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Abstract

The search for the hypothetical W′ boson that decays to the top-

quarks and bottom-quarks is conducted using the full run 2 data,

which was collected by the ATLAS detector at the Large Hadron Col-

lider (LHC). This hypothetical W′ boson is reconstructed through its

decay products. Hence, this study seek to improve the reconstruc-

tion of the top-quark by devising a method that selects top-quark jet

candidates from large-radius jets (large-R jet) in an event. Several

methods are tested to quantify which one selects more large-R jets

that are true top-quark jets in a signal sample. Through this study

a method that successfully selected more true top-quark jets was de-

vised. The current simulated signal samples are generated using a

Geant4 based full simulation, which needs a significant amount of re-

sources to produce. The results that are obtained using the simplified

fast simulation are tested if they are similar to the full simulation

results, this is done by comparing the modelling of the large-radius

jet substructure variables. This study shows that the fast simulation

poorly models some of the large-R jet substructures variables.
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Introduction

Elementary particle physics is a subject that investigates the basic constituents

of matter and how they interact with each other. The concept of particles such as

the proton [2], neutron [3], and electron [4] was established by many experiments

in the early 20th century. The discovery of new particles thereafter led to the

introduction of the quark model [5], which describes a class of particles as the

bound states of quarks and gluons.

The formulation of the Standard Model (SM) was a result of the theoretical

successes and experimental observations, it provides the description of the fun-

damental particles and their interactions based on quantum field theory (QFT).

The SM is considered a successful theory as many experimental measurements

agree with its predictions.

The discovery of the Higgs boson [6],[7] in 2012 by the ATLAS (A Toroidal LHC

Apparatus) and CMS (Compact Muon Solenoid) experiments at the LHC was

the last piece of the SM that had been missing. Even though the discovery of

the Higgs boson had completed the SM, the SM still falls short in explaining

phenomenons such as dark matter, gravity, and neutrino mass. This has led to

the development of a several extensions to the SM that seek to describe these

unexplained phenomenons.

There are many theories that propose the physics beyond standard model. One

class of these theories include the additional heavy gauge bosons. These new heavy

gauge bosons that are predicted are usually called the W′ and the Z′ bosons (or

W-prime and Z-prime bosons respectively) which have a similar decay modes to

the gauge bosons of the standard model the W and the Z bosons. These newly

proposed heavy gauge bosons are thought to be heavier than their standard model

counterparts the W and Z bosons [8], [9], [10].

One of many experiments that probe the SM and beyond is the Large Hadron
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Collider (LHC), which is located at CERN in the border of Switzerland, Geneva

and France. Proton-proton collisions at high energies can produce an observable

number of rare new particles, which can be searched for.

The studies that are presented by this thesis were all focussed on assessing the

sensitivity of the W′ search. The results of these studies will be implemented on

real data which was collected from the ATLAS detector.

The SM of particles is discussed in detail in chapter 1, chapter 2 describes the

ATLAS detector and jet reconstruction, and chapter 3 presents the results of the

studies and the last chapter is the conclusion.
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Chapter 1

The Standard Model of

particles (SM)

The description of all the elementary particles and their interaction in SM is de-

picted as quantum fields with degrees of freedom as many as the types and states

of different particles. This explains why the same particles are indistinguishable

as they are simply excitation of the same field [11].

Leptons, quarks, gauge bosons, gluons and the Higgs boson are the particles of

the SM. These particles are usually represented by the Lorentz group and the

internal symmetry group of the SM. The SM particles and its interactions can be

represented by the SM Lagrangian which is stated as follows:

L = −1

4
FµνF

µν + iψ̄ /Dψ + ψiyijψjφ+ h.c+ |Dµφ|2 − V (φ). (1.1)

Equation 1.1 shows the SU(3)C×SU(2)L× U(1)Y symmetry terms. The Fµν in

the first is the electromagnetic field tensor, it also represents the field strength

tensor of gluon fields in quantum chromodynamics (QCD). Following are the

spinors (ψ) that represent the fermions and need the use of the gauge covariant
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derivative D. The /D is the Feynman slashed notation which is used to show the

contraction with a gamma matrix (γ). The h.c term is the hermitian conjugate

that needs to be included to take into account the anti-particles. The yij is the

Yukawa coupling which gives the chiral fermions mass. The scalar field ψ is con-

structed using the covariant derivative, while the V (ψ) the Higgs field potential

is subtracted [12].

The SU(3)C group represents the strong force which acts on the colour charge

C. The SU(2)L×U(1)Y group represents the electro-weak that acts on the weak

hypercharge Y and the left-handed fermions (L) with a weak isospin T3 /=0. This

theory incorporates a variety of particles that are presented below [12].
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Figure 1.1: Shows the particles that are described by SM, with the first column, second
column and the third column representing the first, second and third generation of
particles respectively, which are all fermions. After the third column it is the bosons
that are shown. The mass, charge, colour and spin of the particle is also shown in the
respective particles. Adapted from [13]

All fermions have half-integer spin, while the bosons carry integer spins. Up to

now, it is known that the basic constituents of matter are made up of fermions,

which then interact with each other via exchange of gauge bosons. It is important

to note that this exchange of gauge bosons can only occur to fermions that carry

the same charge. In all interactions the charges are quantized and conserved,

including coupling constants, they determine the strength of the interaction. The

Higgs boson is the only known spin-0 scalar boson and all the massive SM particles

interact with it [14].
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Fermions All fermions have antiparticles, these antiparticles share a few prop-

erties with the fermions such as mass, but have opposite quantum numbers,

although they also have half integer spins [11].

Fermionic group is made up of six quarks and six leptons as seen in Figure 1.1.

The mass of fermions is the only difference between the particles in different

generations. Fermions in higher generations can decay to fermions at lower gen-

erations, this implies that the particles in higher generations are unstable. Matter

is made up of first generation particles [11].

The leptons are charged, and have a corresponding partner, the neutrino that is

electrically neutral. In the first generation there is an electron (e) and its cor-

responding electron neutrino (νe), in the second generation there is a muon (µ)

with its corresponding muon neutrino (νµ) and the third and last generation of

leptons is the tau (τ) also with its tau neutrino (ντ ) [11].

The property that distinguishes quarks and leptons is the colour charge, leptons

do not have any colour charge while the quarks do have the colour charge. This

property of quarks has a consequence which will be seen in the upcoming chap-

ters. The electrical charge of quarks is +2/3 and −1/3 which corresponds to

the up-type and down-type quarks respectively, these types are found in each

generation of quarks . In the first generation, there is up (u) quark with +2/3

electric charge and the down (d) quark with a −1/3 electric charge, the second

generation consisted of the charm (c) and the strange (s) quark while in the third

generation the top (t) and bottom (b) quark [11].

The weak isospin characterizes all the fermions, which is ±1/2 for all the left-

handed fermions. The weak isospin doublet is for the charged leptons with their

neutrinos in each generation. The zero weak isospin singlets describe all the right-
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handed charged leptons, it is noticeable that the right-handed charged leptons

are not coupled to neutrinos. The parity-violation of the weak interaction is in-

troduced due to this singlets and doublets nature of leptons, which then implies

that there is only couplings of the weak interactions and the left-handed fermions

[11].

Bosons It was in the 1950s where the gauge theory was constructed to describe

the interactions in the SM. The interaction between a force carrier and particle

can be understood as force. The massless gauge bosons (Photons (γ)) are the

force carriers in the quantum electrodynamic (QED) interactions. The interaction

of relativistic particles through the electromagnetic force is explained by the QED

[11].

Glashow, Salam, and Weinberg formulated a theory that unified the electromag-

netic and the weak force into a single consistent theory [8],[15]. They managed to

develop this theory based on the concepts of QED. The unified theory is founded

on the combined symmetry group SU(2)L× U(1)Y [8],[15]. The single gauge bo-

son that is denoted by B arises from the symmetry group U(1)Y . Generalizing

the single electromagnetic gauge field Aµ are the three independent gauge fields

(Wµ = Wµ
1 , Wµ

2 , Wµ
3) called the SU(2)L gauge fields [16]. The basic electroweak

interaction is given as:

−ig(J i)µW i
µ − i

g′

2
(jY )µBµ (1.2)

Where the vector fields Wi
µ are coupled with strength g to the weak isospin

current Jiµ, together with the single vector field Bµ that is coupled to the weak

hypercharge current jiµ with the strength generally considered to be g′

2
[11].
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The fields are given as W± =
√

1
2
(W 1 ∓ iW 2) with the mixing of

 γ

Z

 =

 cosθW sinθW

−sinθW cosθW

 .

 B

W 3

 (1.3)

where θW is the weak mixing Weinberg angle.

The strength of the electromagnetic interaction e is related to the weak interaction

strength g through e = gsinθW . The weak isospin T3 and the weak hypercharge

Y determines the electric charge Q as follows:

Q = T3 +
Y

2
, (1.4)

From above, the photon that is described by the QED couples with the elec-

tric charge. The weak isospin couples with the two electrically charged bosons

W±. The Z boson couples to electric charge and the weak isospin with different

strengths. The weak gauge bosons can interact with each other directly since

they are themselves weakly charged. The photon can also interact with the W±

since it is electrically charged. The W± boson has a mass of 80.4 GeV and the Z

boson also has a mass of 90.2 GeV [11].

The Quantum Chromodynamics (QCD) [17] is the theory that describes the

strong interaction. Eight massless gluons arise due to the symmetry group

SU(3)C , they couple with all particles that carry colour charge, this also mean

that gluons can couple with each other. Red, blue, and green are the states that

are used to denote the colour charge. The aforementioned colours do not relate

to the colours that we use in our daily lives. The confinement and asymptotic

freedom are phenomenon that are a consequence of the fact that gluons are mass-

less and can couple with each other [11].
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Confinement describes the fact that the quarks can not be observed in isolation,

they can exclusively be observed in colour-neutral bound states such as baryons

or mesons. The baryons contain three quarks and form a colour-neutral state,

while mesons are made of one quark and its anti-quark to form a colour-neutral

state [11].

