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Abstract

In this work, spin correlations between the top and the anti-top quark are investigated in a
sensitivity analysis. For this purpose, the decay channel of ¢t —lepton+jets is considered
and the strange quark is identified as a spin analyser next to the charged lepton using
a c-tagging approach. Based on this, spin observables are constructed and analytical
formulas are fitted to the distributions to obtain the spin coefficients. The reconstructed
distributions are unfolded to the parton level and the sensitivity achieved is investigated
considering systematic uncertainties.

The best sensitivity was achieved for the C'(n,n) coefficient with a 31 ¢ intervals distance
to the no spin correlations value. The other coefficients have ¢ intervals of 3, 15 and 20 o.
In conclusion, a good sensitivity to spin correlations was reached.

Keywords: top quark, tf pair production, spin correlation, c-tagging

Zusammenfassung

In dieser Arbeit werden Spin-Korrelationen zwischen dem Top- und dem Anti-Top-Quark
in einer Sensitivitidtsanalyse untersucht. Dazu wird der Zerfallskanal von ¢t —Lepton+Jets
betrachtet und das Strange-Quark als Spin-Analysator neben dem geladenen Lepton mit
Hilfe von einem c-tagging Ansatz identifiziert. Darauf aufbauend werden Spin-Observablen
konstruiert und analytische Formeln an die Verteilungen gefittet, um die Spin-Koeffizienten
zu erhalten. Die rekonstruierten Verteilungen werden auf das Parton-Level entfaltet und
die erreichte Sensitivitdt unter Beriicksichtigung von systematischen Unsicherheiten un-
tersucht.

Die beste Sensitivitdt wurde fiir den C'(n,n) Koeffizienten mit einem 310 Abstand zu
dem Wert ohne Spin-Korrelationen erreicht. Die anderen Koeffizienten haben o-Intervalle
von 3,15 und 20 ¢. Daraus lédsst sich schlieffen, dass eine gute Sensitivitat fiir die Spin-
Korrelationen erzielt wurde.

Stichworter: Top-Quark, tt-Paarproduktion, Spin-Korrelation, c-tagging
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Nomenclature

Variables
variable meaning unit
S spin h
Q electric charge e
I3 weak isospin -
m mass GeV
E energy GeV
NG centre of mass energy GeV
T lifetime S
Thad hadronisation time S
Tdeco spin decorrelation time S
x Bjorken x -
Vay CKM matrix element -
o spin analysing power -
C/D spin coefficients -
C spin desitity matrix -
n pseudorapidity -
L likelihood -
LL logarithmic likelihood -
P event probability -
DT tranverse momentum GeV
€ efficiency -
a acceptance -

X



Nomenclature

Particles

symbol particle pdgld

U up quark 1

d down quark 2

S strange quark 3

c charm quark 4

b bottom quark 5

t top quark 6

q anti quark - pdgld(q)

l charged lepton 11, 13, (15)

v neutrino 12, 14, (16)

g gluon 21

A Z boson 23

W/= W boson + 24
Abbreviations

abbreviation meaning

SM Standard Model

QCD Quantum Chromodynamics

QED Quantum Electrodynamics

QFD Quantum Flavourdynamics

EWT Electroweak Theory

PDF Parton Density Function

CME Centre of Mass Energy

CKM Cabibbo-Kobayashi-Maskawa

CERN Conseil Européen pour la Recherche Nucléaire

Luc Large Hadron Collider

Lep Large Electron Positron Collider

ATLAS A Toroidal LHC Apparatus

EM Electromagnetic

KLFitter Kinematic Likelihood Fitter

WP Working Point

PLU Profile Likelihood Unfolding



Nomenclature

abbreviation meaning

POI Point of Interest

PCBT Pseudo Continuous b-Tagging
Pdgld Particle Data Group Id

SR Signal Region

ndf Number of Degrees of Freedom
MC Monte Carlo

NP Nuisance Parameter

ISR Initial State Radiation

FSR Final State Radiation
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1. Introduction

When looking at the history of mankind, the question "What keeps the world together in
its inner core?" has always been important and philosophy and religion attempted to pro-
vide an answer. From a current, scientific point of view, the Standard Model of Particle
Physics offers a suitable approach to explain the fundamental mechanism of the universe.
In general, particle physics describes the nature of the elementary particles and their in-
teraction via forces. As a consequence, particle physics is one of the most fundamental
branches of physics and attempts to find a theory describing high energy phenomena as
they happened shortly after the universe formed.

These phenomena are studied at particle colliders such as the LHC at CERN, where pro-
tons are brought to collision at high energies to create new particles. The most famous
success of the LHC was the discovery of the Higgs boson in 2012 at ATLAS [I] and CMS
[2], which has been predicted since the 1960s and is essential for the Higgs mechanism
explaining the mass of most of the particles. But still, there are problems unexplained by
the Standard Model like the origin of the neutrino mass that is necessary for the neutrino
oscillation already observed [3]. Therefore, probing the Standard Model and its prediction

is an important way to discover new physics.

The top quark as a part of the Standard Model is the most massive of the elementary
particles with the shortest lifetime. According to the Standard Model, it is a spin S = %
fermion. By investigating the spin correlations between top and anti-top, also the spin of
the top quark is examined and therefore the Standard Model predictions are tested. In
the top quark pair production via the strong interaction, the top quarks are unpolarised
and the spin properties are directly transmitted to the decay products. The channel used
for this analysis is the lepton+jets decay channel of ¢ where the strange quark and the
charged lepton are taken as spin analysers. To identify the strange quark, a c-tagging
approach and event reconstruction is used. The observables sensitive to spin correlations
are analysed and relevant spin coefficients are obtained by fitting the distributions and

performing unfolding.



1. Introduction

Beginning with a theoretical overview of the Standard Model of Particle Physics including
sections about the top quark and spin correlations in Ch.[2] the basis of the experimental
setup consisting of the LHC and the ATLAS experiment is then described in Ch.[3] Ch.[]
covers the experimental techniques used in this analysis such as b-tagging, event recon-
struction and unfolding. The results of the analysis are shown in Ch.[fland Ch.[f] provides

a summary and an outlook for further research.



2. Theory

This chapter provides the theoretical background for the analysis in this thesis consisting

of the Standard Model, details about the top quark and spin correlations.

2.1. The Standard Model of Particle Physics

2.1.1. Overview

The Standard Model of Particle Physics (SM) presents the current understanding of three

of the four fundamental forces and the elementary particles.

As seen in Fig.|2.1, the SM consists of fermions with spin S = %, gauge bosons with
spin S = 1 and the Higgs boson with spin 0. In general, the fermions can be divided
into quarks and leptons which can be distinguished by their interaction properties. There
are six quarks and six leptons that can be classified in three generations (shown with
three columns in Fig.. Two left-handed fermions in a generation form a weak isospin
doublet. The quark doublets consist of an up type quark with electric charge Q) = —i—%
and third component of the weak isospin I3 = +% and a down type quark with electric
charge @) = —% and third component of the weak isospin I3 = —%. The lepton doublets
contain an electrically neutral, massless neutrino and a charged lepton with electric charge
Q=-1.

The gauge bosons are vector bosons and force carriers for three fundamental forces: strong
force, weak force and electromagnetic force; gravitation as a fourth force is not included.
The Higgs boson is a scalar boson that gives the massive particles their mass.

Out of all these particles, the electron and up and down quark are the stable particles
forming the matter existing in the universe. According to the SM, neutrinos are also
stable but neutrino oscillation has already been observed which can only be explained if
neutrinos are massive. The other particles are unstable and decay into the stable ones via

one of the three forces.
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Figure 2.1.: An overview of the elementary particles of the SM including coupling pa-
rameters.

2.1.2. The Strong Interaction

The strong interaction is mediated by massless gluons and described by quantum chro-
modynamics (QCD) [4H6]. It only affects quarks and gluons because they carry a colour
charge to which the strong force couples. There are three types of colour charge: red, blue
and green, and anti-red, anti-blue and anti-green for anti-particles, respectively. Accord-
ing to QCD, only colourless particles exist as free particles. The colourless particles most
commonly observed either consist of three quarks, where every quark has a different colour
(called baryons), or consist of a quark and an anti quark with the fitting (anti-)colour
(called mesons). The phenomenon that quarks cannot be isolated because of their colour
is called quark confinement. As a conclusion, quarks form a jet, a stream of hadrons,
when created in a particle collider.

