cut on the transverse momentum. Spectra of the transverse momentum of small
jets is shown in Fig. 5.3. The amount of small jet with higher transverse momentum
spectrum drops, which is expected and corresponds to the standard model theory.
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Figure 5.1: Normalized distribution of the number of small jets in the event (a), c))
and number of large jets in the event (b), d)) for both detector and particle levels for
the sample with MZ′ = 700 GeV (top row) and for the sample with My0 = 700 GeV
(bottom row).
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Figure 5.2: Normalized distribution of the number of b-tagged small jets in the event
(a), c)) and number of b-tagged large jets in the event (b), d)) for both detector and
particle levels for the sample with MZ′ = 700 GeV (top row) and for the sample with
My0 = 700 GeV (bottom row).
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Figure 5.3: Normalized spectrum of the transverse momentum of all small jets in all
events (pSJT ) before (a), b)) and after (c), d)) the application of the selection conditions
for both detector and particle levels for the sample with MZ′ = 700 GeV (a), c)) and
for the sample with My0 = 700 GeV (b), d)). Lower pads show the ratio between
detector and particle level.

The combined spectrum of small jet transverse momenta from all samples is shown
in Fig 5.4 all spectra are weighted to the luminosity of the tt̄ sample (Ltt̄ = 16.44fm−1)
for the comparison, see 4.1 for the details. The black dotted spectrum denoted as pseu-
dodata corresponds to the same combined and weighted spectrum from the statistically
independent sample. The bottom part shows the ratio between the combined spectrum
and pseudodata and ratio of combined sample with contribution from the hypothetical
particle over the combined spectrum without the signal contribution, thus showing the
strength of the signal.

Large jets or large-R jets are needed for the event reconstruction and the basic
selection conditions are on the transverse momentum and the centrality of the large jets.
The large jet transverse momentum spectrum is shown in Fig. 5.5. The distribution of
the large jets with higher energies is similar to the case of small jets with exception of
plateau in higher transverse momentum, which is more visible for the Z ′ sample. The
reason behind is that large jets cover larger area than small jets and may contain one
or more small jets contributing to the transverse momentum.

The combined spectrum of large jet transverse momenta from all samples is shown
in Fig 5.6 all spectra are weighted to the luminosity of the tt̄ sample see 4.1 for details.
The black dotted spectrum denoted as pseudodata corresponds to the same combined
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Figure 5.4: Combined spectrum over all samples of the transverse momentum of all
small jets pSJT at the detector (top row) and particle levels (bottom row) after the
application of the selection conditions for the signal sample with MZ′ = 700 GeV (a),
c)) and with My0 = 700 GeV (b), d)). All samples are weighted to the luminosity
of the tt̄ sample for comparison purposes. The pseudodata denotes the combined
spectrum from statistically independent samples. Bottom part of each plot shows the
ratio between pseudodata and combined spectrum (full markers) and ratio between
combined spectrum with and without the addition of the hypothetical particle signal
(open markers).
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Figure 5.5: Normalized spectrum of transverse momentum of large jets in all events
(pLJT ) before (a), b)) and after (c), d)) the application of the selection conditions for
both detector and particle levels for the sample with MZ′ = 700 GeV (a), c)) and for
the sample with My0 = 700 GeV (b), d)). Lower pads show the ratio between detector
and particle level.

and weighted spectrum from the statistically independent sample. The bottom part
shows the ratio between the combined spectrum and pseudodata and the strength of
the signal.

Electron or muon used in the event reconstruction of the leptonic side of the event
is chosen based on the transverse momentum condition as specified in the previous
chapter. The transverse momentum of all electrons in the event is shown in Fig. 5.7
and in Fig. 5.9 for muons. The shape of the electron and muon transverse momentum
spectra in both signal samples is similar. The main difference between particle and
detector level is in the number of leptons at the beginning of the spectra before the
application of selection, where there is peak at the particle level, which is unseen on the
detector level. This corresponds to the detection threshold of the detector simulation
for lower transverse momentum, which is well modeled in the ATLAS simulation by
the DELPHES package. The combined spectrum of lepton transverse momenta from
all samples is shown in Fig 5.8 and in Fig 5.10, weighted to the luminosity of the tt̄
sample. The ratio between the combined spectrum and pseudodata and the strength
of the signal is shown in the bottom part of the plot.

Missing transverse energy is used in kinematic reconstruction of the escaping neu-
trino from the leptonic decay of the W boson. Events with low missing transverse
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Figure 5.6: Combined spectrum over all samples of the transverse momentum of all
large jets pLJT at the detector (top row) and particle levels (bottom row) after the
application of the selection conditions for the signal sample with MZ′ = 700 GeV (a),
c)) and with My0 = 700 GeV (b), d)). All samples are weighted to the luminosity
of the tt̄ sample for comparison purposes. The pseudodata denotes the combined
spectrum from statistically independent samples. Bottom part of each plot shows the
ratio between pseudodata and combined spectrum (full markers) and ratio between
combined spectrum with and without the addition of the hypothetical particle signal
(open markers).
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Figure 5.7: Normalized spectrum of transverse momentum of electrons in all events
(pElT ) before (a), b)) and after (c), d)) the application of the selection conditions for
both detector and particle levels for the sample with MZ′ = 700 GeV (a), c)) and for
the sample with My0 = 700 GeV (b), d)). Lower pads show the ratio between detector
and particle level.
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Figure 5.8: Combined spectrum over all samples of the electron transverse momentum
pElT at the detector (top row) and particle levels (bottom row) after the application of
the selection conditions for the signal sample with MZ′ = 700 GeV (a), c)) and with
My0 = 700 GeV (b), d)). All samples are weighted to the luminosity of the tt̄ sam-
ple for comparison purposes. The pseudodata denotes the combined spectrum from
statistically independent samples. Bottom part of each plot shows the ratio between
pseudodata and combined spectrum (full markers) and ratio between combined spec-
trum with and without the addition of the hypothetical particle signal (open markers).
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Figure 5.9: Normalized spectrum of muon transverse momentum in all events (pµT)
before (a), b)) and after (c), d)) the application of the selection conditions for both
detector and particle levels for the sample with MZ′ = 700 GeV (a), c)) and for the
sample with My0 = 700 GeV (b), d)). Lower pads show the ratio between detector and
particle level.
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Figure 5.10: Combined spectrum over all samples of the muon transverse momentum
pµT at the detector (top row) and particle levels (bottom row) after the application of
the selection conditions for the signal sample with MZ′ = 700 GeV (a), c)) and with
My0 = 700 GeV (b), d)). All samples are weighted to the luminosity of the tt̄ sam-
ple for comparison purposes. The pseudodata denotes the combined spectrum from
statistically independent samples. Bottom part of each plot shows the ratio between
pseudodata and combined spectrum (full markers) and ratio between combined spec-
trum with and without the addition of the hypothetical particle signal (open markers).
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c) d)

Figure 5.11: Normalized spectrum of missing transverse energy in all events (EMis
T )

before (a), b)) and after (c), d)) the application of the selection conditions for both
detector and particle levels for the sample with MZ′ = 700 GeV (a), c)) and for the
sample with My0 = 700 GeV (b), d)). Lower pads show the ratio between detector and
particle level.