This implies that the coupling strength of the strong interaction will tend to

increase with increasing distance. It is concluded that coloured objects do not

favour separation, to conserve colour charge. If they are being separated, energet-

ically they generate new coloured particles until a colour-neutral state has been

achieved. The asymptotic freedom describes that at small distances, the strong

coupling is also small, while the coloured objects will behave as free objects with

regards to the strong interaction [11].

1.1 The Higgs boson

Symmetry has an important role that they play in particle physics. From Noether’s

theorem all the theoretical symmetries have a conserved current associated with

them [1]. Table 1.1 below shows a few examples of symmetries and their conserved

quantities that appear in particle physics.

Symmetry Conservative law
Time translation Energy
Space translation Momentum

Rotation Angular momentum
Gauge tranformation Charge

Table 1.1: Shows the relation between symmetries and conservation laws [1].
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To give masses to the W and Z bosons the electroweak (EW) symmetry, the uni-

fication of electromagnetism and the weak force must be broken [18],[19]. The

so-called Brout-Englert-Higgs mechanism is the simplest approach to introduce

the spontaneous symmetry breaking, which is generally known as the Higgs mech-

anism. The single complex scalar field φ = |φ|eiθ is the simplest model of the

spontaneous U(1) symmetry breaking [11]. where its gauge-invariant potential

field is described by V (φ) = µ2(φ†φ) + λ(φ†φ)2 = µ2|φ|2 + λ|φ|4. The continuous

minimum of this potential is described by |φ|min =
√
−µ2
2λ

= ν, which is indepen-

dent of the phase θ. The choice of the angle θ by nature breaks the symmetry

spontaneously. ν is the vacuum value or vacuum expectation value (vev) [20].

The potential of the vacuum state is φ = 1√
2

 0

ν

 which breaks the SU(2)L×U(1)Y

symmetry spontaneous of the electro-weak model. The field can be expanded in

the radial direction with the parametrization

φ =
1√
2

 0

ν +H(x)

 (1.5)

Where H is a physical scalar field, with its quantum excitations as the Higgs

boson, with its mass term given as mH =
√

2µ [20]. The Higgs boson generates

masses for the W and the Z bosons as they couple to the Higgs field. Their

masses are given as follows: mW = 0.5gν, mZ = mW/cosθW . The Higgs boson

also provides fermion mass (mf ) that are consistent with the theory. The Yukawa

couplings are used to generate the mf = yf
ν√
2

terms, where yf is a constant whose

value is not predicted by the theory [11].
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1.2 Success and limitations of the SM

The SM has been very successful ever since its inception. It predicted several

particles, interaction, and rates with high precision. Some of the particles and

interactions that have been observed completed all the three generations of par-

ticles and all the predicted interactions have also been observed. All the massive

SM particles acquire their mass through their interaction with the Higgs boson

[11].

Despite the successes of the SM, it is considered as an incomplete theory since it

does not explain a number of the observations such as:

Gravity: The SM does not include gravity. Even though the gravitational in-

teractions are very small but they are present in nature and a theory that does

not include gravity cannot be considered complete [11].

Dark Matter and Dark Energy: There have been many astronomical obser-

vations that show that the ordinary matter and the energy content of the universe

which is described by SM is about 5% [21], [22]. These observations also show

that there is about 27% unknown kind of matter, which is referred to as dark

matter. The rotation curves of galaxies show direct evidence of dark matter [23].

The so-called Dark Energy is a concept that is deducted from the remaining en-

ergy content of the universe. It is believed that the expansion of the universe is

due to this energy [24].

Matter-anti-matter asymmetry: The SM postulates that matter and anti-

matter should have been produced in almost equal amounts during the creation

of the universe [25]. Although this conclusion is not in line with what we observe

in the world, the only explanation this asymmetry in the world could be due to a

possibility of regions in the universe where there is only domination of matter or

anti-matter. This possibility is not supported by the recent research as it is not

likely that these regions exist [26].

11



1.3 The W′ and Z′ in SM extensions

The incompleteness of the SM has led to some SM extensions that attempt to

explain certain features of the universe that are not fully described by the SM.

Several SM extensions include enhanced symmetries that predict these new heavy

W′ or Z′ gauge bosons. These new heavy gauge bosons are considered to be the

versions of SM W and Z bosons that are heavier. These gauge bosons are pre-

dicted to couple with the fermions in a way that is identical to SM W and Z

bosons [27].There are a number of models that predict these new heavy gauge

bosons such as the Sequential Standard Model (SSM)[27], Left-Right Symmetric

Models (LRSM) [28],[29].
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Chapter 2

The ATLAS detector at the

Large Hadron Collider

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [30] is a particle accelerator that lies in a

circular tunnel with a circumference of about 27 km, 50-175 m underground. The

LHC is located at the border of Switzerland and France. It is governed by the

European Organization for Nuclear Research (CERN) which is based just outside

Geneva, Switzerland. The LHC is constructed in the tunnels that were previously

used for the Large Electron Positron (LEP) collider. There are two beam pipes at

the LHC at which two beams of particles are injected into, in opposite directions in

a vacuum. The particles that can be accelerated are heavy ions or protons [31]. At

the interaction points, there are four detectors in the LHC: A Large Ion Collider

Experiment (ALICE), A Toroidal LHC Apparatus (ATLAS) [32], Compact Muon

Solenoid (CMS), and lastly the Large Hadron Collider beauty (LHCb). The

physics studied by these experiments is different. ATLAS and CMS experiments

investigates a variety of SM and beyond SM physics. The primary objective
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of the LHCb experiment is to investigate the b-quark physics and the Charge

Parity (CP) violation. The ALICE experiment is designed to investigate the

quark-gluon plasma through heavy-ion collisions [33].

Energy of the Beam The linear acceleration of the LHC is provided by eight

superconducting radio-frequency cavities, while the 1232 superconducting dipole

magnets maintain the circular path of the beam. About 8.3 T of the magnetic

field is generated by the dipole magnets, with the liquid helium at 1.9 K used for

cooling the niobium-titanium wires that are used. The additional 392 quadrupole

magnets focus the beams. The beam pipes intersect at four points [31].

For particles to reach the maximum energy of the LHC there are several stages of

acceleration that are needed. The CERN accelerator complex is shown by Fig.2.1.

The LINAC 2 linear accelerator is the protons that are initially produced through

ionization of the hydrogen, to the energy of 50 MeV. From the LINAC 2, these

protons are injected to the Proton Synchrotron Booster (PSB) then accelerated

to about 1.4 GeV of energy, then passed to the Proton Synchroton (PS) to be

accelerated to an energy of about 25 GeV, then they are accelerated to the energy

of 450 GeV by the Super Proton Synchrotron (SPS). Particles from SPS are finally

injected to the LHC ring that continues to accelerate them to the beam energy

of 6.5 TeV [33].
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Figure 2.1: Shows the schematic diagram of the LHC, adapted from [34]

Luminosity The instantaneous Luminosity L is another important parameter

apart from the beam energy. The L is related to the rate of collisions R as follows:

R = σL, with σ as the cross-section of the proton-proton collisions. The L is

defined as follows:

L =
n2
pnbf

4πσxσy
, (2.1)

np represents the number of protons per bunch, a number of bunches are repre-

sented by nb, f is the revolution frequency, while the spreading of the beam in the

beam transverse plane at the interaction points is represented by σx and σy. The

amount of collisions produced by the LHC or which is recorded by an experiment

is usually represented by the integral of L for a certain period of time [31].
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2.2 The ATLAS detector

The ATLAS detector is built in one of the four interactions points of the LHC, it

serves as a multiple-purpose particle detector. The ATLAS detector is designed

such that it is symmetric about the direction of the beam. It is made up of the

inner tracking detector, the thin superconducting solenoid that is surrounding it,

the electromagnetic and hadronic calorimeters, and the three large superconduct-

ing toroidal magnet systems that incorporate the muon spectrometer [31].

2.2.1 An overview of the coordinate system

The nominal interaction point is the origin of the ATLAS coordinate system, with

z-axis defined along the beam direction, and the transverse to the beam direction

defines the x-y plane [32]. In spherical coordinates it is mapped as follows: the

azimuthal angle φ is defined on the transverse plane that is identified by x-y

plane, at the range of -π to π. The quantity measured from the z-axis is the polar

angle θ but is generally expressed in terms of the pseudorapidity

η = −ln(tan(θ/2)). (2.2)

Pseudorapidity of a massless particle is equal equivalent to rapidity which is

defined as

y =
1

2
ln(

E + pz
E − pz

), (2.3)

rapidity is also used for massless particles such as photons. In the rapidity defini-

tion, E is the energy of the particle and its longitudinal momentum is represented

by pz. Rapidity is invariant under Lorentz boosts, while the polar θ is not [31].

To measure the distance between two four-vectors in the η - φ plane is done by
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the ∆R variable which is calculated as

∆R =
√

∆η2 + ∆φ2. (2.4)

The transverse momentum (pT ) of the particle is calculated as

pT =
√
p2x + p2y, (2.5)

which is the projection of the particle’s momentum vector in the transverse plane.