The quark confinement can be understood by looking at the strong potential [7]

V(r) = 3, + Rkr (2.1)

with ag being the coupling constant of QCD, r the distance between quark and anti-quark

and k a constant characterising the strength of the linear term. Therefore, the larger the
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distance r, the larger the potential and from the energy new quarks are created forming
new hadrons and a jet.

At low-energy scales, ag is close to 1, therefore large compared to the other coupling
constants. But since ag decreases with increasing energy and is not constant (so-called

running coupling), it has an asymptotic freedom [§].

2.1.3. The Electromagnetic Interaction

Quantum electrodynamics (QED) describes the electromagnetic interaction with the mass-
less photon as the exchange particle. The electromagnetic force couples to electric charge,
therefore all quarks, the charged leptons and the W bosons are affected, but not the
photon itself.

2.1.4. The Weak Interaction

Lastly, the weak interaction is mediated via the exchange of either W bosons or Z bosons.
The theory describing the weak interaction is called quantum flavour dynamics (QFD).
Because of its coupling to the weak isospin, all quarks and leptons are affected as well
as the force carriers of the weak interaction. In QFD, left-handed particles and right-
handed particles are sorted into weak isospin doublets while right-handed particles and
left-handed anti-particles form singlets. The charged currents mediated by the W bosons
only affect left-handed particles and right-handed anti-particles and are able to change
the flavour of the particle with a strength described by the CKM matrix [9]. The vertex

factor for this interaction can be described by

P e

i I, 2" U5y
22 "2

with the coupling strength g, and V;; being the element of the CKM matrix (only if
quarks are involved). The term 1 — ;5 is the left-handed chirality operator which projects
the left-handed part of a state. In contrast, the neutral currents mediated by the Z boson
affect both left- and right-handed particles are shown by the vertex factor

.9z
ZEV}L(QU - ga’}/s)a

where the vector-axial vector coupling (g, — g,)7s indicates the preference to a coupling
to left-handed particles. In contrast to the other gauge bosons, the W and Z bosons are

massive because of their interaction with the Higgs field [10] [11].
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At high energies of about 246 GeV, the electromagnetic and the weak force can be unified
to one single electroweak force described by the electroweak theory (EWT) [12HI4].

2.2. Top Quark

The top quark was discovered at FERMILAB by the DO [I5] and CDF collaborations [16]
in 1995 after being predicted in 1973 [9]. It was the last quark to be discovered because

of its huge mass.

2.2.1. Top Quark Properties

The top quark is a spin % fermion with a charge of () = —i—% and the weak isospin partner
of the bottom quark with the top’s isospin I3 = —i—%. It is therefore a particle of the third
generation.

Of all the six quarks, the top quark is the most massive one with the shortest lifetime.
Due to its huge mass, the top quark has the strongest Yukawa coupling to the Higgs field

(in the order of 1), which makes it interesting to study. The top mass is found to be
my = (172.69 £ 0.30) GeV (2.2)

via direct measurements [I7]. The lifetime is 7 &~ 5-1072° s [I7], while the time for quarks
to hadronise and build bound states is Thaq ~ 1072*s [I8]. Therefore, the top quark is
the only quark that decays before it hadronises. In addition, the top quark lifetime is
much shorter than the spin decorrelation time of Tgeo &~ 107%'s [19], which is why the

top quark is suitable for examining spin correlations.

2.2.2. Top Quark Pair Production

Top quarks can either be produced as a pair of top and anti-top or as a single top quark,
but to study spin correlations, the focus will be on the pair production. At the TEVATRON,
a proton anti-proton collider, the dominating production process is the qq annihilation;
the corresponding Feynman diagram is shown in the upper row of Fig.2.2] In contrast,
at the LHC, a proton-proton collider, top quarks are mostly produced via gluon-gluon
fusion, which can be explained by looking at the parton density functions (PDFs).

Each parton of a hadron carries only a fraction of the total momentum described by the

Bjorken z. Because the collision is inelastic and only the partons interact, the necessary
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Figure 2.2.: The Feynman diagrams for the top quark pair production.

effective centre of mass energy (CME) for the production of a top anti-top pair is given
by
VSeff = /L1725 > 2m, . (2.3)

In conclusion, at a high CME a low x is sufficient for producing top anti-top pairs. In
particular, the PDF for gluons has extraordinarily high values for low x and a high CME,
which is the setting at LHC, and therefore gluon-gluon fusion is the dominating produc-
tion process there.

The leading order Feynman diagrams for the gluon-gluon fusion can be seen in the lower
row of Fig.[2.2] Both the gluon-gluon fusion and quark-anti-quark annihilation are interac-
tions of the strong force, which is parity conserving, therefore the top quark is unpolarised

in leading order processes.

2.2.3. Top Quark Decay

As already mentioned, the top quark decays after a very short period of time. Because
the element of the CKM matrix |V|? is nearly 1 [17] and the decay rate is proportional
to this element, the top quark decays into a bottom quark and a W boson in 99.8 % of
all cases. The W boson, in contrast, has different decay modes. In (67.41 4+ 0.27) % of all
cases, the W boson decays into quarks [I7], where the decay rate is again proportional to
the CKM matrix element and in the rest of the cases, it decays leptonically to a charged
lepton and a lepton neutrino, where the decay rate is equal for the different lepton flavours

(lepton universality).
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Figure 2.3.: Three different kinds of decays for a top quark pair produced via quark
anti-quark fusion.
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Figure 2.}.: Branching ratios for the tt decay.

In Figl2.3] the different decay modes of the top quark pair are presented because each
of the two W bosons can decay either hadronically or leptonically. As shown in Fig.[2.4]
the dileptonic channel has a branching ratio of around 0.105, which is low compared to a
branching ratio of 0.438 for the mixed channel and 0.457 for the fully hadronic channel
[T7]. These values can easily be deduced from the W decay modes mentioned earlier. The
signal from the dileptonic decay can be separated from the background very easily since
the signature of leptons can clearly be determined. In general, the background impact
increases with the number of hadronic decays in the considered decay channel.

In this thesis, the mixed channel where one W boson decays leptonically and the other one
hadronically is used to study spin correlations because it provides the best compromise
between good signal to background ratio and a high branching ratio. Usually, events
where a W boson decays into a 7 lepton are excluded because the 7 lepton itself decays
either leptonically or hadronically. Consequently, it is not possible to detect the 7 but it

rather needs to be reconstructed and the decay products can get mixed up with the other
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| b w l d/s ufc
a,(LO) |-041 041 1 1 -0.31
a;(NLO) | -0.39 0.39 0.998 0.97 -0.32

Table 2.1.: Spin analysing powers of different particles [21].

decay products.

2.2.4. Spin Correlation

The top quark decaying faster than the spin decorrelation time makes it suitable for study-
ing spin correlations since the spin properties are directly passed to the decay products.
The angular distribution of the top quark decay products contains information about the
spin of the particles and can therefore be used to analyse spin correlations. The cross

section o can be described by [20]

1 do

> Toos (0 (1+ oy PP cos (6;)) /2 (2.4)

with the spin analysing power «;, the top polarisation vector P and 6; being the angle

between the momentum direction of decay product 7 of the top quark and P.

The spin analysing power «; describes the degree to which the top quark spin is trans-
ferred to the decay product ¢ and can take values between —1 and 1. Because it is close
to 1 for charged leptons and the down or strange quark, these are the ones used for
the analysis. To find the strange quark, the associated charm quark is tagged using the
DL1r b-tagger [22] because the charm quark has properties similar to the bottom quark
regarding parameters relevant for b-tagging (more in Ch.[d). The strange quark cannot
be tagged like this but with full reconstruction of the W boson, the strange quark can be
found. The bottom quark as another down type quark has a weaker spin analysing power
but since the decay of a W boson into a b quark is suppressed because of the CKM matrix
element, it is sufficient to look at the down type quark of the hadronically decaying W
boson. The spin analysing power for up type quarks like the up or charm quark is around
a; = —0.3, as listed in Tab.[2.1} what weakens the effect measurably.
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q/g alg

Figure 2.5.: Helicity basis.