energy are usually not interesting for the studied process, thus there is a condition
on the missing transverse energy. The energy spectrum of this variable is shown in
Fig. 5.11. The shape of this distribution is slightly different for the two signal samples
are compared. The shape differences originating from the simulation of the process
where Z ′ is simulated in the semi-leptonic channel exclusively while the y0 simula-
tion also contains events where both top and anti-top quarks decay hadronically or
both decay leptonically. This phenomenon is unavoidable as the simulation of decay
products of top quark pair generated through the triangle loop as it is not yet incorpo-
rated in the simulation package. Thus, the y0 sample contains events which in general
have lower missing transverse energy due to the non-existent neutrinos from leptonic
top quark decay. The combined spectrum of missing transverse energy or momentum
from all samples is shown in Fig 5.12 and in Fig 5.12, weighted to the luminosity of
the tt̄ sample. The ratio between the combined spectrum and pseudodata and the
strength of the signal is shown in the bottom part of the plot. The threshold for the
EMis

T > 20 GeV needs to be fulfilled at least for one reconstruction level, which enter
the reconstruction, therefore there are events reconstructed only in one reconstructed
level to enhance statistics in separate topologies.
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Figure 5.12: Combined spectrum over all samples of the missing transverse momentum
EMis

T at the detector (top row) and particle levels (bottom row) after the application
of the selection conditions for the signal sample with MZ′ = 700 GeV (a), c)) and with
My0 = 700 GeV (b), d)). All samples are weighted to the luminosity of the tt̄ sam-
ple for comparison purposes. The pseudodata denotes the combined spectrum from
statistically independent samples. Bottom part of each plot shows the ratio between
pseudodata and combined spectrum (full markers) and ratio between combined spec-
trum with and without the addition of the hypothetical particle signal (open markers).
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Figure 5.13: Comparison of the reconstructed hadronically decaying W boson invariant
mass spectra (MW,had) between the particle (a), c)) and the detector (b), d)) level for
both the semiboosted and the resolved topology using the sample with MZ′ = 700 GeV
(a), b)) and My0 = 700 (c), d)).

5.3 Oservables Shape Comparison

The shape comparison of chosen variables of reconstructed particles from signal
samples with with MZ′ = 700 GeV and My0 = 700 GeV is presented in this section for
both detector and particle levels.

The reconstructed invariant mass of the hadronically decayed W boson is presented
in Fig. 5.13, but only in the semi-boosted and the resolved topology is the hadronically
decaying W boson reconstructed, in other cases there is no direct connection to the
W boson. The position of peaks of the spectra highlighted by the dashed line roughly
correspond to the theoretical invariant mass of the W boson.

The invariant mass of the reconstructed leptonically decaying top quark compared
between the detector and the particle level is shown in Fig. 5.14. The invariant mass
corresponds well with the theoretical invariant top quark mass value used for generation
of the samples over all the topologies. The shape of the spectra is corresponding
between topologies with exception for the resolved topology on the detector level,
which is slightly different.

The combined spectrum of reconstructed leptonically decaying top quark mass from
all samples is shown in Fig 5.15 in the semi-boosted topology only all spectra are
weighted to the luminosity of the tt̄ sample for the comparison. The black dotted
spectrum denoted as pseudodata corresponds to the same combined and weighted
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Figure 5.14: Comparison of the reconstructed leptonically decaying top quark mass
spectra (Mt,lep) between the particle (a), c)) and the detector (b), d)) level for all the
topologies using the sample with MZ′ = 700 GeV (a), b)) and My0 = 700 (c), d)).

spectrum from the statistically independent sample. The bottom part shows the ratio
between the combined spectrum and pseudodata and ratio of combined sample with
contribution from the hypothetical particle over the combined spectrum without the
signal contribution, thus showing the strength of the signal.

The invariant mass of the reconstructed hadronically decaying top quark compared
between the detector and the particle level is shown in Fig. 5.16. The reconstructed
invariant mass of the hadronically decaying top quark is peaking around the theoretical
value as in the case of the leptonically decaying top quark over all topologies. However,
the shape of the spectra differs in mass peak width over the topologies, which is caused
by the different approach of the reconstruction of the hadronic side for each topology.
The invariant mass peak is in good agreement in comparison between the Z ′ and y0

signal samples.

The combined spectrum of the reconstructed hadronically decaying top quark mass
from all samples is shown in Fig 5.17 in the semi-boosted topology. The bottom part
shows the ratio between the combined spectrum and pseudodata and the strength of
the signal.

The rapidity of the hadronically decaying top quark compared between the detector
and the particle level is shown in Fig. 5.18 for all topologies. This angular variable is
comparable over the topologies. The combined spectrum of reconstructed hadronically
decaying top quark rapidity is shown in Fig. 5.19 in the semi-boosted topology. The
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Figure 5.15: Combined spectrum over all samples of the reconstructed leptonically
decayed top quark mass (Mt,lep) at the detector (top row) and particle levels (bottom
row) after the application of the selection conditions for the signal sample with MZ′ =
700 GeV (a), c)) and with My0 = 700 GeV (b), d)). All samples are weighted to
the luminosity of the tt̄ sample for comparison purposes. The pseudodata denotes the
combined spectrum from statistically independent samples. Bottom part of each plot
shows the ratio between pseudodata and combined spectrum (full markers) and ratio
between combined spectrum with and without the addition of the hypothetical particle
signal (open markers).
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Figure 5.16: Comparison of the reconstructed hadronically decaying top quark mass
spectra (Mt,had) between the particle (a), c)) and the detector (b), d)) level for all the
topologies using the sample with MZ′ = 700 GeV(a), b)) and My0 = 700 (c), d)).
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Figure 5.17: Combined spectrum over all samples of the reconstructed hadronically
decayed top quark mass (Mt,had) at the detector (top row) and particle levels (bottom
row) after the application of the selection conditions for the signal sample with MZ′ =
700 GeV (a), c)) and with My0 = 700 GeV (b), d)). All samples are weighted to
the luminosity of the tt̄ sample for comparison purposes. The pseudodata denotes the
combined spectrum from statistically independent samples. Bottom part of each plot
shows the ratio between pseudodata and combined spectrum (full markers) and ratio
between combined spectrum with and without the addition of the hypothetical particle
signal (open markers).
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Figure 5.18: Comparison of the rapidity of the reconstructed hadronically decaying top
quark (yt,had) between the particle (a), c)) and the detector (b), d)) level for all the
topologies using the sample with MZ′ = 700 GeV(a), b)) and My0 = 700 (c), d)).

bottom part shows the ratio between the combined spectrum and pseudodata and the
strength of the signal.

The cosine of the production angle θ∗ of the hadronically decayed top quark, see sec-
tion 3.2.1 for details, compared between the detector and the particle level, is shown
in Fig. 5.20 for all topologies. The difference between the topologies is well visible,
where the boosted topology peaks around the zero value whereas the resolved topology
prefers higher values of the cosine of the production angle, although shapes are similar
when comparing between the Z ′ and the y0 signal samples. The energy of the recon-
structed event in boosted topology is higher, which may lead to the higher transverse
momentum and the higher probability of detection in the central part of the detector.
The resolved topology event performance is the opposite due to the same reasoning.

The combined spectrum of the reconstructed hadronically decaying top quark co-
sine of the production angle from all samples is shown in Fig 5.21 in the semi-boosted
topology. The bottom part shows the ratio between the combined spectrum and pseu-
dodata and the strength of the signal.