The transverse energy of the particle is calculated as

E2
T = p2T +m2, (2.6)

where ET is transverse energy. At the first approximation, the momentum of the

incoming parton is only directed along the z-axis, that implies that the transverse

momenta of the outgoing particles must add up to zero unless there are some

particles that are not detected by the detector [31]. The quantity

| #»Pmiss| = −
∑
i

#»

P T,i, (2.7)

is called the missing transverse momentum, it can be used to estimate the vec-

tor sum of transverse momenta of undetected particles. The missing transverse

energy is defined as Emiss
T = | #»Pmiss| [31].
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Figure 2.2: Shows the overview of the ATLAS detector and its sub-detectors, which in
total weighs 7000 tonnes, adapted from [32]

2.2.2 The tracking system

To attain good momentum and vertex resolution, the tracking detector needs

to have a fine granularity. These features are offered by the pixel and silicon

micro-strip (SCT) trackers that work with the straw tubes of the Transition

Radiation Tracker (TRT). The tracker measures the curved trajectories of the

charged particles such that their momenta can be determined [32]. The ID layout

is shown by Figure 2.3 below.
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Figure 2.3: Shows the overview of the ATLAS inner detector, adapted from [32]

A magnetic field of 2 T which is generated by the central solenoid surrounds the

ID, it extends to a length of about 5.3 m in a diameter of 2.5 m. About |η| < 2.5

region is covered by the precision tracking detectors, the pixels and the SCT.

They can be found in the barrel region where they are arranged on concentric

cylinders around the beam axis, in the end-cap regions they are found on disks

that are perpendicular to the beam axis. The silicon pixel detectors are used to

achieve the highest granularity around the vertex region. The three-pixel layers

crossed by each track are segmented in the R − φ and z coordinates. The pixel

sensors have a minimum size of 50×400 µm2 in the R − φ × z. In the barrel,

there are intrinsic accuracies of 10µm in R − φ and 115 µm in the z-axis, while

the disks and the intrinsic sensors are 10µm in R− φ [32].
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2.2.3 Calorimeters

The electromagnetic (EM) and hadronic calorimeters measure the energy of all

the particles that are produced in a collision event, apart from the muons and

neutrinos. Figure 2.4 shows the calorimeters as they span |η| < 4.9 region. The

calorimeters use several techniques that are suited for the different physics pro-

cesses and for the radiation environment over this η range. For the η region that

matches the inner detector, the precision measurements of electrons and photons

suit the fine granularity of the EM calorimeter. The rest of the calorimeter’s

coarser granularity is enough to satisfy the physics requirements for the jet re-

construction and the Emiss
T measurements [32].

This makes the depth of the calorimeter an important design consideration. The

EM calorimeter has a total thickness that is greater than 22 radiation lengths (Xo)

in the barrel and a thickness that is greater than 24 Xo in the end-caps. A good

resolution for high-energy jets is provided by the approximate 9.7 interaction

lengths (λ) of the calorimeter in the barrel.
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Figure 2.4: Shows the calorimeter system of the ATLAS detector with its essential
components, adapted from [32]

2.2.4 The trigger system

The LHC has the instantaneous luminosity of 1034 cm−2s−1 with a bunch spacing

25 ns, this result to an average number of interactions to be about 23 per bunch-

crossing, this corresponds to 109 interactions per second. Hence there is a need

to use a triggering system that is selective. The main objective of the Trigger

and Data Acquisition (TDAQ) system [32] is to decrease this rate to be ∼1 kHz,

this is achieved by storing data that result from high energy events that are

considered to be rare as these events may contain interesting physics. In Run-II,

the trigger system was operated using an online two trigger systems that were

tied together, the trigger system consisted of the Level 1 (L1) and the Higher

Level Trigger (HLT), the events stored had to meet demanding criteria in the

trigger system. The first level trigger (L1) is hardware-based, it depends on the

calorimeters (Calo) and the muon spectrometer (Muon) to determine interesting
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physics events, as shown by Figure 2.5. The TDAQ manages the flow of data

in the online tiers, all the events that meet the minimum requirements are then

passed into data streams that cater for offline physics analysis, the trigger level

analysis and the detector calibration. It is at this point where all the objects

that do not meet the requirements are discarded completely. The computing

infrastructure is used in order to reconstruct the data from the streams into

information that can be used.

Figure 2.5: Shows the sketch of the ATLAS trigger system and its TDAQ system,
adapted from [35]

2.2.5 Data processing

At the CERN computing facility, it is where the data that is recorded from

the ATLAS detector is sent to. The Event Summary Data (ESD) format is
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encoded from the raw data after being processed. It is then that these files will

be sent to the LHC computing Grid [32], which is a cluster of computers that is

in the world-wide network. These ESD files are processed further and broken into

smaller Analysis Object Data files (xAOD), these files help to keep information

depending on the individual analysis as to which specific physics objects are

important. A large fraction of the information of an event is kept in the xAOD

for data and simulated events. Generally, the xAOD datasets of simulated events

are as large as tens of TB. There is a need for a reduction step which is called

derivation which is performed by large analysis groups. The resulting files from

the derivation are processed by individual analysers to ROOT [36] ntuples which

can be handled by any personal computer that has a Root analysis framework

[31].

2.3 Jet reconstruction at ATLAS

Detector signals are processed into useful physics objects such as the electrons,

photons, muons, jets, tracks and missing transverse momentum before they are

used by any physics analysis. This analysis uses only jets, hence their reconstruc-

tion will be described.

The formation of hadrons from quarks and gluons is called hadronisation. This

process is due to the QCD colour confinement which plays a role at low energy

scales, this forces the soft partons that evolved to hadronise (with the exception

to the top-quark since it decays quickly). In parton showers this process of

hadronization is non-pertubative.

A spray of collimated particles that result from high energy quarks and gluons are

called jets [37]. Quarks and gluons originating from hard-scattering can produce

gluons that split into a quark-antiquark pair. During the hadronization process
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stage, the colour neutral hadrons are produced.

2.3.1 Jet algorithms

An algorithm that defines a jet must satisfy a several criteria. The definition of a

jet must not depend on the order of perturbation theory calculations and must be

able to produce a finite cross-section at any order of a given perturbation theory.

This implies that the jet definition has to be infrared and collinear safe (IRC),

this means that the set of hard jets that are created in an event are not changed

by the any collinear splitting or the addition of a soft emission.

The current jet definitions at LHC are based on the sequential recombination

algorithm class, which clusters particles by using a distance metric dij and diB,

to be defined below. Given a final-state pair of particles i and j, the metric

distance dij will be the distance between the pairs and diB is the distance to the

beam. The sequential recombination algorithm operates in the following way:

• Find the smallest value amongst all the possible dij and diB.

• If the smallest value is dij then i and j are merged together.

• If the smallest value is diB that means the corresponding cluster or input

is a jet.

• The algorithm stops once all the inputs have been categorised.

The metric distance is defined as:

dij = min(p2pT,i, p
2p
T,j)

∆R2
ij

R2
, (2.8)

The distance to the beam is defined as:

diB = p2pT ,i, (2.9)
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from Equation 2.8, R is a fixed parameter which corresponds to the jet radius,

∆Rij is the angular distance between the particles, and the type of the algorithm

is determined by the value of p. When p = 1, the algorithm clusters soft particles

together first, this algorithm is called the kt algorithm. For p = 0, the Cambridge-

Aachen algorithm clusters the particles by using only the angular distance. Lastly,

when p = −1 we have the anti-kt algorithm which clusters the hard radiation first.

The anti-kt is the one that is commonly used, this is because it creates jets are

relatively circular, which make it easier for calibration in the experiments [38].

2.3.2 Jet reconstruction

To perform jet reconstruction at ATLAS there are three general stages: the first

stage is to define the four-vectors which are the inputs, then follows the definition

of the jet algorithm and the parameters, and finally the calibration of a jet.

Topo-clusters are used for jet reconstruction as inputs, these are calorimeter cells

which are topologically-grouped noise-suppressed clusters. The seed cell(s) with

at least 4σ of energy from the topo-clusters, with σ, is the average amount of

noise that is expected in the cell concerned, which is the sum of all the expected

electronic and pile-up noise [39]. All the cells that have at-least 2σ and adjacent

to the three-dimension seed cell(s) are grouped together, this is done until there

are no more cells adjacent to the seed cell(s). The process is concluded by adding

all the calorimeter cells that are adjacent to the topo-cluster [40].

The energy of isolated topo-cluster results from summing the energies of its con-

stituents. Topo-clusters calibration can occur at raw (electromagnetic, EM) scale,

where the energy of an isolated topo-cluster is equivalent to the total energies of

its constituent cells, or be calibrated to the local cell weighting (LCW) scale [40].

The advantage of using the LCW scale is that it considers the difference between

the electromagnetic and the hadronic interactions that are found in the ATLAS
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calorimeters, by doing so, the LCW is able to correct the average topo-cluster to

the hadronic energy scale.

The jet reconstruction algorithms are applied once the jet inputs have been

formed. At ATLAS, jets are generally created by using the anti-kt algorithm,

usually with the radius parameter (R) of 0.4 or 1.0, where R is equal to 0.4 the

jet is called the small-radius jet (small-R jet) while for R is equal to 1.0 the re-

sulting jet is called large-radius jet (large-R jet). Since small-R jets capture most

of the energy from the shower which corresponds to a single parton, it is usually

preferred by most physics analyses.

In a simulation, it is preferred that there must be a close correlation between the

reconstructed level information and the truth level information. The differences

that are usually observed between the reconstructed jets and the energy scale

that corresponds to the truth jet are due to some effects such as the pile-up. To

resolve these differences a multi-stage calibration process is employed such that

the reconstructed jets and the truth jets can be closer to each other.

The LHC has a high instantaneous luminosity that results in high rates of multiple

proton-proton interactions that occur simultaneously in a single bunch crossing,

this phenomenon is called pile-up [41]. Correcting the pile-up effects are the first

steps in the calibration process. The energy scale of the jet is increased by the

pile-up in each event. In order to calibrate a jet that is in a low-pile-up event and

the one that is in a high-pile-up event, it is important to subtract this pile-up

energy meaningfully to allow the calibration process to occur.