2.2.5. Observables

Different observables are chosen for studying top quark spin correlations. One of them
is the angle A¢ between the momentum directions of the charged lepton from the lep-
tonically decaying W boson and the down type quark from the hadronically decaying W
boson in the laboratory frame and in the helicity basis. The helicity basis is defined as
the basis in which the top spin is aligned with the top quark’s direction of flight in the ¢
rest frame, which can be seen in Fig.[2.5] The observable in the helicity basis is specified
with the index A¢p,. The A¢ observable is sensitive to the spin correlation but the spin
sensitivity depends on m " and with higher values the sensitivity is expected to vanish
[23].

The other four observables have an analytical formula which can be used to extract spin
information via fitting of the unfolded distributions. Three of them can be expressed as
cos(6f) cos(#%) where only the axis a = {k,r,n} for taking # vary (see Tab.[2.2). In the
following, the superscript is dropped if the generalisation of the three observables is meant
and specified otherwise.

If the W from the top quark decays leptonically, the 6 are calculated according to
cos 0, = [-a and cosfy, =§- lA),

with [ , § being the unit vectors of the particle’s directions of flight, @ the ¢ reference axis
and b the t reference axis. For a leptonic decay of the W~ from the anti top, a and
b switch. There are three different choices for @ and b described in Tab., with the

10
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A

name a b
transverse n - sign(y,)f, -sign(y,)n,
radial r sign(yp)?p  -sign(y,)7p

helicity & k -k

Table 2.2.: Choice of reference axes. The variables are defined in detail in Eq. (2.5])-
23).

variables defined as [24]

J: = t direction of flight in #f rest frame, (2.5)
Dp = proton direction of flight in lab frame, (2.6)
yp:ﬁp']%7 Tp:\/l_y;?)a (27)
R 1. Al 1. N
Pp = —(Dp — Ypk), N = 7(1710 x k). (2.8)

Tp P

To extract the spin correlation coefficients, the relation [24]

1 do 1 1
—— = —(1—-C - cos¥ Os)In (| ———— 2.9
o d cos 0, cos b 2( cos s cos b) n<|C059lCOSQS|> (29)

is used to fit the normalised distributions. According to Eq. (2.9)), the parameter C is

linked to the mean of the distribution via
C' = —9-(cos b cosby).

The relevance of the cos 6; cos 6, observable comes from the connection of the C' parameter

to the spin correlation via [24]

o(tt) + o) —o(td) — (i)

OB = ) ¥ (1) — o (1) T o U1)’

(2.10)

(1) +o (L) —o(th)—o (1)
a(t)+o()—o(td)+o(l1)’

where o represents the spin operator applied on the tt system. Therefore, by extracting

with the spin analysing powers «; and the spin asymmetry A =

the parameter C' from the distribution spin correlations can be measured.

The opening angle between the two spin analysers

cosp=10-5

11
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can also be used to determine spin correlations since the normalised distribution can be
described by [24]

1 do 1
— —Z(1—-D- D=-3. . 2.11
Cdeoss = 3L D cose), (cosp) (211)

The factor D is proportional to the trace of the spin density matrix C consisting of the C'

parameters from before via

D= —?I)Tr(C) _ —é (C(n,n) + Clrr) + Ol ) .

Besides the sensitivity to spin correlations, the D parameter extracted from the cos ¢
distribution can indicate quantum entanglement in ¢f. This entanglement in quarks has
not been detected yet. To check the cos observable, a cut on m i has to be applied,
where only events with myy < 390 GeV are considered. There the sensitivity to the
entanglement is enhanced because of the proximity to the ¢¢ threshold (~ 350 GeV) [25].

The marker for the entanglement is a value of D < 1/3.

12



3. Experimental Setup

The data used for studying top quark spin correlations is collected at the ATLAS (A
Toroidal LHC ApparatuS) detector at the LHC. The LHC (Large Hadron Collider) is a
proton proton collider at the research centre CERN (Conseil Européen pour la Recherche

Nucléaire).

3.1. The LHC

The LHC is a synchrotron with a circumference of around 27 km located in Geneva [26].
The first collision was achieved in 2010 at a CME of 7TeV but since then the LHC was
upgraded with the latest CME of 13.6 TeV at the start of Run 3 in 2022, the highest
collision energy up until now. It is designed to reach a CME of 14 TeV that is expected
to be reached with the upgrade to the High Luminosity Large Hadron Collider (HL-LHC)
starting 2029 [27]. The LHC can achieve such high energies since it is a hadron collider
with a smaller synchrotron radiation loss at high energies compared to lepton colliders
like LEP (Large Electron Positron Collider), the predecessor of LHC.

The particles are accelerated with the help of different circular accelerators until they
reach velocities close to the vacuum speed of light and are brought to collision. As shown
in Fig.[3.1] there are four interaction points where the accelerated particles collide and
the detectors ATLAS 28], ALICE [29], Cms [30] and LuCh [31] are positioned.

3.2. The ATLAS Detector

3.2.1. Overview

ATLAS is the largest particle detector at the LHC with a length of 46 m, a diameter of 25 m
and a mass of about 7,000t. It is a cylindric general purpose detector that focuses on

measuring new processes or particles and their properties, namely the masses, momenta,

13
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Figure 3.1.: Structure of the CERN complex and LHC (OCERN).

energies, lifetimes, electric charges and spins.

The detector consists of different layers, which can be seen in Fig.[3.2l Generally, the
detector can be divided into four major components: the inner detector, the calorimeters,
the muon spectrometer, and the magnet system. The inner detector tracks the particles
and the calorimeters measure the energy of the particles by stopping them. As the name
indicates, the muon system focuses on measuring muon properties and the magnetic sys-
tem deflects the charged particles so they are measured in the inner detector and muon
spectrometer. The only particles that the ATLAS detector cannot detect are neutrinos be-
cause they rarely interact with matter. Because neutrinos can be a part of the top quark
decay, their energy and momentum are reconstructed via the missing transverse momen-
tum. In hadron colliders, the total missing momentum cannot be determined since the
partons of the hadron carry different momentum fractions but the momentum transverse
to the beam line is zero before the collision. Therefore, if the total transverse momentum

in the final states is not zero, it indicates missing transverse momentum.

The coordinates to describe the detector are the cylindrical coordinates consisting of
the azimuthal angle ¢, the polar angle # and the z axis along the beam line. Using this
and the assumption that in high energy physics the particle mass can be neglected, the
pseudorapidity 1 can be defined as

=—In tng
n= a2 .

14
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Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
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Figure 3.2.: The different layers of the ATLAS detector (OCERN).

In the following, the pseudorapidity is used to show the ranges of the detector components
covered. Differences in the pseudorapidity An are Lorentz invariant under boosts, which
is an important property for hadron colliders because there the collision system is boosted

due to the different momentum fractions of the partons.

3.2.2. Detector Components

The inner detector tracks charged particles and collects information about the type of
particle and their momentum, especially the starting point of the track can be used for b-
tagging (see Ch.[A.1]). The inner detector tracks particles with a pseudorapidity || < 2.5
with three different components. One of the components of the inner detector is the
silicon-based Pixel detector, which can measure tracks very precisely due to its short dis-
tance to the interaction point. The other two parts are the semi-conductor tracker and

the transition radiation tracker covering a larger area to track particles.

The ATLAS detector has an electromagnetic and a hadronic calorimeter (both sampling
calorimeters). The hadronic calorimeter is necessary since some strongly interacting, elec-
trically neutral particles might pass through the electromagnetic calorimeter. The EM
calorimeter absorbs energy from charged particles and photons and is characterised by a
high precision in terms of the energy and location of the particles. The precision of the

hadron calorimeter is lower but otherwise the mechanism is identical. The two calorime-

15
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ters combined cover a pseudorapidity of |n| < 4.9.

Since muons are more massive than electrons and lose less energy to bremsstrahlung,
which makes them minimal ionising particles, they must be detected in the outer part of
the detector in the specialised muon spectrometers. These spectrometers cover a pseudo-
rapidity of |n| < 2.7. Most of the particles will not pass the calorimeters, so the muon

identification is accurate.

The magnet system of the ATLAS detector consists of two superconducting magnet sys-
tems: the solenoid, which surrounds the inner detector and allows precise measurement
of the momenta of even very energetic particles, and the outer toroid magnets within the

muon systems.