The reconstructed invariant mass of the top anti-top quark pair compared between
the detector and the particle level is shown in Fig. 5.22. The invariant mass of the
reconstructed system is well corresponding to the original generated hypothetical par-
ticle, in this case the invariant mass value is 700 GeV for both signal samples. The
shapes are wider in all spectra at the detector level, which depicts the finite resolution
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Figure 5.19: Combined spectrum of the rapidity of the reconstructed hadronically
decaying top quark (yt,had) at the detector (top row) and particle levels (bottom row)
after the application of the selection conditions for the signal sample with MZ′ =
700 GeV (a), c)) and with My0 = 700 GeV (b), d)). All samples are weighted to
the luminosity of the tt̄ sample for comparison purposes. The pseudodata denotes the
combined spectrum from statistically independent samples. Bottom part of each plot
shows the ratio between pseudodata and combined spectrum (full markers) and ratio
between combined spectrum with and without the addition of the hypothetical particle
signal (open markers).
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Figure 5.20: Comparison of the cosine of the production angle of the reconstructed
hadronically decaying top quark (cos θ∗t,had) between the particle (a), c)) and the detec-
tor (b), d)) level for all the topologies using the sample with MZ′ = 700 GeV(a), b))
and My0 = 700 (c), d)).
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Figure 5.21: Combined spectrum of the cosine of the production angle of the recon-
structed hadronically decaying top quark (cos θ∗t,had) at the detector (top row) and
particle levels (bottom row) after the application of the selection conditions for the
signal sample with MZ′ = 700 GeV (a), c)) and with My0 = 700 GeV (b), d)). All
samples are weighted to the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).
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Figure 5.22: Comparison of the reconstructed invariant tt̄ pair mass spectra (mtt̄)
between the particle (a), c)) and the detector (b), d)) level for all the topologies using
the sample with MZ′ = 700 GeV (a), b)) and My0 = 700 GeV (c), d)).

of the detector in the DELPHES simulation. Only the resolved topology spectrum
is deviating from other topologies in shape, which is probably caused by the large
combinatorial background for this topology.

The combined spectrum of the reconstructed hadronically decaying top quark co-
sine of the production angle from all samples is shown in Fig 5.21 in the semi-boosted
topology. The bottom part shows the ratio between the combined spectrum and pseu-
dodata and the strength of the signal. Combined spectra of the reconstructed invariant
mass of the top anti-top quark pair are shown in detail in Appendix A for various signal
samples and topologies.

The event yields for each sample is presented in Table 5.1 at the detector and particle
levels for each topology after weighting to the same luminosity, thus corresponding to
the Fig. 5.23 and also with signal event fractions over the topologies in Fig. 5.27.

Examples of reconstructed events in the η−φ plane or different topologies is shown
in Fig. 5.24 for illustration of location of the selected jets and lepton in the detector.
The event arrangement in the detector for the semi-boosted mixed topology differs from
the semi-boosted topology one only in a switching of the b-tag between the selected
small jet and the large jet on hadronic side, thus, the localization of objects is very
similar.
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Figure 5.23: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector (top row) and particle levels (bottom row) after the application
of the selection conditions for the signal sample with MZ′ = 700 GeV (a), c)) and with
My0 = 700 GeV (b), d)). All samples are weighted to the luminosity of the tt̄ sam-
ple for comparison purposes. The pseudodata denotes the combined spectrum from
statistically independent samples. Bottom part of each plot shows the ratio between
pseudodata and combined spectrum (full markers) and ratio between combined spec-
trum with and without the addition of the hypothetical particle signal (open markers).
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Figure 5.24: The example of reconstructed events in the boosted (left), the semi-
boosted (right) and the resolved topologies with locations of selected jets and a lepton
in the η−φ plane of the ATLAS detector. Large circles denotes large jets, small circles
small jets, where the selected jets are drawn with a solid line and smallest circles is
the direction of the missing transverse energy. The circles in black are drawn for the
detector level selection whereas red is describing the particle level constituents. The
green circles denote selected jets in the resolved topology, while the blue and magenta
circles denotes selected b-tagged jet for the semi-boosted and resolved topology on the
detector and particle levels respectively. The selected lepton is denoted by a triangle
or a square full marker depicting electrons and muons respectively. Jets, which are not
selected by the algorithm are drawn by a dashed line and not selected leptons with
empty markers.
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Table 5.1: The rounded event yields for samples at the detector and particle levels after
weighting to the tt̄ sample luminosity, where R, SBM, SB and B denote the resolved,
semi-boosted mixed, semi-boosted and boosted topologies.

Level Particle level Detector level
Sample, Topology R SBM SB B R SBM SB B
Wbb + jets 417 176 84 110 104 88 34 52
WWbb + jets 24699 18191 15380 11020 11774 4963 5917 5184
Z ′(M = 1000 GeV) 2406 19117 19465 89097 2370 5176 7605 40940
Z ′(M = 900 GeV) 3191 20088 24044 71654 2720 5363 9410 33248
Z ′(M = 800 GeV) 3617 20616 28906 47560 3144 5510 11162 22444
Z ′(M = 700 GeV) 4415 20614 32358 20508 3478 5631 12379 9796
Z ′(M = 600 GeV) 6602 16920 25217 5054 4589 4959 9762 2314
Z ′(M = 500 GeV) 11627 9849 8637 1258 6500 2913 3348 535
y0(M = 1000 GeV) 1064 11481 6463 31812 999 2574 2613 13717
y0(M = 900 GeV) 1223 11487 7435 26375 1165 2720 2962 11721
y0(M = 800 GeV) 1459 11206 8593 19219 1336 2653 3381 8646
y0(M = 700 GeV) 1826 10483 9079 11053 1413 2570 3611 5017
y0(M = 600 GeV) 2440 8773 8098 4681 1777 2157 3107 2122
y0(M = 500 GeV) 3897 5749 4374 1776 2266 1581 1745 743
tt̄ sample 66236 54530 46485 37190 32379 14806 17852 17015

5.4 Topology Event Fractions and Resolution

The reconstruction is performed independently at the detector and particle levels,
thus it can lead to different reconstructed topology on each level. Migration of events
between topologies and between the detector level (horizontal axis) and particle levels
(vertical axis) is shown in Fig. 5.25 for the two main signal samples. The same is shown
for the transverse momentum of reconstructed top anti-top quark pair (pT,tt̄) and its
migration Fig. 5.25.

Contributions from particular topologies to the number of reconstructed events for
the mass spectrum of top anti-top quark pair is shown in Fig. 5.26 at the particle (a),
b)) and detector levels (c), d)) and for different mass values of hypothetical particles in
Fig. 5.27. The resolution for particular topologies can be extracted from widths of the
mass spectra of the top anti-top quark pair and can be compared between topologies.
The resolution of the spectra is wider at the detector level in general, which is expected
due to the energy fluctuations of reconstructed jets in the simulated detector. However,
the spectra are similar between the signal samples for both the particle and detector
levels, although the peaks are wider for the sample with My0 = 700 GeV.

The resolution was extracted as the width of the fitted of normal distribution, this
information is shown in Fig. 5.28 in absolute values (a), b)) and relative values (c), d))
with respect to mass of hypothetical particle Z ′ (a), c)) and y0 (b), d)). The Landau
distribution was also tested for fitting, but the resulting error of fitting was larger than
in case of fitting with normal distribution function. The resolution heavily depends on
the combination of topology and mass of the studied hypothetical particle. For example
the resolved topology has the best resolution for mass 500 GeV and then deteriorates
with increasing mass. On the other hand, the boosted topology resolution performance
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Figure 5.25: Migration of reconstructed events between reconstructed levels and topolo-
gies (a), b)) and migration of events between topologies and bins for transverse mo-
mentum of reconstructed top anti-top quark pair pT,tt̄ (c), d)) for samples with MZ′ =
700 GeV (a), c)) and My0 = 700 (b), d)).
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Figure 5.26: Contributions from particular topologies to the mass spectrum of recon-
structed top anti-top quark pair mtt̄ on the particle level (a), b)) and the detector levels
(c), d)) for samples with MZ′ = 700 GeV (a), c)) and My0 = 700 (b), d).

has an opposite trend, where the samples with higher mass have better resolution for
this topology, which corresponds to the increasing number of reconstructed events. In
general, the resolution is slightly better for the samples with Z ′ as probing particle.
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Figure 5.27: The fraction of events contributing to the tt̄ reconstruction from each
topology over samples with various masses of the hypothetical Z ′ (left) and y0 (right)
particle (MZ′and My0) at the detector (solid lines, full markers) and particle (dotted
lines, open markers) levels.
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Figure 5.28: Comparison of the tt̄ resolution for samples with different mass of hypo-
thetical particle Z ′ (a),c)) and y0 (b),d)) in particular topologies in absolute values (a),
b)) and relative values (c),d).
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Chapter 6

The Unfolding Procedure and
Signal Significance

The unfolding procedure and its performance on generated samples is presented in
this chapter. The change in the strength of the hypothetical Z ′ or y0 particle signal is
studied before and after the unfolding procedure.