Even after the application of pile-up reduction, from the calibrated jet response

there remains some pile-up dependence. Two residual corrections are applied

to correct the remaining effects of pile-up. It is observed that the jet response

linearly depends in both the number of reconstructed primary vertices (NPV ) and

the mean number of extra proton-proton collisions in a bunch crossing (µ). The
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pT that is pile-up corrected is expressed as follows:

pcorrT = precoT − ρ× A− α× (NPV − 1)− β × µ, (2.10)

With α and β determined via a several η region linear fits, A is the area of a jet

and ρ is the median pT density of jets in the η − φ plane.

To bring the reconstructed jet energy closer to the truth energy scale a calibration

is derived after the application of the pile-up correction. The matching of the

reconstructed jets to the truth jets if ∆R < 0.3 is performed in order to derive

this calibration. To avoid nearby effects this is done on the isolated truth jets.

The numerical inversion method [42] is used to calibrate the jet energy scale. It is

then that these calibration factors are applied to all the jets. A global sequential

calibration is derived after the Monte-Carlo calibration have been applied, this

is done to account for any differences in the jet composition and the energy

distribution coming from the calorimeter response.

The last step in the jet calibration is to correct the differences in the jet response

in the data and the Monte-Carlo, they can possibly be caused by imperfections in

the detector description, imperfect detector response modelling, or any simulation

of the hard-scatter differences. Usually, the pT of a jet is compared to a well-

measured reference object, this is done to measure the differences [42].

2.4 Event simulation

Event generation is the first step in the ATLAS [43] simulation software. The

process of producing complete events that begin from proton-proton initial states

is the general purpose of event generators. For event generation, a generator can

used alone or with other generators that are specialised to better describe certain

final states. The event generators have many parameters and some of them are
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co-related. Some of these related parameters are the QCD coupling constant and

electro-weak parameters, others are also used to give a description of models that

parametrizes the long-range forces of QCD, soft QCD, and electro-weak processes

[44].

The event generation at ATLAS runs within the Athena Framework. The event

information is transferred from the interfaces into the object format that is us-

able by the ATLAS software. These events are stored as HepMC [45] POOL

files. There are a number of event generators that are used at ATLAS, the ones

that are commonly used for large-scale production are PYTHIA [46], HERWIG

[47] [48] [49] , Sherpa [50], and MC@NLO [51]. To deal with the B-decays es-

pecially where the physics is sensitive to the decays of B hadrons the EvtGen

[52] is usually used. The production of vector boson scattering events is done by

MadGraph [53].

If the particles have the proper life time (τ) multiplied by the speed of light (c)

is above 10 mm they are considered to be stable, otherwise, they are considered

unstable by the event generators. A stable particle can propagate a reasonable

distance such that they can have an interaction with the detector material before

they can decay [44].

At generation time only events with certain characteristics are kept, these prop-

erties could be the presence of certain number of leptons or jets, with specified

pT thresholds [44].

Simulations help us to study how the ATLAS detector responds to a wide range

of physics processes and scenarios, event generators produce events at the particle

level, in order to compare it to data it must be passed into detector simulation

[44]. The simulation programs have been integrated into the ATLAS software

framework [54].

In general, the simulation software chain is partitioned into three steps which can

28



be merged into a single job. These steps are as follows: event generation and the

immediate decays, physics and detector response, and digitization. This energy

is recorded as “hits”, which contains the total energy deposition, location, and

time, and they are written to the output file which is called the hit file [44]. The

simulation output can be presented in a way that is an object-based format or

in a way that is similar to the ATLAS data acquisition system (DAQ) output.

The data from the ATLAS detector and the simulation is run through the same

ATLAS trigger and reconstruction packages [44].

To model the complex detector geometry and physics description, large computing

resources are needed in the standard ATLAS detector simulation. This demand

of the large computing resources has led to the construction of several varieties

of fast simulation [44].

The simulation of the physics events includes the simulation of the detector re-

sponse in detail, these events are essential to all the high-energy physics ex-

perimental analysis [55]. This task requires elementary physics processes to be

described precisely as well as the simulation of the interactions of particles using

the in-depth models of the detection apparatus [55]. The signatures of potential

new physics have very small cross-sections compared to the background processes

[55].

The detector simulation models the interactions of particles as they pass through

the detector material and then studying the energy deposited by these particles

in the material [56]. There is a large amount of computing time that is specifi-

cally reserved for the particle interaction simulation using the active and passive

detector material and determining the detector response [55].

The simulation of each event at ATLAS can take several minutes, hence this step

is considered to be the slowest. Normally the simulation jobs are divided into

groups of 50 or fewer events and not all of them are completed in a single simu-
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lation job [44].

The simulation output file consists of the record of all the particles that are pro-

duced by the generator and the same particles after they have interacted with

the detector. Besides there is a truth information, which is the record of all the

particles that are produced by the generator. Using the truth information, the

Simulated Data Objects (SDO) are created in the digitization jobs. These SDOs

are responsible of mapping the hits in the sensitive areas of the detector to the

particles that are in the simulation truth information. The truth information is

very useful especially in the simulation studies that measures the performance of

a reconstruction software [44].

2.4.1 The full simulation

Figure 2.6: This schematic diagram shows a detailed full simulation, where a particle
is followed in a step-by-step and its energy deposits is recorded in the sensitive parts
of the ATLAS detector as it transverses through [57].

At ATLAS the GEANT4 [58] simulation toolkit known as a full simulation is

used to mimic how the particles behave as they travel through the material of

the detector [57]. Full simulation models the ATLAS detector precisely [55], this
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requires significant central processing unit (CPU) time [55].

The simulation takes in a set of particles, a proposed structure of physics pro-

cesses that may be encountered by particles and the geometry description. Ge-

ometry description includes details on which parts of the detector are sensitive

to the particle passage, this implies that during the particle-matter interaction

in the sensitive volume a signal is produced. A step-by-step process is shown by

Figure 2.6. All the defined processes are considered, the passage of secondary par-

ticles is created, the deposited energy of the particles that transverse a sensitive

material is saved so that it can be passed to the digitization and reconstruction

algorithms. The information of the parts at which the detector is sensitive to

the passage of these particles is also included, this implies that when there is a

particle-matter interaction a signal is produced at the sensitive volume [57].

2.4.2 The fast simulation

Full simulation is used for the complicated detector geometry and detailed physics

description. To achieve the ever-increasing statistics for many physics studies,

there is a need to use a faster simulation than the currently used full simulation.

The development of fast simulation programs is done to complement the full

simulation, such that it can be used in physics analyses that do not require the

detailed ATLAS simulation [44].

Full simulation spends most of its simulation time simulating the particles that

move through the calorimetry. The Fast G4 Simulation is designed to accelerate

the slowest areas of the full simulation [59]. The Fast G4 simulation aims to

remove all the low energy electromagnetic particle from the calorimeter and then

replace them with pre-simulated showers that are stored in memory. In this way,

the Central Processing Unit (CPU) time is reduced by a factor of three in the

hard scattering such as tt̄ production, with very minimal effects to the results
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[44].

The ATLFAST-II is developed to supplement full simulation studies. This fast

simulation program simulates events as quickly as possible but still able to run

the standard ATLAS object reconstruction. The ATLFAST-II is constructed

with two components: the Fast ATLAS Tracking Simulation (Fatras) for in-

ner detector and muon system simulation [60] and the Fast Calorimeter Simula-

tion (FastCaloSim) is used for calorimeter simulation [44].

The FastCaloSim package provides a parameterized simulation of the particle en-

ergy response, and the ATLAS calorimeter’s energy distribution to reduce the

calorimeter simulation time in such a way that an event takes only a few seconds

to be simulated [61].

The fast simulation reduces the CPU consumption in the following ways:

• It uses the reconstruction geometry of the calorimeter which describes the

calorimeter cells as cuboids in η, φ and the calorimeter depth, where the

forward calorimeter cells are cuboids in x,y,z. This assumption is acceptable

for regions of the electromagnetic calorimeter that are homogeneous, but

only to approximate other calorimeters [61].

• The fast simulation also uses parametrization to develop particle showers

in the calorimeter. It averages the lateral shower properties and the un-

correlated lateral energy fluctuations to reproduce the longitudinal shower

properties that include fluctuations and correlations [61].

• The photons, electrons and charged pions are the only particles that are

parametrized, while the charged pions are utilized for all hadrons [61].

The use of fast simulation approach attempts not to simulate the particle’s path

through matter step-by-step but parametrizes the overall response of the sub-
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divisions of the detector. The product of this simulation is that it reduces the

most time-consuming part of the simulation which is the electromagnetic shower

development in the calorimeters. The parametric approach that is hugely used

in the fast simulation is also used to replace all the simulation, digitization, and

reconstruction. This parameterization takes into consideration of all the physics

effects which can be encountered by the particle in the tracker, performance of

the detector, and the procedures of reconstruction [57]. The idea of the fast

simulation has been accepted because more often for data analysis, the accuracy

of the full simulation is not required [57]. The use of fast simulation reduces the

precision of the results in the gain of speed.
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Chapter 3

All hadronic W′ search

3.1 W′ decay models

This thesis focuses on the search for the W′ boson in the fully hadronic chan-

nel. The W′ boson is a hypothetical mediator of the new charged vector current

which is massive, such that it can decay to a number of particles. The W′ boson

is predicted by many beyond Standard Model (SM) theories, it has spin 1 with

± 1 as its electric charge. At the hadron colliders, the W′ boson can be detected

via the production of fermions.

The decay of the W′ → `ν is the most commonly studied channel, where the ` is

the lepton, which can be an electron or muon. Events with high pT lepton and

the significant Emiss
T are used. The presence of a neutrino (ν) is usually deduced

from these observables, as it escapes the hadron colliders without detection [62].