Another important tool for recording data is the trigger system that uses fast event
reconstruction to select the most interesting events because it is not possible to store
all the events. The trigger system consists of two trigger levels with the Level 1 trigger
implemented in hardware and making decisions in less than 2.5 us. The events saved by
the first level trigger are then sorted by the High Level trigger implemented in software
and deciding in 200 us. Out of 40 MHz of events happening, about 1,000 Hz remain for

the offline analysis.
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4. Experimental Techniques

To study spin correlations in the lepton + jets channel, b tagging and event reconstruction
are necessary. Not only the two b jets from ¢ and ¢ can be identified via b-tagging, but
also the c jet from the hadronically decaying W boson. To assign the jets to the W boson
(and parent top/anti-top), the event reconstruction with KLFitter is used. Lastly, the

reconstructed distributions are unfolded to match the parton level.

4.1. b-Tagging

As already mentioned, the top quark nearly always decays into a bottom quark, which
then hadronises and forms a jet. The special property of B hadrons is their long lifetime
due to the low value of the CKM matrix elements V,, and V,,; for possible decays. The
CKM matrix states that decays within generation of quarks are far more likely to occur
than those between generations and since the top quark is the weak isospin partner of
the b quark and much more massive than the b quark, B hadrons have unusually long
lifetimes. This property can be used to identify jets originating from bottom quarks in
collision data by reconstructing the secondary vertex from jet tracks. The difference be-
tween b jets and light jets is shown in Fig.[4.1l Moreover, b quarks are heavier than their
decay products what causes the decay products to have a higher transverse momentum.
Consequently, the jets are wider, have higher numbers of particles and higher invariant
masses what can also be used for the b-tagging.

When studying spin correlations, not only identifying the b quark but also finding the
charm quark is relevant because of the spin analysing power of the associated strange
quark. To achieve this, the DL1r tagger is used [22] because it also has sensitivity to ¢
jets due to similar properties as the b jets. C hadrons have a shorter lifetime than B
hadrons but still a longer lifetime than hadrons containing light quarks, which is why the
b-tagger might mistag them as a b jet. In Addition, the mass of the ¢ quark is higher than
for the light quarks but smaller than the b quark mass.

The working points (WPs) of DL1r differ in the ratio of b jets identified and therefore in
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—% tracks b jet
------ b hadron \
—————— impact

parameter
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/ vertex

‘ 7 §mary vertex

Figure 4.1.: Diagram of a b jet with a secondary vertex compared to a light jet.

WP incl. b jet eff. excl. b jet eff.

1 100 % 14.74 %
2 85.26 % 7.66 %
3 77.60 % 6.66 %
4 70.94 % 9.62 %
) 61.32% 61.32%

Table 4.1.: Definition of the DL1r WPs. The inclusive efficiency is the efficiency in-
clusive for all the lower WPs, whereas the exclusive efficiency describes the
difference between adjoined inclusive efficiencies.

their efficiency and purity. As can be seen in Tab.[d.1] the first WP identifies all of the b
jets but also mistags all of the other jets, so its purity is low and the WP is not useful.
The WPs 2-4 can be considered loose WPs with a lower purity but higher efficiency. In
contrast, the last WP, a tight WP, leaves out b jets but has a low mistag rate instead,
so a high purity and a low efficiency. This WP properties can be used to perform the

c-tagging (see Ch.p.1)).

4.2. Event Reconstruction with KLFitter

As already mentioned, the energy and transverse momentum of the final particles are
measured but they still must be assigned to the correct particles. This can be achieved
by using the Kinematic Likelihood Fitter [32] for the reconstruction. KLFitter is based

18



4.3. Profile Likelihood Unfolding with TRExFitter

on maximising the likelihood function £, which consists of different functions giving the
likelihood of measured parameters like the mass matching with the real parameters of
the particles. One component of the likelihood function are the Breit-Wigner functions
B that have their maximum for the particle’s expected mass and falls off according to
the mass distribution. The other component, the transfer functions W, work similarly by
modelling the relation of the energy or momentum of the assumed particle to the energies

and momenta measured in the detector. As a result, the likelihood can be written as

L = B{m(q1q2)|mw,Tw} - B{m(lv)|mw,Cw}

B{m(q192bnaa)|me; Tiop} - B{m(Ivbiep)[m, L'eop }-

W (Ejety | Epyag) - W (Eieta | Boy) - W (Ejets | Eg,) - W (Elet| Ega ) (4.1)
W (E)|E;), e+ jets channel,

W(E;nisslpx,y) i W(Emiss|p 71/) .
Y Y W (prilpry), 1+ jets channel.

Therefore, the likelihood £ is maximised by permuting the assignment of measurement
outcomes and particles. It is also possible to add additional terms to the likelihood

representing information like the b-tagging.

4.3. Profile Likelihood Unfolding with TRExFitter

The measured distributions of observables are often distorted because of limited accep-
tance and resolution in the detectors. That is why the true distribution of a measured
observable cannot be accessed directly but via an inverse process called unfolding. To do
so, one can simulate the true distribution based on a model assumption and construct
the simulated measured distribution. From this distribution, the unfolding is performed
to cancel distortions out and the same unfolding process can then be applied to real mea-
sured distributions. The relation between the measured and true distribution with the

unfolding process is presented in Fig.[4.2]

The unfolding performed in this thesis is a profile likelihood unfolding (PLU) based on a
profile likelihood fit with TRExFitter. For the PLU, the response matrix consisting of the
selection efficiency, migration matrix and acceptance as well as the truth distribution is
necessary (see Ch.. In the following, the truth distribution means the parton level
distribution. The idea is then to fold each truth bin with the response matrix to obtain
one reconstructed distribution for each truth bin and assign one normalisation factor to
each folded truth bin. The Ny, reconstructed distributions are then fitted to the data
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Folding

Unfolding

Figure 4.2.: Visualisation of unfolding and folding. On the left side the measured dis-
tribution is shown and on the right side the true one. The measured dis-
tribution is smeared compared to the true distribution due to resolution
effects.

with the binned profile likelihood fit. As a result, the normalisation factors are obtained.
These normalisation factors are applied to the truth distribution to receive the unfolded
distribution.
The binned profile likelihood that is maximised in the fitting process by TRExFitter is
defined as

L(n|0, k) =11;P(n;|S;(0, k) + B;(0,k)) - 1L,G(0;), (4.2)

where n; represents the data in the ¢-th bin, 6; the constrained parameters, so the nuisance
parameters associated to systematic uncertainties and k; the unconstrained parameters,
so parameters of interest and unconstrained nuisance parameters. P(n;|S;(0,k)+ B;(0,k))
yields the likelihood of a Poisson distribution with an expectation value based on the signal
and the background to take the value of the data n. G(6;) is the constraint term which
represents constraints on the nuisance parameters based on knowledge already obtained
(for example with Gaufl or Breit-Wigner distributions). Like this, the unfolding problem is
simplified to a regular profile likelihood fit. In this thesis, only Asimov fits are performed,
i.e. there is no data used for the unfolding and it is replaced by the truth distribution.
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5. Sensitivity Study for the

Observation of Spin Correlations

To investigate spin correlations in tt, first possible c-tagging criteria are analysed to iden-
tify the charm jet and the strange jet associated with the same W boson. Subsequently,
the observables sensitive to spin correlations are studied with respect to the quality of the
reconstruction and the spin sensitivity. Lastly, the relevant spin coefficients are extracted

from the distribution via fitting or unfolding and the achieved sensitivity is analysed.

For the analysis, a tf signal sample generated with POWHEG [33]+PyTHIA [34] 35] as

Monte Carlo generators based on Run 2 in 2018 is used.

5.1. Investigation of possible c-tagging WPs

For the analysis of spin correlations in the lepton-+jets channel, the strange quark as a
spin analyser needs to be identified. To achieve this, suitable signal regions are defined

with the help of the b-tagger DL1r and the flavour reconstruction evaluated.

5.1.1. Preparation

To identify semi leptonic decays of ¢t with certainty, a preselection is applied. An elec-

tron+jets (muon+jets) event is selected if
« it passes the single lepton trigger,
o there is exactly one electron (muon) with pr > 28 GeV,
o the selected electron/muon matches the trigger,
it passes the loose jet cleaning,

o there are at least four jets with pr > 25 GeV,
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Figure 5.1.: Efficiency and purity of the DL1r WPs. On the left side the purity split
into light, b and c jets is shown, on the right side the efficiency for the same
jets. Based on these plots, the c-tag criteria are formulated.

o there are at least two jets at the 60 % DL1r WP,
o and there is no bad muon.