The first section describes the theory behind the unfolding procedure, followed by
definition of the significance of the signal. Results of closure tests and the check of the
unfolding procedure performance are presented before the results with chosen variables
and samples are shown. Final results of the unfolding procedure are performed on an
admixture of the signal Z ′ or y0 sample, the tt̄ sample and two background samples.
Finally the comparison of significances between different topologies is described in the
last section.

6.1 Unfolding Procedure

Spectra measured in every detector suffer in precision by the influences of the de-
tector, in our case the simulation of the ATLAS detector. The unfolding procedure
corrects for these influences, for example resolution of the detector and granularity of
the separate subdetectors. There are several unfolding methods, which could possi-
bly yield different results. The Fully Bayesian Unfolding (FBU) is chosen to mediate
the unfolding procedure and was performed by the PyMC3 package [102, 103]. The
FBU method estimates the probability density functions (posteriors) from the detector
level spectrum values in each bin (priors) under conditions given by correction factors
and the migration matrix. The most probable value in each bin can be taken as the
unfolded value of the spectra of interest in the bin coresponding to the particle level
spectrum. Among the main advantages of this method are that the migration matrix
is not modified as in the singular value decomposition [104], absence of iterations in
calculation in comparison with iterative unfolding [105], which also uses the Bayesian
theorem, and the control over the result as all extremes of the probability density
function are revealed and not only the one to which the procedure converges as in the
iterative Bayesian unfolding. A general unfolding process is described by the following
formula

T̂i =
1

fi,eff

M−1
ij fj,acc(Dj −Bj), (6.1)

where T̂i is the estimated value in the bin i of the particle level spectrum, fi,eff and fj,acc
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are efficiency and acceptance correction factors, defined in the next formula, M−1
ij is

embodiment of the unfolding procedure 1, Dj is the measured detector level spectra in
bin j and finally Bj is the subtracted background contribution to the measured detector
level spectrum. The efficiency and acceptance correction factors are defined as follows

fi,eff =
Pmatch

tt̄,i

Ptt̄,i

and fj,acc =
Dmatch

tt̄,j

Dtt̄,j

, (6.2)

where Pmatch
tt̄,i is the particle level spectrum value in bin i, which fulfills the particle

level selection criteria and its detector level matched counterpart fulfills the detector
level selection criteria; Ptt̄,i is the particle level spectrum value in bin i, which fulfill
the particle level selection criteria regardless on its detector level counterpart, both
evaluated on the tt̄ sample. Similarly, Dmatch

tt̄,j is the detector level spectrum value
in bin j fulfilling particle level selection criteria and is matched to the detector level
counterpart andDtt̄,j is reconstructed detector level spectrum value in bin j without any
matching to the particle level counterpart, both evaluated on the tt̄ sample. The events
contributing to the matched spectra are fulfilling the corresponding selection criteria
and are reconstructed at both detector and particle levels in the same topology, thus
the matching descriptor.

6.2 Significance of the Signal before and after the

Unfolding

The spectra entering the unfolding procedure have the addition of the Z ′ or y0

signal sample with an amplified cross section by an ad hoc number (5 ∗ 105 and 300
respectively) to study the impact of the unfolding on the strength of the signal. The
strength of the signal is quantified by a significance, which considers statistical errors
of used samples in the given bin. The signal significance S in the given bin i before
unfolding is defined for the hypothetical particle Z ′ as

Si,det = (P tt̄+Z′+Bg
i − T tt̄i −Bgi,1 − ...−Bgi,n)/(

√
σ2
Pi

+ σ2
Ti

), (6.3)

where Pi are the pseudo data consisting from the signal and the background added
to the expected tt̄ sample in the given bin, Ti is the detector level spectrum from the
statistically independent tt̄ sample and Bgi,n is the background contribution to the
studied spectra from the n-th background sample, σPi

is the statistical error of the
pseudo data sample in the given bin and σTi

is the statistical error of the bin value of
the statistically independent tt̄ sample.

A similar significance is defined after the unfolding procedure

Si,unf = (U tt̄+Z′

i − T tt̄i )/(
√
σU2

i
+ σ2

Ti
), (6.4)

where Ui are the unfolded data in the given bin, Ti is the particle level spectrum
from the statistically independent tt̄ sample, σUi

is the statistical error of the unfolded
spectra in the given bin and σTi

is the statistical error of bin value of the statistically
independent tt̄ sample.

1The FBU unfolding does not use inverted migration matrix. The notation is traditional way to
incorporated the unfolding procedure in the formula.
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The detector and the unfolded significance plots are shown under the ratio plots in
the unfolded spectra.

The integral significance, strength of the signal over the whole spectrum, is defined
similarly for both the detector and the unfolded level. The detector integral significance
is defined as

SI,det =
m∑
i=0

(P tt̄+Z′+Bg
i − T tt̄i −Bgi,1 − ...−Bgi,n)/

√√√√ m∑
i=0

(σ2
Pi

+ σ2
Ti

), (6.5)

where m is the number of bins in the given spectrum, Pi are the pseudo data consisting
from the signal and the background added to the expected tt̄ sample in the given bin, Ti

is the detector level spectrum from the statistically independent tt̄ sample and Bgi,n is
the background contribution to the studied spectra from the n-th background sample,
σPi

is the statistical error of the pseudo data sample in the given bin and σTi
is the

statistical error of bin value of the statistically independent tt̄ sample.
The detector integral significance is the same for all variables for given particle,

i.e. the M tt̄ spectrum and ptt̄
T spectrum have the same value of the detector integral

significance.
The integral significance for unfolded level or unfolded integral significance is defined

similarly as

SI,unf =
m∑
i=0

(U tt̄+Z′

i − T tt̄i )/

√√√√ m∑
i=0

(σU2
i

+ σ2
Ti

), (6.6)

where m is number of bins in the given spectrum, Ui are the unfolded data in the given
bin, Ti is the particle level spectrum from the statistically independent tt̄ sample, σUi

is the statistical uncertainty of the unfolded spectra in the given bin and σTi
is the

statistical error of bin value of the statistically independent tt̄ sample.
The unfolded integral significance is varying slightly as the unfolding procedure is

not able to reproduce exactly the same results but the resulting quantities are slightly
shifting in the range of statistical error. Significances for the hypothetical particle y0

are defined in the same manner as for the Z ′ particle.
The uncertainty of the detector level significance is estimated from 100 pseudoex-

periments, where the detector level spectrum is smeared in each bin with the random
number taken from a gaussian curve with the σ parameter set to the statistical un-
certainty of the studied bin and mean parameter set to zero value. Pseudoexperiment
values are then studied in each bin fitted by a gaussian curve and its σ parameter is
the detector level significance uncertainty for the given bin. The unfolded significance
uncertainty estimation is performed in a similar way, the spectrum is first smeared at
the detector level and then unfolded and each bin is studied as in the detector level
significance uncertainty estimation case.