The Left-Right Symmetry Models (LRSM) [29],[63],[28] also predict the right

handed W′ (W′
R) with a very large mass compared to a right handed neu-

trino (NR) which it decays to, and a lepton [64].

The W′ can also be massive enough to decay to anti-top and bottom quarks (t̄b)

or top and anti-bottom quark (tb̄), generally this channel is called tb at ATLAS.
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This decay channel provides an opportunity to investigate the fully hadronic

decay of the W′ (W′ → tb→ bbqq̄, where q and q̄ are light quarks) as shown by

Figure 3.1. The W′ → tb does produce leptons, the studies in the leptonic and

fully hadronic channel are done separately.

Another possible decay is that of the W′ → tb → bb`ν channel. This is one of

many decay channels that permits the W′ boson to be reconstructed fully [65].

Figure 3.1: Shows the Feynman diagram, where the W′ decays to the bottom and top
quark which further decays to a bottom quark and the SM W boson which further
decays to light quarks [66].

The hadronic final state decays that result from high pT particles such as the

W bosons, Higgs bosons, top quarks and probably new particles such as W′ and

Z′ [67], are likely to be collimated into a single jet that is characterised by very

distinct substructure and large mass [68]. Jet substructures depict the internal

features of the hadronic jets, which carry information that is used to identify the

decays of heavy particles [69]. The jet substructure is used as a tool to study

the radiation pattern inside the jets, its techniques have improved the sensitivity

for physics searches [70]. The use of the jet substructure at LHC has inspired

a lot of new theoretical ideas and new reconstruction techniques to investigate

untouched exciting regimes [70].
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3.2 Large-R jets

Reconstruction of jets requires jet algorithms, these are well-defined procedures

to collect detector tracks, and calorimeter cells converted to jet four-momenta,

the reconstruction of jets is well described in Chapter 2. The anti-kt algorithm

[71] is used in the reconstruction of large-R jets that are used in this thesis. The

anti-kt algorithm is a sequential-recombination algorithm that produces conical

jets.

As higher energies are probed: heavy particles that have transverse momentum

larger than their masses (pT >> m) are produced in large quantities, these par-

ticles are referred to as boosted objects.

The large-R jets used for this study contains the decay products of the top

quark (t → Wb) that arise from the high-mass resonances such as W′ and Z′.

These large-R jets are used as a proxy for the top quark. Generally, a jet with

large radius would encompass the boosted top quarks decay products. The large-

R jets that are used in this study have a jet radius of 1.0, small-R jets with jet

radius of 0.4 as the subjets that are enclosed by the large-R jet.

Light quark jets generally form the background to the top quark decays signal. In

boosted regimes, the background may gain mass via radiation, that could be in the

same range as of the heavy particles. Separating between the signal jets (these are

jets that results from the top quarks for this thesis) and background jets becomes

challenging. Attempts to resolve this challenge have led to the development of

jet substructure techniques that probes the internal dynamics of jets.

Typically, the detector captures more than final states that come from hard scat-

tering events. Multiple parton interactions (MI) and event pileup would generally

contaminate the final state. The total effect is that hadrons arising from MI,

pileup or other radiations would spatially protrude with hadrons that come from

final state radiation (FSR), this further complicates the procedure of finding a
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jet. Hence, there is need to look for a jet that is sufficiently large to encompass all

the hard scattering decay products and consider a broad angle of FSR emissions.

Identifying and removing contamination from each jet is the idea that originates

from observation that there is normally one hard scattering in each event, and

the rest of the remaining sources of radiation are potentially much softer. Hence,

inspecting inside a jet and getting rid of any soft radiation via subjets or other

techniques improves jet reconstruction [72].

At ATLAS all the large-R jets are trimmed, this method determines the regions

of a jet where there is the most energy and the constituents that are outside this

region are then groomed away, in order to clean the soft contamination to the

jets. This is done by re-clustering the constituents of a large-R jet into subjets

that have Rsub < Rjet by using the kt algorithm, while discarding any subjet with

pT < fcut×pungroomedT,jet , where the fcut is a dimensionless parameter that is fixed and

pungroomedT,jet is the pT of the original jet. The kt algorithm is preferred for clustering

subjets. This is because the anti-kt algorithm clusters radiation from hardest to

softest, it also creates imbalanced subjets by assigning nearly all the energy to

a single subjet. The consequence is that weaker subjets are thrown away during

trimming. The kt algorithm clusters radiation from to softest to hardest, this

produces an equal allocation of energy amongst subjets that contain final state

radiation, this increases their chance to be kept during trimming. The ATLAS

standard values of Rsub is 0.2 and for fcut is 5%. These values have been seen to

improve pileup stability and increasing the large-R jet mass reconstruction [72].
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3.3 The comparison of the fast and full simula-

tion distributions

The comparison between the fast and full simulation is performed using large-R

jet substructure variables to check if the variable reconstruction is identical. Any

deviations of the fast simulation variables from the full simulation variables will

be studied to make suggestions to the fast simulation developers. This is because

full simulation describes real data best.

The large amounts of data collected at ATLAS in run-II motivated this study.

Generally, the W′ searches are conducted using the full simulation, but now since

amounts of data have increased, this means that comparable Monte-Carlo simu-

lation is needed and it can only be achieved by faster simulations. Although the

fast simulation also has its own disadvantages like reduced accuracy that may be

accepted for some particles and sub-detector regions but not all [55]. The choice

of the simulation to be used is then determined by individual analyses.

The signal samples that are used in this study are simulated using the PYTHIA8

[73] generator with the NNPDF2.3LO [74] parton distribution function (PDF),

which is set in conjunction with the A14 tune [75]. They were then processed

through the fast and full ATLAS detector simulation, with the Z′ mass at 5 TeV.

3.3.1 Large-R jet substructure variables

Splitting Scales The splitting scale variable takes advantage of the clustering

history of the two-body heavy particle decay in order to probe their jet substruc-

ture [68]. The splitting scale is mathematically [76] described as:

√
dij = min(pT i, pT j)×∆Rij where ∆R =

√
∆φ2

i,j + ∆η2i,j (3.1)
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where ∆Rij is the distance between two subjets i and j in the η−φ space, where

φ is the azimuthal scattering angle, pT i and pT j are the corresponding transverse

momenta of the subjets.

These splitting scales are very sensitive to whether the last steps of the recom-

bination corresponds to the merging of the decay products of massive particles.

The re-clustering of the trimmed large-R jet with the kt algorithm determines

the splitting scales [76].

N-Subjettiness (τN) This is a variable that forces the constituents of a jet into

substructure to observe how well do they fit with the hypothesis of N subjets,

where N is the number of hard cores (prongs) in a jet. The axes within the jet are

defined by the N subjets that are found by the kt clustering of the constituents

of the trimmed large-R jet [77].

The N-subjettiness provides the opportunity to identify objects that are boosted

by studying jets that have two or more components (known as lobes) of energy.

The N-subjettiness has a straightforward measure of the energy flow properties.

N-subjettiness allows the measure of how best jet energy aligns into subjets and

is the true reference point in identifying boosted objects [77]. The ratio τN/τN−1

helps adjust the relative degree of the signal efficiency and background rejection.

[77].

The transverse momentum (pT ) weighted sum of the distances of the constituents

to the subjet axes defines the quantity τN [76]. Mathematically the τN is defined

as follows:

τN =
1

d0

∑
k

pT,kmin {∆R1,k,∆R2,k, ...,∆RN,k} where d0 =
∑
k

pT,kR0

(3.2)
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In Equation 3.2 [77], pT,k is the transverse momentum of the constituent k,

∆RJ,k =
√

(ηi − ηj)2 + (φi − φj)2 is the distance in the pseudo -rapidity-azimuthal

plane between the J which is a subjet and k which is a constituent particle [76].

Finally R0 is then defined as the characteristics jet radius that is used in the

original jet clustering algorithm [77].

The 0, 1 and 2 number of prongs subjettiness are mathematically described as

follows:

τ0(β) =
∑
i∈J

pTi∆R
β (3.3)

τ1(β) =
1

τ0(β)

∑
i∈J

pTi∆R
β
a1,i

(3.4)

τ2(β) =
1

τ0(β)

∑
i∈J

pTimin(∆Rβ
a1,i
,∆Rβ

a2,i
) (3.5)

In Equation 3.3, Equation 3.4, Equation 3.5 [76], ∆R is the distance between

the subjet i and the jet axis, β is a parameter that is generally used to give

weight to the angular separation of the jet constituents, in this study of β = 1

[76]. To calculate τN the definition of N axes is required, this ensures that the

distance between each constituent and the axes is RaN ,i. The summing is over all

the constituents of the jet J, with the normalization of factor τ0 (Equation 3.3)

equivalent to the magnitude of the pT that is multiplied by β -exponential radius

[77].

Two methods are used to describe the axis of a jet in the N-subjettiness variable,

the first one takes into account the distance of all the jet constituents while the

second method only chooses the axis of a jet to be in the direction of the jet

constituent that has the high pT and this method is called the winner takes all

(wta) [77]. The wta method uses the direction of the hardest constituent instead
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of the subjet axis in the exclusive kt, in such a way that the distance measure

∆Ra1,i is changing in the calculation [77].

The 2-prong subjettiness (τwta2 ) variable values are greater than the 3-prong sub-

jettiness (τwta3 ) variable values, this is because N-subjettiness depends on the

distance of the constituencies of the jet towards each other and the axis of the

jet. The τwta21 and τwta32 are dimensionless variables that are generated by taking

the ratio of the N-subjettiness functions that are found within the standard sub-

jet axes and the wta axes. The ratio τwta21 ≡ τwta2 /τwta1 is used to separate the

2-prong structure of large-R jets which results from the hadronic decays of Z and

W bosons from jets of light quarks and gluons, this is shown by Figure 3.4.