The electron trigger is passed if the electron has a transverse energy Er > 26 GeV, tight
ID criterion without impact parameter and a loose isolation criterion, or Er > 60 GeV
and a medium ID criterion without impact parameter, or Er > 140 GeV and a loose 1D
criterion without impact parameter. In contrast, the muon trigger is passed if the muon

has either Er < 26 GeV and a medium isolation criterion or Ep > 50 GeV.

The c-tagging WPs are based on the continuous b-tagging WPs of DL1r (shown in Tab.
where possible mistags in the looser WPs are used. To investigate the possible c-tagging
WPs, the efficiency of the WP regarding each flavour, namely the fraction of jets classified
in a certain WP, is of interest to estimate the remaining statistics. Another parameter of
interest is the purity of the WP regarding the favoured flavour. In Fig.[5.1] it can be seen
that the tightest WP has a high b purity as expected while hardly any b jets in the other
WPs can be found. That is expected since the preselection for the ¢t process is at least
two jets at the tightest WP, which should be the required truth b jets for a ¢ decay. The
first WP has a high fraction of light jets (u,d, s or g), what is expected since they are the
most different to b jets and therefore not that often mistagged. But the most interesting
WPs for performing c-tagging are the WPs 2 — 4, which have a high fraction of ¢ jets
and can be used as a suitable c-tag criterion. Looking at Fig.[5.1) the majority of ¢ jets
will not be selected since they are sorted into the first WP but there are still a sufficient

number of ¢ jets in the relevant WP.
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5.1. Investigation of possible c-tagging WPs

ctag WP s WP jet multiplicity

SR 0 2 1 4
SR 1 2 1 o+
SR 2 3 1-2 4
SR 3 3 1-2 5+
SR 4 4 1-3 4
SR 5 4 1-3 5+

Table 5.1.: SR definition based on DL1r WPs and jet multiplicity.

5.1.2. Signal Regions

Based on the results from the WP analysis, three different c-tag criteria representing the
three relevant DL1r WPs were designed. For orthogonal signal regions (SRs), the WP
of the associated jet with the c-tagged jet is required to be looser than the c-tag WP. A
more precise definition of the SRs can be achieved by differentiating between events with
exactly 4 jets or more than 4 jets. The expectation based on the Feynman diagram is 4
jets but there can be more jets due to initial or final state radiation. It is reasonable to
differentiate between those cases because the possibilities of KLFitter mismatching the
jets increases with the jet multiplicity. A summary of the SRs is presented in Tab.[5.1]

The respective fiducial region on parton level is defined as the region with exactly one
truth ¢ jet and exactly one electron or muon. These particles are the products of the top

quark decaying to a W boson, which then decays either leptonically or hadronically.

Having defined the SRs, the reconstruction efficiency is investigated by checking the truth
flavour of the jets tagged as charm or assigned as strange. In Fig.[5.2] the truth pdgld
of the c-tagged particles in the different SRs is shown. As expected, the majority of jets
truly are ¢ jets (pdgld= 4) but there is a non-negligible part of b jets (pdgld= 5) or
gluons (pdgld= 21). Looking at the mistags, the case of c-tagging a b jet, the associated
jet could still be an s or d jet carrying spin information whereas c-tagging a gluon means
that the W boson was not reconstructed correctly because a W cannot decay into a gluon.
Consequently, also the spin observables are negatively affected.

When a jet is c-tagged, the other jet that is assigned to the same W as the c-tagged jet
according to KLFitter is assumed to be the s jet (pdgld=3). Looking at the true com-
position of the associated jets in Fig.[5.3], it can be seen that less than 50 % are assigned
correctly. If the assumed s jet truly is a d jet (pdgld= 2), the spin analysis is not affected
because down quarks have the same spin analysing power as strange quarks, the W decay
to ¢ and s is simply more likely to occur than to ¢ and d because of the CKM matrix

elements. But the biggest contribution of falsely as strange reconstructed particles are
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Figure 5.2.: Truth pdgld of the c-tagged jets in the SRs. The truth c¢ jets form the
highest contribution which indicates a good reconstruction efficiency. But
there are also events where a gluon was c-tagged and therefore, the W
boson was not reconstructed correctly.
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Figure 5.3.: Truth pdgld of the associated jets in the SRs. The reconstruction efficiency
for the s jet is not as good as for the c jets since there is a high contribution
of gluons where the W boson was not reconstructed correctly.

the gluons, which do not carry the right spin information. Since the strange quark is one

of the spin analysers next to the charged lepton, a false reconstruction affects the distri-

bution of the observables directly. That is one of the reason why unfolding is performed

later.
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5.2. Investigation of Spin Observables

5.2. Investigation of Spin Observables

The observables introduced in Ch.[2.2.5 are analysed with respect to the truth/ recon-
struction agreement and the spin sensitivity. As a result, the spin coefficients are extracted
by fitting the distributions. Moreover, the background for the ¢t signal for the observables

is analysed.

5.2.1. Construction of the Observables

The A¢ observable is easily constructed by taking the absolute value of the difference
between ¢4 and ¢; and normalising it with respect to m so that the result is between 0
and 1. For the observables in the helicity basis, the particles are first boosted to the tt
rest frame and to their parent top’s rest frame. Then, the unit vectors of the particles are

determined to construct the right angles between the particles.

5.2.2. Reconstruction

To evaluate if the c-tagging approach is working for the reconstruction of the spin sensitive
observables, the agreement between the distributions on truth and reconstruction level are
compared and the migration matrix is analysed. The migration matrix is a Npins X Npins
matrix with the truth observable on the vertical axis and the reconstructed observable
on the horizontal axis and the number of entries on the z axis. Therefore, every entry in
the matrix is an event that is in both the fiducial region and a signal region as defined in
Ch.[5.1.2) which means that the reconstruction algorithm correctly identified the event.
But it does not necessarily mean that the observable was reconstructed correctly. Since the
rows of the matrix are normalised to 1, the fraction of truth events that are reconstructed
in the corresponding bin is shown on the diagonal. But still, the number of bins is finite
(and the width not infinitesimal) so the diagonal entries depend on the choice of bins
which is used in the rebinning process later.

Other quantities to determine the quality of the reconstruction are the efficiency e and

the acceptance a. They are defined as

_ #events generated in fiducial region and reconstructed in SR

5.1
‘ #events generated in fiducial region ’ (5:.1)

#events reconstructed in the SR and generated in fiducial region (5.2)
a = .
#events reconstructed in SR

and are also important for the unfolding. The efficiency, migration matrix and acceptance

can be combined to form the response matrix that is then used for the unfolding.
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Figure 5.4.: Migration matrix for the different observables in SR 0. It can be seen that
the migration is not very diagonal.

In Fig.[p.4] the migration matrices with 20 bins on each axis for the different observables
for SR 0 are shown but it can be observed that the matrix is not as diagonal as desired.
The A¢ observables show a migration to lower values for the reconstruction while the
cos 0 cos 6, observables have a migration of events to 0 and the migration for cos ¢ seems
to be smeared. For the unfolding process later, a diagonal migration matrix is important
to simplify the fit performed and to make sure that it converges. That is the reason why
the histograms are rebinned so that bins where migration happens are merged. For the
A¢ and cos ¢ observables, the bins are merged until the diagonal bin reaches a fraction
of 50 %, while for the cos 8, cos 6, observables a different approach is chosen. Because the
analytical formula Eq. diverges at 0, it is set as a bin edge and the two halves are
optimised separately with respect to the sum of the diagonal entries. The first rebinning

approach resulted in three bins for the cos 6, cos 6, observables, therefore the expectation
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Figure 5.5.: Migration matrix for the observables in SR 0 rebinned. The other SRs are

shown in App.[A.T] The observation is that the rebinning clearly improved
the diagonality.

was to aim for a total of four bins, two per half. For these processes, the SRs are consid-
ered simultaneously to gain a single suitable binning per observable. The results for the
rebinning presented in Fig.[5.5show a more diagonal matrix. In conclusion, the difficulties
of the migration matrix illustrated in Fig.[5.4] were improved with the adjusted binning,
which will be used for this analysis.

The efficiency and acceptance described in Eq. and Eq. are displayed in Fig.[5.6
and Fig.[5.7 for SR 0. In addition to the migration matrices, the comparison between
the truth and reconstructed distribution is considered for the evaluation. In Fig.[5.8| the
contrast already seen in the migration is shown.