6.3 Closure Test on Signal Samples

The closure test is used to validate the unfolding process, where the unfolded de-
tector level spectrum is compared to the particle level one. The expected outcome of
the test is that the ratio between the unfolded spectrum and particle level spectrum is
close to one in range of the statistical uncertainty. The variable pt,had

T in semi-boosted
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Figure 6.1: Example of a posterior of unfolding process in the third bin of pt,had
T spec-

trum (left) in semi-boosted topology and corresponding migration matrix for same
variable for sample with MZ′ = 700 GeV.

topology is chosen as example for the unfolding procedure from the Z ′ signal sample
and the corrections from the tt̄ sample are used. The software package Fully Bayesian
Unfolding (FBU) was used for the unfolding [103]. The example of posterior in chosen
bin is in Fig. 6.1 on the left, corresponding migration matrix is in the same figure on
the right. Resulting unfolded spectrum and relative unfolded spectrum with respect to
the particle level is shown in Fig. 6.2. The brown belt in the relative spectrum is set
to the width of posterior distribution in each bin of the spectrum.

6.4 Unfolding with Background

The results for the unfolding of the signal samples with hypothetical particles Z ′

and y0 are presented in this section for chosen variables. The focus is set to the samples
with MZ′ = 700 and My0 = 700 where the studied semi-boosted topologies fraction of
events is high. The transverse momentum, rapidity and cosine of the production angle
of the hadronically decaying top quark (pt,had

T , yt,had and cos θ∗t,had) and the top anti-top
quark pair invariant mass (Mtt̄) are chosen for examples of the unfolding procedure in
the semi-boosted topology. The first step in the unfolding process is to mix spectra with
background and tt̄ sample and weight them to same luminosity, the luminosity of the
tt̄ sample was used in our case. The resulting mixed spectra entering the unfolding are
shown in Fig. 6.3 and in Fig. 6.4 for the aforementioned variables. The black dotted
spectrum corresponds to the same mixed spectra from the statistically independent
sample part for verification of the mixed spectrum.

The ad hoc weighting parameter of signal samples was introduced to scale up the
normalization of the sinal. Signal samples would have small fraction of events due to
their small cross section. An add hoc scaling parameter is set to 300 for the samples
with hypothetical particle y0 and further by five for the resolved topology for the sample
with My0 = 700 GeV. The value of this parameter for the sample with MZ′ = 700 GeV
is set to 10 000 for all topologies.
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Figure 6.2: Example of spectra of variable pt,had
T for semi-boosted topology compared

between detector level, particle level and unfolded spectra for tt̄ sample. The hatched
area corresponds to the statistical uncertainty of the spectrum. The χ2

tt̄ test is per-
formed between tt̄ particle level spectrum and unfolded tt̄ spectrum from the statisti-
cally independent sample. The lower part of the plot describes ratio between spectrum
from unfolding procedure and particle level spectrum form the statistically independent
tt̄ sample also known as the closure test and the yellow bar area shows the statistical
uncertainty of the particle level spectra of the tt̄ sample.
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Figure 6.3: Comparison of the detector level spectra from two statistically independent
parts (full markers and filled stack) for the tt̄ sample with the addition of Wbb and
WWbb backgrounds and an admixture of events from the sample with My0 = 700 GeV
(a), c)) and the sample with MZ′ = 700 GeV (b), d)) for the transverse momentum
of the hadronically decaying top quark (pt,had

T , a), b)) and for the top anti-top quark
pair invariant mass (Mtt̄, c), d)), all spectra are reconstructed in the semi-boosted
topology. The hatched bands in the top panel represent the statistical uncertainty in
each sample.
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Figure 6.4: Comparison of the detector level spectra from two statistically independent
parts (full markers and filled stack) for the tt̄ sample with the addition of Wbb and
WWbb backgrounds and an admixture of events from the sample with My0 = 700 GeV
(a), c)) and the sample with MZ′ = 700 GeV (b), d)) for the rapidity of the hadronically
decaying top quark (yt,had, a), b)) and for the cosine of the production angle of the
hadronically decaying top quark (cos θ∗t,had, c), d)), all spectra are reconstructed in the
semi-boosted topology. The hatched bands in the top panel represent the statistical
uncertainty in each sample.
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Bin-by-bin corrections, also known as acceptance and efficiency corrections, are
essential for unfolding as they correct for two phenomena. First, at the the detector
level by removing non-signal events and at the particle level for undetected events.
Those corrections are evaluated on the tt̄ sample based on the equations shown in
section 6.1. The tt̄ sample was used for the determination of the corrections to increase
correspondence to the real measurements for searches of unknown particles in the top
quark spectra. Bin-by-bin corrections for chosen spectra are shown in Fig. 6.5.

Bin-by-bin migration of events between the detector and the particle levels is de-
scribed by the migration matrix separately for each topology. The migration matri-
ces for the transverse momentum, rapidity and the cosine of the production angle of
hadronically decaying top quark (pt,had

T , yt,had and cos θ∗t,had) and the top anti-top quark
pair invariant mass (Mtt̄) are shown in Fig. 6.6. Migration matrices are evaluated on
the tt̄ sample to achieve consistency with acceptance and efficiency corrections.

The results from the unfolding procedure for the chosen variables, namely the trans-
verse momentum (pt,had

T ), rapidity of the hadronically decaying top quark (yt,had) and
cosine of the production angle of hadronically decaying top quark (cos θ∗t,had) and the
top anti-top quark pair invariant mass (Mtt̄), are shown in Fig. 6.7 and Fig. 6.8. The
unfolding results are compared with detector level spectra corrected for the acceptance
and efficiency to show the influence of the unfolding in the spectra in the top pad.
The ratio between the unfolded and particle level spectra from the statistically in-
dependent sample is shown in middle tab. The bottom part of each plot shows the
detector and unfolded significances, in general, the signal is stronger in the spectrum
before unfolding than in the unfolded spectrum. This phenomenon manifests over all
samples, topologies and variables, with exception for the cosine of the production angle
of hadronically decaying top quark spectrum in the boosted topology.

The unfolding results show good agreement in the ”closure” chi-squared test (χ2
tt̄+Z′

and χ2
tt̄+y0

), while the chi-squared test between unfolded and tt̄ shows non-negligible
influence of the signal. In general, the detector significance is higher in all studied spec-
tra of all variables in all samples and topologies. This is manly caused by the difference
between detector level spectra statistical uncertainty and width of the posteriors in the
unfolding procedure, which is larger roughly by factor of two and is discussed in the
next section.

6.5 Significance of the Signal and Influence of Un-

folding Procedure

The significance of the signal with respect to the tt̄ sample is evaluated on the de-
tector and unfolded levels by using formula from previous section 6.2. The uncertainty
of the significance is evaluated using 100 pseudoexperiments, which are unfolded after-
wards. Each pseudoexperiment spectrum is prepared from the admixture of spectra
entering the unfolding by smearing content in each bin by amount randomly picked
from the statistical uncertainty interval. The gaussian distribution function is used for
the random selection of the smearing value from the aforementioned interval. Exam-
ple of spectra of pseudoexperiments for the semi-boosted topology for the transverse
momentum of the hadronically decaying top quark pt,had

T and for the invariant mass of
the reconstructed top anti-top quark pair Mtt̄ are shown in Fig. 6.9, for the rapidity of
the hadronically decaying top quark yt,had and for the cosine of the production angle
of the hadronically decaying top quark cos θ∗t,had in Fig. 6.10.
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Figure 6.5: The acceptance and the efficiency for the two statistically independent tt̄
samples for the reconstructed hadronically decaying top quark transverse momentum
(pt,had

T , a)), the invariant mass of the reconstructed tt̄ system (Mtt̄, b)), for the rapidity
of the hadronically decaying top quark (yt,had, c)) and for the cosine of the production
angle of the hadronically decaying top quark (cos θ∗t,had, d)), all in the semi-boosted
topology. Indices 1 and 2 denote the two statistically independent samples.