The discrimination between the large-R jets that are formed from top-quarks that

decays hadronically, with very high transverse momentum, consists of a 3-prong

subjet structure, which is provided by the ratio τwta32 ≡ τwta3 /τwta2 [76]. The main

objective for τwta32 variable is to identify the top jets as jets with 3-prong subjet

and non-top jets as jets with 2 or less prongs

The energy correlation function (ECF) The large-R jet ECF variable uses

the information of the energies and pairwise angles of the particle within a jet.

The ECF yields a very strong discrimination power comparable to other methods

based on subjets. The N+1 point correlation functions are very sensitive to the

N-prong substructure, given the angular exponent β which can be continuously

changed to optimize the discrimination power [78]. The 0-point, 1-point, 2 point,

and 3-point energy correlation for a jet (J) are mathematically described by:

ECF (0, β) = 1 (3.6)
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ECF (1, β) =
∑
i∈J

pT i (3.7)

ECF (2, β) =
∑
i<j∈J

pT ipT j(∆Rij)
β (3.8)

ECF (3, β) =
∑

i<j<k∈J

pT ipT jpT k(∆Rij∆Rik∆Rjk)
β (3.9)

In the above point energy correlation functions, the parameter β gives the angular

separation weight of the constituents, Rij is the Euclidean distance between i and

j in the rapidity-azimuthal angle plane, where R2
ij = (ηi − ηj)2 + (φi − φj)2. The

jet constituents i is summed over the jet J [79].

3.3.2 Analysis strategy

To probe the large-R jet substructure observables the Z ′ → tt̄ high mass samples

were used, where t is the top quark and t̄ is the anti-top quark. In most cases the

Z ′ samples provide the environment to study the top quark decaying hadronically,

where the top quark is hypothesized to be one of the W ′ decay daughter, hence

there are similarities in the analysis strategy between these two searches. This

allows us to use the Z ′ samples and then apply the same techniques established

to the W ′ search. In the signal samples, the events were required to have at-

least one large-R jet with transverse momentum that is greater than 350 GeV

with |η| less than 2, because the boosted top-quark jet with a radius equal to 1.0

is expected to have the minimum pT which is twice the mass of the particle it

resulted from. The pseudo-rapidity cut is included because tracks are used during

the calibration of jets, and these tracks are in this region.
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3.3.3 Results
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Figure 3.2: Shows the large-R jet first splitting scale variable distributions modelled by
the fast and full simulation.

In this study of the hadronic top-quark, the expected value of the first splitting

scale
√
d12 of the fully captured decays in the large-R jet is approximated to be

mt/2, with mt is the mass of the top-quark. Fast simulation matches the full

simulation with very minor mis-modelling of
√
d12 as shown in Figure 3.2, where

they both a peak at around 85 GeV which is approximately half of the top-quark

mass. These minor deviations seem to occur at lower values of
√
d12. The light

quark or gluon jets tend to have mass approximately 20 GeV or less, with a very

long tail that continues to the high
√
d12. To distinguish heavy particle decays

the parameter
√
d12 is used, this parameter tends to be symmetric, but highly

asymmetric in QCD splittings [68].
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Figure 3.3: Shows the large-R jet second spitting scale variable distributions that is
modelled by both the fast and full simulation.

The second splitting scale
√
d23 value is approximated to be mW/2 since it targets

the hadronic decay of the W boson that decayed from the top-quark. In Figure 3.3

the fast simulation does not match the full simulation up to values around 35 GeV

but thereafter then matches the full simulation. The peak of the second splitting

scale around 40 GeV was also expected since this is half the mass of the W boson.

The fast simulation mis-models the τwta21 variable as shown by Figure 3.4 below,

there are major differences compared to the full simulation. Fast simulation model

tends to peak at lower values of τwta21 and never matches the full simulation. This

fast simulation mis-modelling of the τwta21 can be attributed to the fewer clusters

for the jet reconstruction that it uses.
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Figure 3.4: Shows the large-R jet τwta21 variable distributions modelled by the fast and
full simulation.

Figure 3.5 clearly shows that the fast simulation fails to reconstruct the τwta32 , this

is observable as the fast simulation peaks at lower values of the τwta32 . The use of

fewer clusters by the fast simulation to reconstruct the variable τwta32 is the cause

of this observed mis-modelling.
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Figure 3.5: Shows the large-R jet τwta32 variable distributions modelled by the fast and
match full simulation.

From Equation 3.7 the 1-point correlation shown by Figure 3.6a is approximately

the large-R jet pT shown by Figure 3.6b. These distributions are indeed ap-

proximate even though there are some minor deviations at the lower end. This

agreement between the ECF1 and the large-R jet pT shows that the event se-

lection that was implemented in the signal sample leads to the results that are

expected.

The pT of the large-R jet projection in Figure 3.6b, shows two peaks, the first

peak is due to the contamination from QCD radiation at high pT and the second

peak is of the large-R jet that results from the top-quark. The second peak

around 2500 GeV was expected because it is assumed that the top-quark should

have a pT that is half the mass of the Z′ boson.

46



500 1000 1500 2000 2500
0

500

1000

1500

2000

2500

N
um

be
r 

of
 e

ve
nt

s

The ljet_ECF1 projection over the entire transverse momentum region of the large-R jet

ATLAS work in progress

fast simulated sample

full simulated sample

The ljet_ECF1 projection over the entire transverse momentum region of the large-R jet

500 1000 1500 2000 2500
ljet_ECF1

0.7

0.8

0.9

1

1.1

1.2

1.3

R
at

io

(a)

0 500 1000 1500 2000 2500 30000

200

400

600

800

1000

1200

1400

1600

1800

2000

2200

2400

N
um

be
r 

of
 e

ve
nt

s

The transverse momentum of the large-R jet

ATLAS work in progress

fast simulated sample

full simulated sample

The transverse momentum of the large-R jet

0 500 1000 1500 2000 2500 3000
ljet_pt (GeV)

0.7

0.8

0.9

1

1.1

1.2

1.3

R
at

io

(b)

Figure 3.6: (a) Shows large-R jet ECF1 variable distributions that are modelled by the
fast and full simulation. (b) Shows the large-R jet pT variable distributions modelled
by fast and full simulation.

The 2-point correlation function is correlated to the particle mass that is under-

going the two-body decay in the coordinates of the collider [79] if β is set to be 2

in Equation 3.8. In this case, the particle undergoing the two-body decay is the

W boson and hence there is a peak around 80 GeV which is indeed the mass of

the W boson, as it can be seen in Figure 3.7. In Figure 3.7 it is clear that the fast

simulation peaks at approximately similar values as the full simulation but with

more number of events. The fast simulation deviates from full simulation up to

about 300 GeV but then matches it thereafter. The main reasons why the fast

simulation deviated from the full simulation in this manner for the ECF2 and not

deviated as it did to other jet substructure variables is not fully understood.

The ratios ECF21 = ECF (2, β)/(ECF (1, β))2 and ECF31 = ECF3(β)/(ECF (1, β))3

prove to be useful in identifying the two-body structure within the jet . ECF21 is

specifically designed to define contours that separate 1-prong and 2-prong regions
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of phase space. In doing so the ECF21 identifies the extent at which the jet is

1-prong or 2-prong in nature [80].
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Figure 3.7: Shows the large-R jet 2-point correlation function variable distributions
modelled by the fast and full simulation.

3.4 Summary of the fast and full simulation com-

parison

The use of the Z ′ boson samples prove to be very insightful in this study of

comparing the fast simulation with the full simulation using the jet substructure

variables of the large-R jet. Fast simulation differs in modelling some of the large-

R jet substructure variables compared to the full simulation. Major deviations

can be seen on the τwta21 , τwta32 , and the ECF2 variables, as the fast simulation fails

to match the full simulation. This is because, to reconstruct jets from the detec-
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tor, the number of clusters that are used by simulation has an impact on how

well the jet is reconstructed. The fast simulation uses a fewer number of clusters

compared to the full simulation for its jet reconstruction in order to speed up the

simulation time, this clearly leads to the jet substructure variables mentioned be-

ing reconstructed very poorly. This is evident since the fast simulated τwta21 , τwta32 ,

and the ECF2 variables peaks at lower values compared to the full simulation.

The reconstruction of the splitting scale variables does not seem to be greatly

affected even though the fast simulation deviates slightly from the full simula-

tion at lower values but matches towards the peak and more or less thereafter.

These deviations are not yet fully understood. The fast simulation splitting scale

variable deviations to full simulation are not associated with the number of clus-

ters that are used. The behaviour of these deviations is different from the ones

observed in τwta21 , τwta32 , and the ECF2.

This study was repeated under different large-R jet pT regions to further probe the

fast simulation deviations from the full simulation that have been observed. There

was a suspicion that the fast simulation could be matching the full simulation in

modelling the jet substructure under certain regions of the large-R jet pT . The

large-R jet pT was then divided into three regions: firstly from 0 to 500 GeV,

from 500 to 1500 GeV, and lastly from 1500 GeV and above. The results of this

study can be seen in Appendix A. Studying the jet substructure variables under

these different large-R jet pT regions did not yield any new observation that had

not been seen when scanning the entire spectrum of the large-R jet pT .
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3.5 Optimization of the top quark reconstruc-

tion

The search for the W ′ → tb in the fully hadronic channel is highly dependent on

the reconstruction and identification of the top and bottom quarks, the daughters

of the W ′ boson [66]. They are identified using the jets that are reconstructed

after their decay processes. These jets are generally denoted as top jets or top-

quark jets and bottom jets or bottom quark jets referring to jets that arise from

top quarks and bottom quarks respectively.

The top quark is reconstructed from its decays, the bottom quark and the SM

W boson which further decays to two light quarks, as shown by Figure 3.1. Since

quarks can not be observed in isolation, methods to identify these W′ boson

daughters is essential.