The bad agreement between the truth and the reconstructed distribution can be a result

of a misidentification in the c-tagging in the first place or a mismatch of KLFitter, like
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Figure 5.8.: Comparison between truth distribution and reconstructed distribution in
SR 0. The other SRs are shown in App.[A.2] It is shown that there is a
discrepancy between the truth and reconstructed distribution which agrees
with the migration effects observed.

already discussed in Ch.[.I], or effects due to the detectors. But in the either case, the
unfolding is performed since the analytical formula to fit the distribution is defined for

the truth distribution and the bad agreement does not disrupt the analysis.

5.2.3. Spin Sensitivity

As described in Ch.[2.2.4] the charm quark has a low spin analysing power and is there-
fore not sensitive to spin correlations. Consequently, the distributions for the charm and
strange quarks are expected to differ. The differences can be seen in Fig.[5.9 and the plots
support the hypothesis that charm and strange quark behave differently when it comes to
spin sensitive observables. For these plots, the bin width is considered when calculating
the ratio histogram because the histograms for the charm and strange quark have differ-
ent bin edges. That is because the observables have migration effects of different strength

that create different results in the rebinning.
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Figure 5.9.: Comparison of ¢ and s distribution for the different observables. The dis-
tributions differ due to the different spin sensitivity.

In general, down type particles like the strange quark tend to have smaller transverse
momentum than up type particles like the charm due to the parity violating W decay.
The same applies to the up type v and down type charged lepton in a leptonic W decay.
Since there is a preselection cut on the pr in the samples used for the reconstruction and
cutting out more strange than charm jets could be the reason for the difference in the
distributions, the truth momentum distribution and the observable distribution without
this cut is analysed. In Fig.[5.10] the pr of the strange and the charm in comparison and
the neutrino and the charged lepton are shown since the neutrino is as well an up type
particle and the charged lepton a down type one. It can be observed that the assumption
stated in the beginning is plausible with these plots. In total, 90.33 % of the charm jets
have a pr > 25 GeV whereas only 84.28 % of the strange jets do.

The distributions of charm and strange on truth level (see Fig.[5.9) without any cuts
still show differences which indicates that the differences originate from the different spin

analysing powers.

For the A¢ observables, the spin sensitivity is expected to vanish with higher values
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Figure 5.10.: Comparison of the pr of down and up type particles. The last bin shows
the overflow of particles with pr > 250 GeV. The distributions differ be-
cause the down type particles tend to have a smaller pr.

of m i and there is no analytical formula to fit and therefore, these observables will not

be investigated further.

5.2.4. Fitting

As described in Ch.2.2.5 the spin coefficients can be extracted from the distributions
of the spin observables by fitting the analytical formula. With these coefficients and
their uncertainty, information about the spin correlations is gathered. The analytical
formula for the cos ¢ distribution described in Eq. shows a linear relation, so this
distribution can be fitted directly. In contrast, Eq. points out a non-linear relation
that complicates fitting because the middle of the bin is used for the fit, which does not
represent the real bin centre based on the function to fit. That is the reason why a bin
centre correction is applied before fitting the cos 6, cos 6, distributions.

The fit performed for the histograms is a x? fit where the x? defined as

X2 _ fs (yi — f(932>)2

2
i=1 0j

is minimised. Ny;,s represents the number of bins, y; is the yield of the i-th bin, f(z;) the
analytical function at the bin centre z; and o; the uncertainty. To evaluate the quality of
the fit, x*/ndf is calculated, where ndf means the number of degrees of freedom, which is

equal to Npjs — 1 in this case.
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5. Sensitivity Study for the Observation of Spin Correlations

The bin centre correction is based on a binary search algorithm to find the point between
the bin edges where the integral of the function reaches 50 % with respect to the total bin
integral. But for a meaningful result a nominal value for the C' parameter is required. To
determine the expected parameter values precisely, the truth histogram to fit is produced
with a fine binning. Then, the bin centre correction is obsolete because the bin width is
small compared to the range of the function. In Tab.[5.2] the fit results, the means of the
histograms (which are independent of the binning) and the reference literature values [24]
can be found. Reading off the table, it is visible that the fit results agree well with the
means as expected what can also be seen in the plots in Fig.[5.11] The fit results resemble
the literature values but they do not need to match the literature values exactly since the

spin correlation is only approximately implemented in the generator.

parameter fit result x3/ndf  —9- (cosfcosb,) literature
C(k, k) 0.3141+5-107* 156  0.3140+5-10~* 0.326
C(r,r) 0.0478 £5-1074 1.65 0.0477 £5-1074 0.071
C(n,n) 0.3175£5-1074 1.62 0.3175£5-1074 0.331
D —0.2264 £ 3-1074 - —0.2264 £3-107*  —0.228

Table 5.2.: Fit results for cos 6, cos 65 with fine binning compared to the literature values
[24] and means of the histograms.
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Figure 5.11.: The truth distribution plotted together with the fitted distribution for a
fine binning. The two distributions agree well with each other.

In the next step, the bin centre correction based on the parameters obtained before was
applied to the truth histograms with the regular binning. These histograms were then
fitted and the results are displayed in Tab.[5.3] The fit parameters differ from the literature
and the mean values due to the low number of bins. Moreover, it stands out that the
x2/ndf is very high for the fit performed. To solve this, the mean is fitted with the
unfolding instead, as described in Ch.[5.3

Whereas the fitting of the cos ¢ observable is less complex since bin centre correction is
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5.2. Investigation of Spin Observables

parameter fit result x%/ndf  literature
C(k, k) 0.4005+4-10"* 2.67-10° 0.326
C(r,r)  0.0543+4-10% 233.10°  0.071
C(n,n)  04283+4-10% 1.67-10°  0.331
D —0.2944 +3-10* - —0.228

Table 5.3.: Fit results for cos 6, cos, with regular binning compared to the literature
values.
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Figure 5.12.: The truth distribution plotted together with the fitted distribution for
the regular binning. Due to the low number of bins, the distributions
cannot be compared well.

not necessary and therefore the fit is performed directly. Tab.[5.4]shows that the fit result
and mean of the histogram are in good agreement but the uncertainties are vanishingly
small because no systematic uncertainties are included and the statistic ones are tiny for
the truth distributions. In the unfolding described in Ch.[4.3] systematic uncertainties are

considered and therefore more realistic uncertainties on the parameters are obtained.
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5. Sensitivity Study for the Observation of Spin Correlations

parameter fit result x?/ndf —3 - (cos p) literature
D —0.2364 £3-10*  0.60 —0.2365+3-10* —0.228

Table 5.4.: Results for the fitted parameter D from the cosp truth distribution com-
pared to the mean of the histogram.

5.2.5. Check with no Spin Correlations Sample

To assure that the spin correlation was extracted via the fit, the same process is repeated
with a sample generated without spin correlations. The results displayed in Tab.[5.5 show
a good agreement with the expectation of 0 as spin correlation coefficients. The fitted
distributions are also displayed in Fig.[5.13]

parameter fit result X% /ndf (0)
Clk,k)  0.0530£8-10% 0.5-10° (1£1)-107°
Clr,r)  (36+£8)-107%  04-10° (1£1)-1073
C(n,n)  0.08550 £8-10~% 3-10° (1+1)-107°

D (7T£6)-10° 0.09 (4£6)-10°

Table 5.5.: Fit results for fitting the sample without spin correlations.
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Figure 5.13.: The truth distribution plotted together with the fitted distribution for the
sample without spin correlations. For the cos ¢ distribution, it is visible
that the parameter is close to 0 as expected.

5.2.6. Background

In general, the background processes are characterised by having the same final states

as the signal process what makes it impossible to distinguish between them on particle

level but since the process is different, the results extracted from those distributions are

incorrect. For the tt signal in the lepton-+jets channel, the final states are two b jets,

one charged lepton, one neutrino and at least two other jets. The relevant background

processes are:

« Diboson Production: One of the bosons has to decay leptonically while the other

one has to decay hadronically and there have to be two b jets in the final state to

imitate the t¢ signal in the lepton-+jets channel. The samples were produced with

POWHEG +PYTHIA.