79



0

10

20

30

40

50

60

70

80

90

100

M
ig

ra
tio

n 
[%

]

 [GeV] (detector level) t,had

T
p

 [G
eV

] (
pa

rt
ic

le
 le

ve
l)

t,h
ad

Tp

  70   26    3

   6   77   17

   8   88    4

  17   79    3

   2   17   74    6

   2    4    9   85

   0
   0

 150

 150

 200

 200

 300

 300

 400

 400

 500

 500

1000

1000

 = 0.93ρ 

0

10

20

30

40

50

60

70

80

90

100

M
ig

ra
tio

n 
[%

]

 [GeV] (detector level) 
tt

M

 [G
eV

] (
pa

rt
ic

le
 le

ve
l)

tt
M

  59   38    2

   3   82   14    1

  18   70   11    1

   1   23   65   10    1

   3   25   62   11

   1    3   20   70    6

   1    1   22   75

 300
 300

 400

 400

 550

 550

 650

 650

 750

 750

 850

 850

1050

1050

1300

1300

 = 0.93ρ 

a) b)

0

10

20

30

40

50

60

70

80

90

100

M
ig

ra
tio

n 
[%

]

 (detector level) 
t,had

y

 (
pa

rt
ic

le
 le

ve
l)

t,h
ad

y

  96    4

   1   96    3

   2   95    2

   3   95    2

   3   96    1

   6   94

-4.50
-4.50

-2.00

-2.00

-1.00

-1.00

0.00

0.00

1.00

1.00

2.00

2.00

4.50

4.50

 = 0.99ρ 

0

10

20

30

40

50

60

70

80

90

100

M
ig

ra
tio

n 
[%

]

 (detector level) 
t,had

*θcos

 (
pa

rt
ic

le
 le

ve
l)

t,h
ad

*θ
co

s

  93    7

   5   86    8

   7   84    8

   8   83    8

   8   86    5

   8   91

-1.00
-1.00

-0.60

-0.60

-0.30

-0.30

0.00

0.00

0.30

0.30

0.60

0.60

1.00

1.00

 = 0.98ρ 

c) d)

Figure 6.6: The migration matrices for the reconstructed transverse momentum of the
hadronically decaying top quark (pt,had

T , a)), invariant mass of tt̄ system (Mtt̄, b)), for
the rapidity of the hadronically decaying top quark yt,had, c)) and for the cosine of
the production angle of the hadronically decaying top quark (cos θ∗t,had, d)), all in the
semi-boosted topology. All matrices were derived from the tt̄ sample and used in the
unfolding procedure. The correlation factor ρ is calculated between the detector and
particle levels.
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Figure 6.7: Unfolding results for the transverse momentum of the hadronically de-
caying top quark pt,had

T (a), b)) and for the invariant mass of the reconstructed top
anti-top quark pair Mtt̄ (c), d)) for samples with mass of the hypothetical particle
MZ′ = 700 GeV (a), c)) and My0 = 700 GeV (b), d)) all in the semi-boosted topology.
The top part of each plot shows results unfolding on the admixture of spectra (black
full markers) compared with the particle level spectrum from statistically independent
sample (red) and with detector level spectrum from tt̄ sample (blue) corrected by the
acceptance and efficiency factors to achieve similar phase space. The hatched area
corresponds to the statistical uncertainty of the spectrum. The χ2

tt̄ test is performed
between tt̄ particle level spectrum and unfolded spectrum while χ2

tt̄+Z′ and χ2
tt̄+y0

are
performed between unfolded and tt̄ particle level spectrum with respective signal par-
ticle level addition (closure test). The middle part of each plot shows the ratio between
the unfolded spectrum and the particle level one from the statistically independent tt̄
sample only. The yellow bar area shows the statistical uncertainty of the particle level
spectra of the tt̄ sample. The bottom part of the plot shows comparison between the
unfolded (full markers, solid line) and the detector level (open markers, dashed line)
significances.
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Figure 6.8: Unfolding results for the rapidity of the hadronically decaying top quark
yt,had (a), b)) and for the cosine of the production angle of the hadronically decay-
ing top quark cos θ∗t,had (c), d)) for samples with mass of the hypothetical particle
MZ′ = 700 GeV (a), c)) and My0 = 700 GeV (b), d)) all in the semi-boosted topology.
The top part of each plot shows unfolding results on the admixture of spectra (black
full markers) compared with the particle level spectrum from statistically independent
sample (red) and with detector level spectrum from tt̄ sample (blue) corrected by the
acceptance and efficiency factors to achieve similar phase space. The hatched area
corresponds to the statistical uncertainty of the spectrum. The χ2

tt̄ test is performed
between tt̄ particle level spectrum and unfolded spectrum while χ2

tt̄+Z′ and χ2
tt̄+y0

are
performed between unfolded and tt̄ particle level spectrum with respective signal par-
ticle level addition (closure test). The middle part of each plot shows the ratio between
the unfolded spectrum and the particle level spectrum one from the statistically inde-
pendent tt̄ sample only. The yellow bar area shows the statistical uncertainty of the
particle level spectra of the tt̄ sample. The bottom part of the plot shows comparison
between the unfolded (full markers, solid line) and the detector level (open markers,
dashed line) significances.
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Figure 6.9: Spectra in pseudoexperiments for the evaluation of the unfolded significance
statistical uncertainty for the transverse momentum of the hadronically decaying top
quark pt,had

T (a), b)) and for the invariant mass of the reconstructed top anti-top quark
pair Mtt̄ (c), d)) for samples with mass of the hypothetical particle MZ′ = 700 GeV
(a), c)) and My0 = 700 GeV (b), d)), all in the semi-boosted topology.
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Figure 6.10: Spectra in pseudoexperiments for the evaluation of the unfolded signifi-
cance statistical uncertainty for the rapidity of the hadronically decaying top quark
yt,had (a), b)), for the cosine of the production angle of the hadronically decay-
ing top quark cos θ∗t,had (c), d)) and for the invariant mass of the reconstructed top
anti-top quark pair Mtt̄ (e), f)) for samples with mass of the hypothetical particle
MZ′ = 700 GeV (a), c), e)) and My0 = 700 GeV (b), d), f)), all in the semi-boosted
topology.
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Figure 6.11: Depiction of significances of unfolded pseudoexperiments for the transverse
momentum of the hadronically decaying top quark pt,had

T (a), b)) and for the invariant
mass of the reconstructed top anti-top quark pair Mtt̄ (c), d)) for samples with mass
of the hypothetical particle MZ′ = 700 GeV (a), c)) and My0 = 700 GeV (b), d)), all
in the semi-boosted topology.

Each pseudoexperiment results in a slightly different significance due to the smear-
ing of the spectrum, thus, calculated significances for each pseudoexperiment differ.
The distribution of significances in each bin is then fitted by a gaussian function and
width of this fit is considered as statistical uncertainty of the significance in each bin.
Distribution of the significances extracted from unfolded pseudoexperiments is shown
in Fig. 6.11 for the transverse momentum of the hadronically decaying top quark pt,had

T

and for the invariant mass of the reconstructed top anti-top quark pair Mtt̄ and in
Fig 6.12 for the the rapidity of the hadronically decaying top quark yt,had and cosine of
the production angle of the hadronically decaying top quark cos θ∗t,had, all in the semi-
boosted topology. An example of significances for samples with various hypothetical
particles masses are presented in Appendix B.