The main objective of this study is to find the best pre-selection method that

identifies the large-R jet that originates from the top quark using the signal

sample. This will increase the sensitivity of the search for the W′ boson. This

step is critical since light quarks and gluons can also give large-R jets which are

considered as background.

Previously a similar study was performed to select the top jets candidates and

the results were used by the ATLAS collaboration [66] with the W′ mass samples

of 700 GeV and 1 TeV. In that study, 82% success rate was achieved. In this

thesis, the studied W′ samples had a mass of 2, 3, 3.5, 4, and 5 TeV. This study

aims to increase this current success rate by using methods or techniques that

would also decrease the background significantly.

The signal samples that are used in this study are simulated using the PYTHIA8

generator with the NNPDF2.3LO parton distribution function (PDF), which is

set in conjunction with the A14 tune. It is then processed through the full ATLAS
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detector simulation.

3.5.1 Analysis approach

All the events that were studied are required to have at least one large-R jet with

transverse momentum (pT ) above 500 GeV and mass above 40 GeV with |η| > 2.

To ensure that the small-R jet(s) being used are indeed inside the large-R jet, the

distance between the small-R jet and the large-R jet axis and this distance must

be ∆R < 1, since the large-R jet since has the radius of 1.0. All the large-R jets

that meet the above requirements will further be probed by the methods that

will be used.

3.5.2 Top-quark reconstruction methods

There are several approaches that were investigated in this study. The main goal

of these methods is to select a top-quark jet candidate that will undergo the

matching process described by subsection 3.5.3. These methods are:

The mass combination (m comb) method This method combines the mass

of the large-R jet mljet and the mass of the small-R jet msjet that has the high-

est pT (leading) which is inside the large-R jet concerned. The mljet is varied

by using the ∆ parameter that takes values from 0.05 to 0.30 in the steps of

0.05. This parameter is scanned in order to determine its value that yields the

highest matching fraction of selecting the top-quark candidate. This method is

characterised by:

mcomb = msjet + ∆ ∗mljet (3.10)

In an event, the large-R jet with the highest value of mcomb is selected to be the
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top-quark jet candidate.

The modified m comb method This method varies both msjet and the mljet

contributions simultaneously by using the parameter ω that takes values from

0.0 to 1.0 in the steps of 0.1 in order to determine the ω value that yields the

highest matching fraction of selecting the top-quark jet candidate. This method

is defined as follows :

mcomb = ω ∗msjet + (1− ω) ∗mljet (3.11)

mcomb is a variable that is used to choose a large-R jet with the highest value to

be the top-quark jet candidate.

The deep neural network (DNN) top tagged method This method uses

the DNN trained variable for top tagging to select the top-quark jet candidate.

This variable was trained, tested and validated by [81]. This method selects the

top-quark jet candidate by checking if a given large-R jet in an event is tagged

or not tagged, this is done by checking if for a large-R jet the DNN variable is

equal to one if tagged or equal to zero if it is not tagged. If there is only one

large-R jet that is tagged it will then be selected as the top jet candidate. If it

happens that there is more than one large-R jet that is tagged, the pT of these

tagged large-R jets is compared and the one with the highest pT is selected to be

the top jet candidate. The events where there is no large-R jet that is tagged are

discarded.
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3.5.3 The matching process

In order to calculate the matching fraction of selecting the top-quark jet candi-

dates in an event, the large-R jets that are chosen as top-quark jet candidates

must be verified if they originated from the top-quark or not. This verification

relies on the separation techniques that use truth information record which have

the history of all the particles from the simulation program and the large-R jets

selected at reconstruction level (reco level) that provides the conditions similar

to the ones of the real data. The use of the truth objects will be distinguishable

as they will always be referred to as truth (e.g large-R truth jet).

In order to verify if the top-quark jet candidate arises from the top-quark the

following steps are performed:

• Check if ∆R distance between the top-quark jet candidate and the large-R

truth jet at particle level is less than 0.75.

• If the above requirement is met, then the large-R truth jet will be checked

if it originates arise from a top quark.

• This is done by calculating the distance ∆R between the large-R truth jet

and the top-quark at parton level, if ∆R < 0.75 the large-R truth jet is

then considered to have arisen from the top quark.

• This conclusion implies that the large-R jet which is the top-jet candidate

matches the top quark, then the matching process is complete.

To quantify how successful the method is in selecting true top-quark jets from top-

quark candidates, the matching fraction is computed. In this case, the matching

fraction is defined as the total number of events that contain true top-quark jets

divided by the total number of events with a top-quark jet candidate.
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3.6 Results

To make the matching-fraction distributions, the contents of each bin from the

histogram that contain top-quark jets candidates that originated from the top-

quark is divided by the contents of the corresponding bin from the histogram

that contains top-quark jet candidates. These matching fraction values per bin

will be used to construct the matching fraction distributions that will be shown

below.

∆ = 0.15
W ′

mass (TeV)
2 3 3.5 4 5

Total
matching
fraction

0.869873 0.86335 0.850499 0.841594 0.823667

Table 3.1: Shows the total matching fraction for all the examined W′ mass samples,
when ∆ = 0.15.

The m comb method The use of the small-R jets inside a large-R jet con-

cerned and the large-R jet mass in question as already described gives a good

matching fraction that is consistent across the W′ mass samples as shown in

Table 3.1.

The matching fraction was explored as a function of the large-R jet pT variable as

shown by Figure 3.8, the main reason was to observe if the large-R jets top-quark

candidates followed the trend of the top-quark pT distribution as it was expected.

The jets that result from boosted objects are considered to be collimated, it is

postulated that these jets are well reconstructed in small-R jets. The jets that

result from non boosted objects are well separated and can be captured well in

large-R jets. Hence, the use of small radii jets is advantageous at high pT and

the use of large-R jets is favourable at low pT .
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Figure 3.8: Shows the matching fraction when selecting the top-quark jet candidate
under the large-R jet pT variable, for ∆ = 0.15.

It was expected that the transverse momentum of the top-quark candidates must

be almost half the W′ mass, this is because from the two-body decay the daugh-

ters will have the momentum which is almost half the mass of the parent. This

applies to the rest frame of reference. This means that if the W′ sample mass is 2

TeV one would expect to have a peak around 1 TeV for the transverse momentum

of the top-quark jets, and this expectation was met, to confirm that the large-R

jets top quark candidates that were chosen are top-quark jets.

The matching fraction was also explored as a function of the large-R jet top-

quarks invariant mass variable as shown by Figure 3.9, to observe if the large-R

jets top quark candidates had the mass of the top-quark mass which is about 173

GeV. Figure 3.9 shows that large-R jets with lower or higher masses compared to

the top-quark are not likely to be selected as top-quark candidates, while large-R

jets are mostly to be selected as top-quark candidates.
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Figure 3.9: Shows the matching fraction for selecting the top-quark jet candidate using
the large-R jet mass variable, when ∆ = 0.15.

The modified m comb method The design of this method ensures that at

ω = 0 only the large-R jet mass is used for the top-quark candidates selection.

At ω = 1 it is only the mass of the small-R jets that are used in this selection.

Table 3.2 shows that using large-R jets alone yields to a lower total matching

fraction, it can be seen that the matching fraction decays from low to high W′

mass. This is expected since jets from boosted objects are assumed to be recon-

structed well by small-R jets than large-R jets, implying that at lower W′ masses,

the use of large-R jets alone will yield a better matching fraction.

ω = 0
W ′

mass (TeV)
2 3 3.5 4 5

matching
fraction

0.805498 0.760274 0.740322 0.749294 0.717632

Table 3.2: Shows the total matching fraction for all the examined W ′ mass samples for
ω parameter equal to zero.
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Figure 3.10: Shows the matching fraction for selecting the top-quark jet candidate
under the large-R jet mass variable, when the parameter ω = 0.

From Figure 3.10, it is clear that large-R jets with low or high masses compared

to the top-quark mass are less likely to be selected to be top-quark candidates due

to the lower matching fraction at this regions. This figure also shows that large-R

jets with masses close to the top-quark mass are the most picked as top-quark

candidates.
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Figure 3.11: Shows the matching fraction for selecting the top-quark jet candidate
using the large-R jet pT variable, when the parameter ω = 0.
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From Figure 3.11, it is clear that the selected large-R jet top-quark candidates

pT has a peak around half the respective W′ masses, this shows with great confi-

dence that the large-R top-quark jets resulted from the respective by W′, as this

is how their pT is expected to be from the theory. This figure also shows that this

method correctly selects more of the large-R jets that have a pT closer to the one

expected (half the respective W′ masses) to be top jet candidates, this is evident

since the matching fraction at these pT regions is highest.

ω = 1
W ′

mass (TeV)
2 3 3.5 4 5

matching
fraction

0.857905 0.861096 0.853168 0.846362 0.831938

Table 3.3: Shows the total matching fraction for all the examined W′ mass samples,
when ω = 1.

When ω = 1, by design there is only contribution from the small-R jet to select

the top-quark jet candidates. Table 3.3 shows the consistent matching fraction

across all the W′ mass samples.

In Figure 3.12, it is clear that the matching fraction begins at low values and

increases until the half of the W′ mass for the respective samples, and decreases

thereafter to very low values as the top jet candidates transverse momentum in-

creased. This shows that more of the selected top jet candidates had the expected

pT , which is around half the respective W′ masses according to the two-body de-

cay theory.
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Figure 3.12: Shows the matching fraction when selecting the top-quark jet candidate
using the large-R jet pT variable, for the parameter ω = 1
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Figure 3.13: Shows the matching fraction when selecting the top-quark jet candidate
under the large-R jet mass variable, for the parameter ω = 1

In Figure 3.13, the matching fraction starts at very low values and increases as

the mass of the top jet candidates grew towards the mass of the top-quark, where

it is maximum, and then decreases drastically to very low values as the top jet

candidates mass kept increasing. This demonstrates that large-R jets that have

a mass close to the top-quark would be most likely to be selected as top jet
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candidates.