« Single Top Production: In the s and ¢ production channel, the W from the top

decay has to decay leptonically whereas in the tWW channel, either the W from the

top or the associated W has to decay leptonically and the other one hadronically.
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5. Sensitivity Study for the Observation of Spin Correlations

But still, events can be reconstructed incorrectly and the number of background events

In addition, there has to be a second b jet. Again, these samples were generated

with POWHEG +PYTHIA.

tt+ H, tt + W, tt + Z: For the tt + X processes, exactly one of the three bosons
(two W from the ¢t decay and the additional H,W or Z) has to decay to leptons
and the other two to hadrons. The tt + H was produced with POWHEG +PYTHIA,
whereas the tt + W with SHERPA [36] and tf + Z with MADGRAPHS5__AMC@NLO

[37]+PYTHIA.

W+Jets and Z+Jets: In this case, the boson has to decay to leptons and among
the jets, there have to be two b jets. The SHERPA generator was used for these

samples.

considered may vary.

The results are presented in Tab.[5.6) where the different background process contributions
for the different observables can be seen. The distribution is similar for the different

observables but the tt signal clearly forms the biggest contributions since the signal to

background ratio has a value of about ~ 0.92.
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Figure 5.14.: Summary plots for the 6 SR of the signal and background yields.



5.3. Unfolding

SRO SR1 SR2
diboson 35.0 £3.1 19.1+1.6 12.5+0.9
W +jets 2,710 4 220 2,020 4 170 1,110 £ 90
Z+jets 1,440 £ 140 910 + 80 457 4+ 33
single top 7,000 + 400 5,260 + 340 3,030 &+ 190
tt+ H 108.0 £+ 3.0 624 + 22 83.5+ 2.6
tt+ 2 23.0+1.2 95+ 6 10.1 +0.6
tt+ W 110+ 6 335+ 19 51.0 £ 2.9
tt 147,000 £ 18,000 150,000 £ 12,000 70,000 £ 9, 000
Total 159,000 £ 19,000 159,000 £ 12,000 74,000 =+ 10, 000
SR3 SR4 SR5

diboson 7.2+0.5 8.6+0.5 5474+ 0.34

W +jets 860 + 60 820 + 60 700 + 50

Z+jets 334 + 24 333 + 23 248 4+ 15

single top 2,420 + 140 2,040 + 130 1,800 4 110

tt+ H 447 + 15 106.9 + 3.5 539 + 19

tt+ 2 423425 5.7+0.4 26.2+ 1.6

tt+ W 156 £ 9 302+ 1.9 101 +6

tt 72,000 + 5,000 45,000 4 6,000 49,700 + 3, 100

Total 76,000 &+ 5,000 48,000 &+ 6,000 53,100 =+ 3,300

Table 5.6.: Yields of the analysis for the different SRs. The yields are the same for every
observable since the distribution is not considered.

5.3. Unfolding

As already described in Ch.[4.3] the reconstructed distributions are unfolded to match the
truth distribution and to enable the extraction of meaningful coefficients. Thereby, the
uncertainties are particularly important because they show the sensitivity achieved in the

analysis. Therefore, different systematics are included.

5.3.1. Closure Test

To test if the unfolding is working reliably, a k-folding test is performed. For that, the same
distributions are generated again, but split into histograms with even event numbers and
odd event numbers. Thus, two statistically independent histograms were created. Then,
the response matrix derived from events with an even event number are unfolded with the
truth histogram containing the odd events and vice versa. The unfolded distributions are
expected to match the truth distribution within the range of the statistical uncertainty.
The results from Fig.[5.15] confirm this expectation.
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5.3. Unfolding

5.3.2. Results

The unfolded distributions with the corresponding uncertainties are shown in Fig.[5.17
Here, the six SRs are combined to one unfolded distribution. The truth distribution
without spin correlations is also plotted to emphasise the difference to the distribution
containing spin correlations.

In Fig.[5.16] and Tab.[5.7, the post-fit yields for the observables in the SRs are shown.
As expected, only the uncertainties changed in comparison to Tab.[5.6] but they changed

depending on the observable. A more detailed presentation of each SR and each observable
can be found in App.[A.5]

SRO SR1 SR2
diboson 35.0 +£ 2.8 19.1+1.5 12.5+0.9
W +jets 2,710 + 220 2,020 + 160 1,110 £ 90
Z+jets 1,440 + 120 910 4+ 70 457 + 34
single top 7,000 + 400 5,260 + 330 3,030 £ 190
tt+ H 108.0 + 3.2 624 + 22 83.5 + 2.8
tt+ 2 23.0+1.2 95+ 5 10.1+0.6
tt+ W 110+ 6 335+ 19 51.0 £ 2.8
tt 147,000 £+ 5,000 150,000 £ 5,000 69, 700 + 2, 400
Total 159,000 £ 5,000 159,000 £ 5,000 74,400 =+ 2,200
SR3 SR4 SR5

diboson 72405 8.6+0.5 5.47+£0.35

W +jets 860 + 60 820 + 60 700 + 50

Z+jets 334 £ 25 333 + 23 248 + 16

single top 2,420 £ 120 2,040 £ 120 1,800 + 110

tt+ H 447 + 17 106.9 + 3.2 539 + 20

tt+ 2 423425 5.7+3.2 26.2+ 1.5

tt+ W 156 + 9 302+ 1.7 101 +6

tt 71,600 £ 2,300 44,700 4 1,500 49,700 + 1,600

Total 75,800 + 2,200 48,100+ 1,400 53,100 £ 1,500

Table 5.7.: Yields of the analysis for the different SRs post-fit. As an example, only
cos ¢ is shown since only the uncertainties change.

Since the spin coefficients are proportional to the means of the histograms (see Ch. ,
they can be extracted during the unfolding of the distributions. To achieve that, the
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5. Sensitivity Study for the Observation of Spin Correlations
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Figure 5.16.: Summary plots for the 6 SRs of the signal and background yields post-fit.
As an example, only cos ¢ is shown since only the uncertainties change. A
more detailed presentation of each SR and each observable can be found

in App.[A.5

unfolding norm factor for the first bin p; is redefined with respect to the mean (O) as

Sy
POHCLETRYTE
iy (= (0) - yi - p

(O) = 1) -y '

The z; are the bin centres corrected according to the analytical function, as described in
Ch.[5.2.4] the y; are the bin yields of the truth distribution, Ny is the number of bins and

1; are the normalisation factors of the bin. Therefore, the mean and the corresponding

(0) =

bl

= U1 =

uncertainties can be obtained directly from the fit. The results for the spin coefficients
shown in Tab.[5.8 agree with the literature value within the range of uncertainty. The
results are several o intervals away from 0 meaning no spin correlations which indicates
a good sensitivity. Here, the systematic uncertainties discussed in Ch.[5.3.3] are already

included.

As described in Ch.[2.2.5] the D parameter from the cos ¢ distribution is sensitive to
quantum entanglement for a m i window of < 390 GeV, hence the distribution is fitted
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Figure 5.17.: Unfolding results with uncertainties for the different observables. The
distribution without spin correlations is plotted for comparison.

with the right m 47 cut. The result of

1
D=—039£0.05< — (5.3)

indicates entanglement with a significance of 1 0. The larger uncertainty could be due to
the smaller number of events, which decreased to ~ 17 % compared to the full m 47 range

and consequently, the statistical uncertainty increased.
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5. Sensitivity Study for the Observation of Spin Correlations

parameter value literature
C(k, k) 0.30 £0.02 0.326
C(r,r) 0.05 £0.02 0.071
C(n,n) 0.31 +0.01 0.331
D —0.20£0.01 —0.228

Table 5.8.: Results for the spin coeflicients extracted with the unfolding norm factors.
The results are several ¢ intervals away from 0 which equals a good sensi-
tivity.

5.3.3. Systematic Uncertainties

When performing unfolding and extracting parameters, uncertainties are important to
evaluate the significance of the results. The spin coefficients are affected by systematic
uncertainties of which the most important are investigated in the following. A full inves-
tigation of every systematic cannot be provided in this thesis. Included in this analysis

are:
e Scale Systematics: Theoretical scale variations based on models used for simu-
lating this process, namely:

— ISR and FSR - initial and final state radiation of gluons from the partons or

the final state particles,

— pr and pp - renormalisation and factorisation scale (for the running coupling

as),
— PDF - parton density function for the partons of the proton.