6.5.1 Results on Significance

The signal significances in the pt,had
T spectrum peaks at different values of pt,had

T

depending on the topology as the event selection in each topology biases the spectrum
and effectively selects different ranges in Mtt̄, too, both shown in Fig 6.13. On the
other hand, significance in the Mtt̄ spectrum peaks around the value of the generated
y0 mass or Z ′ mass of 700 GeV as expected, with a slight tail to lower values in the
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Figure 6.12: Depiction of significances of unfolded pseudoexperiments for the rapidity
of the hadronically decaying top quark yt,had (a), b)), for the cosine of the production
angle of the hadronically decaying top quark cos θ∗t,had (c), d)) and for the invariant
mass of the reconstructed top anti-top quark pair Mtt̄ (e), f)) for samples with mass of
the hypothetical particle MZ′ = 700 GeV (a), c), e)) and My0 = 700 GeV (b), d), f)),
all in the semi-boosted topology.
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Figure 6.13: The detector (open markers, dashed line) and unfolded (full markers, solid
line) significances for the transverse momentum of the hadronically decaying top quark
(pt,had

T , a), b)) and invariant mass of the reconstructed tt̄ pair (Mtt̄, c), d)) plotted
for all the topologies in each bin for samples with mass of the hypothetical particle
MZ′ = 700 GeV (a), c)) and My0 = 700 GeV (b), d)). The band defines the area where
the absolute value of the significance is below three, corresponding to the 3-σ interval.
The lower pads present the ratios of the unfolded over the detector level significances,
without uncertainties which are highly correlated.
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Figure 6.14: The detector (open markers, dashed line) and unfolded (full markers,
solid line) significances for the rapidity of the hadronically decaying top quark (yt,had,
a), b)) and the cosine of the production angle of the hadronically decaying top quark
(cos θ∗t,had, c), d)) plotted for all the topologies in each bin for samples with mass
of the hypothetical particle MZ′ = 700 GeV (a), c)) and My0 = 700 GeV (b), d)).
The band defines the area where the absolute value of the significance is below three,
corresponding to the 3-σ interval. The lower pads present the ratios of the unfolded
over the detector level significances, without uncertainties which are highly correlated.
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resolved topology which is the least suitable one to reconstruct a resonance of such
a large mass. In contrast, the yt,had and the cos θ∗t,had signal significance is very flat
also for the signal sample and there is no clear isolated excess of signal events in this
spectrum, with the exception of the boosted topology which selects, by construction,
high-pT large jets and thus also top quarks, consequently more localized in the central
rapidity region, producing a peak around zero, both shown in Fig 6.14.

The four selected spectra are thus good candidate observables to illustrate different
behavior and spread of significances over bins, also presenting a selection of observables
of a dimension of energy as well as dimensionless (angular). The binned significances
are in general lower after the unfolding, for which an explicit proof is delivered by this
study. The cause of this is as follows.

While a sharper spectrum may be recovered by unfolding, the procedure in general
correlates information among bins by maximizing a likelihood function in case of FBU,
or minimizing (possibly modified and regularized) χ2 or iterating and sequentially
improving the result for the case of other methods. An increase in the correlation across
bins of the unfolded spectrum is a known and important fact and a correlation matrix
should preferably be published along with unfolded spectra from real experiments, as
done e.g. in [106, 107] where a correlation matrix between the observables was also
evaluated. We observe that in case of the FBU method the posteriors variance usually
increases, leading to larger absolute as well as relative uncertainties of the unfolded
spectrum w.r.t. the particle level one. This effectively decreases the significance of the
observed signal excess. An increase of the statistical uncertainties with the number of
iterations in case of the Iterative Bayesian Unfolding [105] was also reported by other
analyses [108]. We note that in our case the BSM signal significances decrease by
20–40%.
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Conclusions

The results of the tt̄ spectra shapes, their resolution and hypothetical BSM sig-
nal significance studies in the ` + jets channel on simulated signal and background
samples were presented in this work. The selection criteria are chosen as close to
the real analyses as possible corresponding to the ATLAS top working group analysis,
thus, the mutual comparison is possible. The addition of the semi-boosted and semi-
boosted mixed topology enhances yields between 20% and 50% in the tt̄ mass range
from 500 GeV to 1000 GeV. The resolution of the reconstructed tt̄ mass peak at the de-
tector level in the semi-boosted topology is comparable with the resolution for boosted
and resolved topology. The semi-boosted mixed topology has slightly worse resolution,
roughly by 50%. The results of the unfolding procedure on the tt̄ sample corresponds
well to the simulated particle level in closure tests as well as with the addition of the
weighted background samples and hypothetical Z ′ and y0 particles signal samples. The
strength of the signal quantified by the significance is well visible after the unfolding
in the admixture of the tt̄, background and the hypothetical particle sample. How-
ever, the significance is diminished by the unfolding procedure for spectra of transverse
momentum of hadronically decaying top quark, reconstructed top anti-top quark mass
and production angle with the exception for angular variables in the boosted topology.
Namely, the cosine of the production angle and the rapidity show only a small gap
between the detector and unfolded significances for both hypothetical particles. This
phenomenon is not visible for other topologies in samples, where these topologies have
dominant fraction of events, for example in the sample with mZ′ = 700 GeV for the
semi-boosted topology. The explanation lies in the ingredients of the unfolding proce-
dure, where the migration matrix of the angular variables is diagonal and the events
does not migrate in large numbers between the bins. The width of the posterior in
unfolding in the studied bin is then smaller, which leads to the lesser diminishing of
the signal. Unfolding procedure also strengthens the peak in spectra and combination
of those two factors may lead to the higher significance at the unfolded level for the
cosine of the production angle. This quantification of the significance of the signal
before and after unfolding is, to our knowledge, fully demonstrated for the first time
in this study. The unfolded spectra results still show sensitivity to the presence of the
possible BSM signal is the tt̄ spectrum.

The author exploited experience gained during the qualification task focused on the
JES corrections preparation, which leaded to the internal note on which the article [92]
was based, and from contribution to the analysis in measurement of the normalized
differential cross-section of the tt̄ pair in `+ jets channel, which was later published [47].
The private analysis results were also published, but only for the scalar hypothetical
particle y0 [109].
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Paterson, F. M. Pierre, T. P. Pun, P. A. Rapidis, B. Richter, B. Sadoulet, R. F.
Schwitters, W. Tanenbaum, G. H. Trilling, F. Vannucci, J. S. Whitaker, F. C.
Winkelmann, and J. E. Wiss. Evidence for anomalous lepton production in
e+ − e− annihilation. Phys. Rev. Lett., 35:1489–1492, Dec 1975.

[35] CDF experiment collaboration. Observation of top quark production in p̄p colli-
sions with the collider detector at fermilab. Phys. Rev. Lett., 74:2626–2631, Apr
1995.

[36] D0 Experment Collaboration. Observation of the top quark. Phys. Rev. Lett.,
74:2632–2637, Apr 1995.

[37] G. Aad et al. Observation of a new particle in the search for the standard model
higgs boson with the atlas detector at the lhc. Physics Letters B, 716(1):1–29,
2012.

[38] S. Chatrchyan et al. Observation of a new boson at a mass of 125 gev with the
cms experiment at the lhc. Physics Letters B, 716(1):30–61, 2012.

[39] Stephen P. Martin. A Supersymmetry primer. Adv. Ser. Direct. High Energy
Phys., 18:1–98, 1998.

[40] Katrin Becker, Melanie Becker, and John H. Schwarz. String Theory and M-
Theory: A Modern Introduction. Cambridge University Press, 2006.

[41] Florian Goertz. Composite Higgs theory. PoS, ALPS2018:012, 2018.

[42] Wikimedia Commons. File:standard model of elementary particles.svg — wiki-
media commons, the free media repository, 2022. [Online; accessed 18-December-
2022].