Top-quark is tagged
W ′

mass (TeV)
2 3 3.5 4 5

Total
matching
fraction

0.935136 0.931024 0.928177 0.926777 0.924084

Table 3.4: Shows the total matching fraction for all the examined W′ mass samples
using the dnn top tagging.

The deep neural network (DNN) top tagged method In Table 3.4, it is

clear that the DNN top tagged variable shows a very high success rate of selecting

the top-quark jet candidates that are true top-quark jets, with a total matching

fraction of about 93%.
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Figure 3.14: Shows the trend of total matching fraction for each W′ mass samples in
selecting the true top-quark jets. Also shown is the fraction of discarding true top-quark
jets for each W′ mass samples. Using the DNN top-quark tagging variable. The term
’matched’ in the legend refers to the top jet candidates that matches the top quark,
and the term ’not matched’ refers to the top jets candidates that did not match the
top quark

In Figure 3.14, the total matching fraction across all the W′ masses is very con-

sistent. This shows that the DNN top tagged variable selects top jets candidates

with a high chance that those are truly top jets. Figure 3.14 also shows the
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agreement in its selection of top jet candidates, where the percentages of those

that are true top jets and those that are not true top jets, sum up to be 100%.

Figure 3.15 was made using the 80% working point (WP80) of the DNN tagging

variable which is a cut that allows 80% of the signal events to pass. This dis-

tribution is made to confirm if indeed this cut allowed 80% of the signal events,

Figure 3.15 demonstrates that this variable does satisfy the expectation.
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Figure 3.15: Shows the total fraction of events that fulfill the DNN top-quark tagger
and the total fraction of events that do not fulfill the DNN top tagger at 80% working
point.
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Figure 3.16: Shows the performance of all the methods studied across the W′ mass
signal samples, where m comb method uses ∆ = 0.15.

Figure 3.16, is a representation of all the methods that were studied for improve-

ments in the top-quark reconstruction. It is evident that the DNN top tagging
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method is superior amongst these methods, and using m comb method with ω = 0

yields the lowest total matching fraction across all the W′ masses. Using m comb

method with ∆ = 0.15 and the modified m comb method with ω = 1 produces a

similar total matching fraction across the W′ masses. This relation is attributed

to the fact that the m comb method is dominated by the use of small-R jet mass

inside the large-R jet and only 15% of the concerned large-R jet mass, while for

the modified m comb method with ω = 1 it is only the mass of the small-R jets.

3.7 Optimization of the top-quark reconstruc-

tion summary

The use of the DNN method proved to be very significant to make this study as it

produced the highest matching fraction in selecting the top-quark jet candidates.

As it has already been shown by Table 3.4 for the 2 TeV W′ mass sample the total

matching fraction reaches 94%, while in this method the lowest total matching

fraction is 92% for the 5 TeV W′ mass sample.

After studying the m comb method results, there was a motivation to modify it

in order to achieve better results. Since the m comb method took into consider-

ation of only the leading small-R jets, there was an attempt to perhaps vary this

contribution while simultaneously changing the large-R jet contributions. This

was the motivation for characterizing the modified m comb method.

The scanning of the parameter ω proved helpful in understanding the role of small-

R jets and large-R jets in selecting the large-R jet top-quark candidates. Even

though this method did not provide significant improvements on the matching

fraction but it provided us with new ideas. This is because when ω is zero we

have the full contribution of the large-R jet and from Table 3.2 it is clear that the

total matching fraction is very low. When the ω parameter is one, which means
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that there was an only small-R jet contribution in the method, as Table 3.3

shows the total fraction to be high even though still comparing to the matching

fraction provided by the ∆ = 0.15 method, but after this method, it was clear

that small-R jets had a significant contribution on selecting the large-R jet top-

quark candidates.
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Chapter 4

Conclusions

Studies on reconstruction and identification of a hypothetical heavy W′ particle

was discussed in this thesis. The comparison of fast and full simulation samples

shows that the jet substructure variables such as energy correlation functions

and N-subjettiness depend on the number of clusters that these two simulations

use for reconstruction. This is evident since the mentioned variables show major

deviations which are linked to the use of fewer clusters in fast simulation compared

to full simulations during reconstruction. This study demonstrated that these

simulations are not in agreement in these variables while there is consensus in the

splitting scales. This suggests that the fast simulation still needs improvements

on its jet substructure variable reconstruction using clusters.

Figure 3.16 distributions show a comparison of the total matching fraction for

all the methods that were studied, with the aim to optimize the selection of

top quarks in the signal region. The total matching fraction produced by each

method is shown in this distribution in comparison to other methods. The DNN

top tagging method proves to be superior compared to all other methods. When

ω = 0 the selection of the top-quark candidates is at the lowest compared to other

values of ω, this indicates that the mass the large-R jet alone is not sufficient in

the selection of the top quark jets. Although the mass of the small-R jets alone
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seems to produce a better option for the selection of top quark jets, the m comb

method where ∆ = 0.15 is preferred since its matching fraction does not fall too

much as a function of the signal mass samples. The DNN top tagging method

will be used for the reconstruction of the top-quark in the future searches for the

W′ boson.
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Appendix A

Supporting distributions

The distributions shown below represent were achieved using the sec-

ond region (0 to 500 GeV) of the large-R jet pT
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Figure A.1: (a) Shows the large-R jet pT variable from 0 to 500 GeV modelled by the fast
and full simulation. (b) Shows the 1-point correlation function variable distributions
under the large-R jet pT region of 0 to 500 GeV, it is modelled by the fast and full
simulation.
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Figure A.2: Shows (a) the first splitting scale and (b) the second splitting scale variable
distributions under the large-R jet pT region of 0 to 500 GeV, it is modelled by the fast
and full simulation.
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Figure A.3: Shows for (a) the τwta21 and (b) the τwta32 variable distributions under the
large-R jet pT region of 0 to 500 GeV, modelled by the fast and full simulation.
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Figure A.4: Shows the 2-point correlation function variable distributions under the
large-R jet pT region of 0 to 500 GeV, modelled by the fast and full simulation.

The distributions shown below represent were achieved using the

second region (500 to 1500 GeV) of the large-R jet pT
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Figure A.5: (a) Shows the large-R jet pT variable from 500 to 1500 GeV modelled
by the fast and full simulation. (b) Shows the 1-point correlation function variable
distributions under the large-R jet pT region of 500 to 1500 GeV, it is modelled by the
fast and full simulation.
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Figure A.6: Shows (a) the first splitting scale and (b) the second splitting scale variable
distributions under the large-R jet pT region of 500 to 1500 GeV, it is modelled by the
fast and full simulation.
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Figure A.7: Shows for (a) the τwta21 and (b) the τwta32 variable distributions under the
large-R jet pT region of 500 to 1500 GeV, modelled by the fast and full simulation.
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Figure A.8: Shows the 2-point correlation function variable distributions under the
large-R jet pT region of 500 to 1500 GeV, modelled by the fast and full simulation.

The distributions shown below represent were achieved using the

last region (1500 GeV and above) of the large-R jet pT
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Figure A.9: (a) Shows the large-R jet pT variable from 1500 GeV and above modelled
by the fast and full simulation. (b) Shows the 1-point correlation function variable
distributions under the large-R jet pT region of 1500 GeV and above, it is modelled by
the fast and full simulation.
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Figure A.10: Shows (a) the first splitting scale and (b) the second splitting scale variable
distributions under the large-R jet pT region of 1500 GeV and above, modelled by the
fast and full simulation.
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Figure A.11: Shows for (a) the τwta21 and (b) the τwta32 variable distributions under the
large-R jet pT region of 1500 GeV and above, modelled by the fast and full simulation.
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Figure A.12: Shows the 2-point correlation function variable distributions under the
large-R jet pT region of 1500 GeV and above, as modelled by the fast and full simulation.
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“Search for heavy resonances decaying to a top quark and a bottom quark in

the lepton+ jets final state in proton–proton collisions at 13 TeV,” Physics

letters B, vol. 777, pp. 39–63, 2018. 35

82



[66] ATLAS Collaboration, “Search for W ′ → tb decays in the hadronic fi-

nal state using pp collisions at
√
s = 13 TeV with the ATLAS detector,”

arXiv:1801.07893, 2018. 35, 50

[67] J. M. Butterworth, J. R. Ellis, A. R. Raklev, and G. P. Salam, “Discovering

baryon-number violating neutralino decays at the LHC,” Physical review

letters, vol. 103, no. 24, p. 241803, 2009. 35

[68] Miller, David W et al., “Jet substructure in ATLAS,” arXiv preprint

arXiv:1110.1094, 2011. 35, 38, 43

[69] A. Altheimer, S. Arora, L. Asquith, G. Brooijmans, J. Butterworth,

M. Campanelli, B. Chapleau, A. Cholakian, J. Chou, M. Dasgupta, et al.,

“Jet Substructure at the Tevatron and LHC: New results, new tools, new

benchmarks,” Journal of Physics G: Nuclear and Particle Physics, vol. 39,

no. 6, p. 063001, 2012. 35

[70] Z. Hall and J. Thaler, “Photon isolation and jet substructure,” Journal of

High Energy Physics, vol. 2018, no. 9, p. 164, 2018. 35

[71] M. Cacciari, G. P. Salam, and G. Soyez, “The anti-kt jet clustering algo-

rithm,” Journal of High Energy Physics, vol. 2008, no. 04, p. 063, 2008.

36

[72] D. Krohn, J. Thaler, and L.-T. Wang, “Jet trimming,” Journal of High

Energy Physics, vol. 2010, no. 2, p. 84, 2010. 37
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