For these systematics, the same distributions were recreated with reweighted events.
Precisely, for the ISR, FSR, ur and pup systematic for the up variation, the nom-
inal value was doubled and divided in half for the down variation. For the PDF

systematic, an alternative PDF variation was used [38].

o b-Tagging Systematics: Variations of the efficiency and calibration of the b-

tagging algorithm. Like before, the distributions were generated again and scaled.

o Generator Systematics: Variations in the modelling process for different gener-
ators, namely:

— tt parton shower,

— tt matrix element .
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5.3. Unfolding

For the generator uncertainties, the nominal sample generated with POWHEG +PYTHIA
was compared to a POWHEG +HERWIG [39] sample for the parton shower systematic
and to a MADGRAPH5_ AMCQ@NLO +PyTHIA sample for the matrix element.

« Background Cross Section Systematics: Uncertainties on the cross section for

the tt + W, single top and tt + Z background processes.

The different systematics vary in their impact on the fit, which is displayed in Fig.[5.18 It
stands out that especially the matrix element, parton shower and final state radiation sys-
tematic seem to have a big impact which was already expected. In Fig.[5.19] the overview
of the pull distributions of the nuisance parameters is presented. The pull distribution
is expected to be a Gaussian distribution with an expectation value of 0 and a standard
deviation of 1. The nuisance parameter is constrained, meaning the pull distribution has
a standard deviation smaller than 1, when the estimated uncertainty on the parameter
does not match the uncertainty after the fit. This is the case for the parton shower, matrix
element and FSR systematic. Since the systematic is based on variations of the nominal
distribution, the difference can be measured and compared to the statistical uncertainty.
If the shape difference is significantly outside the range of the statistical uncertainty, the
uncertainty of the nuisance parameter can be constrained in the fit. Example plots show-
ing the variations in comparison to the nominal distribution for the constrained matrix
element systematic can be seen in Fig.|5.20, while the other SRs and constrained system-
atics can be found in App.. Due to the high statistics for ¢, the statistical uncertainty

is already small and constraints are likely.

In Fig.[5.21], the correlation matrices for the nuisance parameters with a correlation thresh-
old of 0.2 are shown. The correlation describes the impact of one NP on another if varied.
As expected, the NPs of the unfolding for the different bins are highly correlated and the
selection of NPs above the threshold matches the selection in the ranking with the highest

impact on the mean.
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5. Sensitivity Study for the Observation of Spin Correlations
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Figure 5.18.: Ranking for the systematics of the observables. The parton shower, ma-
trix element and final state radiation systematic are among the system-

atics with the highest impact.
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5.3. Unfolding
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be constrained.
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Figure 5.21.: Correlation matrices for the normalisation factors of the observables.
Only correlations above a threshold of 0.2 are shown.

46



6. Conclusion

In this thesis, the spin correlations of #¢ in the lepton+jets channel were investigated with

focus on the sensitivity achieved.

Methodically, a c-tagging approach in combination with event reconstruction was used to
determine the strange quark as a spin analyser. Based on that, spin sensitive observables
were constructed and the reconstructed distributions for these observables unfolded to
parton level. The unfolding was necessary because of difficulties in the reconstruction on
the one hand and the analytical formulas being defined only on parton level on the other
hand. In the unfolding process, the spin coefficients were extracted, and the uncertainties

studied representing the result of this thesis.

The results for the c-tagging approach shown in Fig.[5.2] indicate that the c-tagging based
on the b-tagging WPs was successful. In contrast, the identification of the strange quark
necessary for the spin sensitivity was less successful, as displayed in Fig.[5.3] due to mis-
matches in the event reconstruction. Because of the performance of unfolding, this prob-
lem was hardly of consequence but it could be investigated further by removing badly

reconstructed events.

The values for the spin coefficients extracted via unfolding and shown in Tab.[5.8 demon-
strate the sensitivity achieved. As presented in Tab.[6.1] the results are several o intervals
away from 0 which would mean no spin correlations. For most of the coefficients, a very
high sensitivity with > 15 ¢ intervals was achieved. The C(r,r) coefficient is an exception
because the effect is already small (literature value of 0.071, implemented value of 0.05)
which can also be seen in Fig.[5.17]

The sensitivity was limited by the systematic uncertainties implemented and since only
the most relevant systematics were included, the analysis could profit from an on-going
investigation of the complete set of systematics. Moreover, the simulations of Run 2 in
2018 could be extended by considering simulations for the years 2015, 2016 and 2017.
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6. Conclusion

parameter o intervals to 0

C(k, k) 15
C(r,r) 3
C(n,n) 31

D 20

Table 6.1.: Distance of the parameter values to 0, expressed in ¢ intervals.

The D spin coefficient is not only sensitive to spin correlations but also to quantum
entanglement between the top quarks, which was also investigated. The result shown in
Eq.[p.3| indicates quantum entanglement with a significance of 1. This quantum entan-

glement is a path to further investigation in .

In conclusion, a high sensitivity to spin correlations in the ¢t — lepton+jets channel
based on c-tagging and unfolding was achieved in this thesis. As a long-term aim, the
reconstruction and unfolding procedure can be applied to data to investigate the tt spin

correlations with the sensitivity obtained.
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A. Additional Plots for the

Investigation of Spin Observables

A.1. Migration Matrix
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Figure A.1.: Migration matrix for the observables in SR 1.
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A. Additional Plots for the Investigation of Spin Observables

A.2. Comparison Truth and Reconstructed

Events Normalised

Ratio

Events Normalised

Ratio

Figure A.6.: Comparison between truth distribution and

o4

i
T AT [ T T T [T T

Distribution

%)
Pl
-

— reco
truth

|

0.7
0.65

0.55
0.5]
0.45]
0.4]
0.35]

0.3

L

108060402 0 02 04 086 08

D
= !

cos 6 cos

%)
2 ]
[

— reco
truth

1.4f
12
| —

R3
08f
0.6F
-1 -08-06-04-02 0 02

04 06 08 1

cos ¢

SR 1.

Events Normalised

Ratio

Events Normalised

Ratio

1.

N

0.

©

o
>

e

%)
o
-

— reco
truth

i

1080604202 0 02 04 086 08 1

cos 6" cos 67

%)
2 3
[

|

|

— reco
truth

K |

01 02 03 04 05 06 07 08 09 1

Ao(ls) [

Events Normalised

Ratio

Events Normalised

Ratio

%)
o
-

— reco
truth

-1 08-06-04-02 0 02 04 06 08 1

cos 6] cos 6

|

|

— reco
truth

[

01 02 03 04 05 06 07 08 09 1

2 g, 0901

reconstructed distribution in



A.2. Comparison Truth and Reconstructed Distribution
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Figure A.10.: Comparison between truth distribution and reconstructed distribution in
SR 5.
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Figure A.14.: Selection efficiencies for the observables in SR 4.
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Figure A.15.: Selection efficiencies for the observables in SR 5.
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Figure A.17.: Acceptance for the observables in SR 2.
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Figure A.19.: Acceptance for the observables in SR 4.
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Figure A.20.: Acceptance for the observables in SR 5.
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A.5. Comparison Pre- and Post-Fit Plots
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Figure A.26.: Comparison between the pre-fit and post-fit plots for the observables foy
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Figure B.1.: Comparison between the nominal distribution and the up/ down variations
for the matrix element systematic.
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Figure B.2.: Comparison between the nominal distribution and the up/ down variations
for the parton shower systematic.
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Figure B.3.: Comparison between the nominal distribution and the up/ down variations
for the final state radiation systematic.
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Figure B.j.: Comparison between the nominal distribution and the up/ down variations
for the matrix element systematic.
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Figure B.5.: Comparison between the nominal distribution and the up/ down variations
for the parton shower systematic.
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Figure B.6.: Comparison between the nominal distribution and the up/ down variations
for final state radiation systematic.
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Figure B.7.: Comparison between the nominal distribution and the up/ down variations
for the matrix element systematic.
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Figure B.8.: Comparison between the nominal distribution and the up/ down variations
for the parton shower systematic.
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Figure B.9.: Comparison between the nominal distribution and the up/ down variations
for the final state radiation systematic.
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Figure B.10.: Comparison between the nominal distribution and the up/ down varia-
tions for the matrix element systematic.
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B. Additional Plots for the Systematics
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Figure B.11.: Comparison between the nominal distribution and the up/ down varia-
tions for the parton shower systematic.
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B.4.3. Final State Radiation
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Figure B.12.: Comparison between the nominal distribution and the up/ down varia-
tions for the final state radiation systematic.
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