[43] Combination of ATLAS and CMS results on the mass of the top quark using up
to 4.9 inverse femtobarns of data. 2013.

[44] R. L. Workman and Others. Review of Particle Physics. PTEP, 2022:083C01,
2022.

[45] Giuseppe Degrassi, Stefano Di Vita, Joan Elias-Miró, José R. Espinosa, Gian F.
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Appendix A

Top Anti-top Quark Pair Invariant
Mass Control Plots

The combined spectra of the reconstructed tt̄ pair invariant mass (mtt̄) are shown
in this appendix for samples with different hypothetical particles mass and different
topologies are shown for the illustration of the private analysis performance on other
samples. Spectra are weighted to the luminosity of the tt̄ sample, see details in sec-
tion 4.1, with additional signal scaling as described in section 6.2 and the signal pres-
ence corresponds to the fractions shown in Fig. 5.27. The spectra for the mass of the
hypothetical particle MZ′/y0 = 500 GeV are shown in Fig. A.1 for the resolved and
semi-boosted mixed topology and in Fig. A.2 for the semi-boosted and boosted topol-
ogy. Similarly, spectra for the mass MZ′/y0 = 600 GeV are shown in Fig. A.3 and in
Fig. A.4, for the mass MZ′/y0 = 700 GeV in Fig. A.5 and in Fig. A.6, for the mass
MZ′/y0 = 800 GeV in Fig. A.7 and in Fig. A.8, for the mass MZ′/y0 = 900 GeV in
Fig. A.9 and in Fig. A.10 and for the mass MZ′/y0 = 1000 GeV in Fig. A.11 and in
Fig. A.12.
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Figure A.1: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 500 GeV (top row) and with My0 = 500 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.2: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the sig-
nal sample with MZ′ = 500 GeV (top row) and with My0 = 500 GeV (bottom row), all
samples are weighted on the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).
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Figure A.3: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 600 GeV (top row) and with My0 = 600 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.4: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the sig-
nal sample with MZ′ = 600 GeV (top row) and with My0 = 600 GeV (bottom row), all
samples are weighted on the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).

105



0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

16000

18000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

MG5 Simulation, Detector level

 = 700 GeVZ'M

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

8000

9000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeVZ'M

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

200

400

600

800

1000

1200

1400

1600

1800

N
um

be
r 

of
 e

ve
nt

s

5
Z', SF=10
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

MG5 Simulation, Detector level

 = 700 GeVZ'M

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

a) b)

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

16000

18000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

N
um

be
r 

of
 e

ve
nt

s

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

MG5 Simulation, Detector level

 = 700 GeV
0

yM

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

1000

2000

3000

4000

5000

6000

7000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

2000

4000

6000

8000

10000

12000

14000

N
um

be
r 

of
 e

ve
nt

s

MG5 Simulation, Particle level

 = 700 GeV
0

yM

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

0 200 400 600 800 1000 1200 1400
 [GeV]rec_sysm

200

400

600

800

1000

1200

1400

1600

1800

2000

N
um

be
r 

of
 e

ve
nt

s

, SF=300
0

y
, SF=1tt

Wbb, SF=1
WWbb, SF=1
Pseudodata

MG5 Simulation, Detector level

 = 700 GeV
0

yM

0 200 400 600 800 1000 1200 1400
 [GeV]

tt
M

1

1.5

2

R
at

io
 w

. r
. t

. o
th

er
 h

al
f

c) d)

Figure A.5: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 700 GeV (top row) and with My0 = 700 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.6: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the sig-
nal sample with MZ′ = 700 GeV (top row) and with My0 = 700 GeV (bottom row), all
samples are weighted on the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).
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Figure A.7: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 800 GeV (top row) and with My0 = 800 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.8: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the sig-
nal sample with MZ′ = 800 GeV (top row) and with My0 = 800 GeV (bottom row), all
samples are weighted on the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).
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Figure A.9: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 900 GeV (top row) and with My0 = 900 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.10: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the sig-
nal sample with MZ′ = 900 GeV (top row) and with My0 = 900 GeV (bottom row), all
samples are weighted on the luminosity of the tt̄ sample for comparison purposes. The
pseudodata denotes the combined spectrum from statistically independent samples.
Bottom part of each plot shows the ratio between pseudodata and combined spectrum
(full markers) and ratio between combined spectrum with and without the addition of
the hypothetical particle signal (open markers).
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Figure A.11: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for resolved (a), c)) and semi-boosted mixed topology (b),
d)) and particle levels (bottom row) after the application of the selection conditions for
the signal sample with MZ′ = 1000 GeV (top row) and with My0 = 1000 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Figure A.12: Combined spectrum of the reconstructed invariant tt̄ pair mass spectra
(mtt̄) at the detector level for semi-boosted (a), c)) and boosted topology (b), d)) and
particle levels (bottom row) after the application of the selection conditions for the
signal sample with MZ′ = 1000 GeV (top row) and with My0 = 1000 GeV (bottom
row), all samples are weighted on the luminosity of the tt̄ sample for comparison pur-
poses. The pseudodata denotes the combined spectrum from statistically independent
samples. Bottom part of each plot shows the ratio between pseudodata and combined
spectrum (full markers) and ratio between combined spectrum with and without the
addition of the hypothetical particle signal (open markers).
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Appendix B

Top Anti-top Quark Pair Invariant
Mass Significances

Significances of the hypothetical particles Z ′ and y0 signal are presented here for
the reconstructed tt̄ invariant mass spectra. Significances corresponds to the unfolded
spectra from Appendix A and illustrates the performance of the unfolding and its
influence on the hypothetical particle signal strength. Resulting significances for hy-
pothetical particle masses MZ′/y0 = 500 GeV and MZ′/y0 = 600 GeV are shown in
Fig. B.1, for masses MZ′/y0 = 700 GeV and MZ′/y0 = 800 GeV in Fig. B.2 and for
masses MZ′/y0 = 900 GeV and MZ′/y0 = 1000 GeV in Fig. B.2.
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Figure B.1: The detector (open markers, dashed line) and unfolded (full markers, solid
line) significances for the invariant mass of the reconstructed tt̄ pair (Mtt̄) for samples
with MZ′ = 500 GeV a) and My0 = 500 GeV b) and for samples with MZ′ = 600 GeV
c) and My0 = 600 GeV d), plotted for all the topologies in each bin. The band defines
the area where the absolute value of the significance is below three, corresponding to
the 3-σ interval. The lower pads present the ratios of the unfolded over the detector
level significances, without uncertainties which are highly correlated.
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Figure B.2: The detector (open markers, dashed line) and unfolded (full markers, solid
line) significances for the invariant mass of the reconstructed tt̄ pair (Mtt̄) for samples
with MZ′ = 700 GeV a) and My0 = 700 GeV b) and for samples with MZ′ = 800 GeV
c) and My0 = 800 GeV d), plotted for all the topologies in each bin. The band defines
the area where the absolute value of the significance is below three, corresponding to
the 3-σ interval. The lower pads present the ratios of the unfolded over the detector
level significances, without uncertainties which are highly correlated.
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Figure B.3: The detector (open markers, dashed line) and unfolded (full markers, solid
line) significances for the invariant mass of the reconstructed tt̄ pair (Mtt̄) for samples
with MZ′ = 900 GeV a) and My0 = 900 GeV b) and for samples with MZ′ = 1000 GeV
c) and My0 = 1000 GeV d), plotted for all the topologies in each bin. The band defines
the area where the absolute value of the significance is below three, corresponding to
the 3-σ interval. The lower pads present the ratios of the unfolded over the detector
level significances, without uncertainties which are highly correlated.
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