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Abstract

When a pair of a top and an antitop quark decays semileptonically, it produces two
bottom quark jets, two jets from lighter quarks, a charged lepton and a neutrino in the
end. The charged lepton’s signal can be easily identified as lepton but the four jet signals
cannot be assigned to the different quarks of the decay so easily. In addition, the neutrino
cannot be observed at all. For this, the Kinematic Likelihood Fitter (KLFitter) was
developed to find the most likely assignment of the jet signals to the quarks. Also, via
using the well-known masses of top quark and W-boson the lepton and the neutrino are
reconstructed.

The z- and y-components of the neutrino momentum can be reconstructed directly
via EXS while p, is calculated from the mass of the W-boson. But the reconstruction
efficiency is relatively low.

In this bachelor thesis, attempts to improve this reconstruction efficiency are made by
analysing the code of KLFitter and the efficiency checking algorithm. With newly imple-
mented changes in both frameworks the efficiency for the neutrino can be raised to almost
25 % involving slight improvements for the other decay particles and an improvement from
about 45 % to about 50 % for the leptonic top quark.

Zusammenfassung

Beim semileptonischen Zerfall eines Teilchenpaares aus Top- und Antitop-Quark entste-
hen zwei Bottom-Quark-Jets, zwei Jets aus leichteren Quarks, ein geladenes Lepton und
ein Neutrino. Das Signal des geladenen Leptons kann leicht als geladenes Lepton identi-
fiziert werden, wahrend die vier Jets nicht so einfach den Quarks des Zerfalls zugeordnet
werden konnen. Eine weitere Unsicherheit ist das Neutrino, das iiberhaupt nicht beob-
achtet werden kann. Daher wurde der Kinematic Likelihood Fitter (KLFitter) entwickelt,
der die wahrscheinlichste Zuordnung zwischen den Jet-Signalen und den Quarks im Zer-
fall findet. Des Weiteren werden iiber die gut bekannten Massen des Top-Quarks und des
W-Bosons die Signale des geladenen Leptons und des Neutrinos bestimmt.

Die z- und y-Komponente des Neutrinoimpulses kénnen direkt tiber ER berechnet
werden, wahrend p, iiber die Masse des W-Bosons berechnet wird. Die Rekonstruktions-
effizienz ist dennoch vergleichsweise niedrig.

In dieser Bachelorarbeit werden Anséitze zur Verbesserung der Neutrino-Rekonstruk-
tionseffizienz dargestellt. Dafiir wird der Programmcode von KLFitter und der die Effizi-
enz von KLFitter bestimmende Algorithmus analysiert. Mit neu implementierten Ande-
rungen in beiden Programmen wird die Effizienz fiir das Neutrino auf fast 25 % angehoben,
was auch eine leichte Verbesserung aller anderen Teilchen des Zerfalls bewirkt. Fiir das
leptonisch zerfallende Top-Quark verbessert sich die Rekonstruktionseffizienz von etwa
45 % auf etwa 50 %.
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Nomenclature

Latin Letters

Variable Meaning Unit
B branching fraction

c speed of light m/
E energy GeV
P momentum GeV/e
m mass GCQQV
NG centre-of-mass energy GeV

Greek Letters

Variable Meaning Unit
T lifetime S
Thad hadronization time S
Q fine-structure constant
Ol strong coupling constant
Oy Weinberg angle, sin? 6y ~ 0.23
Indices
Index Meaning
lepton
neutrino

transverse, in the z-y-plane
in x-direction in right-handed coordinates

in y-direction in right-handed coordinates
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Nomenclature

Index Meaning

z in z-direction in right-handed coordinates
true true

reco reconstructed

miss missing

meas measured

had hadronic

lep leptonic

alljet all-jets decay channel

dilep dileptonic decay channel
semilep semileptonic decay channel

viil



1. Introduction

The experiments of ATLAS and CMsS have been all over the media since the start of the
LuCc collider at CERN in Geneva. This is because they are the largest two detectors of the
world’s most powerful particle accelerator. It can accelerate protons so that they circle
11,245 times per second around the 27 km long beam pipe. Then, these proton bunches
are collided at very high energies and very small scales. The LHC is in many aspects the
most extreme machine that humanity has created yet. Considering this, it is no wonder
people are fascinated by it and the research it involves. For example, the most recent
event that generated a lot of media attention was the discovery of the Higgs boson.

Another important object of investigation is the top quark. As heaviest of all quarks, it
decays before it can even form bound states. Therefore, it can be observed in a detector
only by its decay products. One possibility of this is the semileptonic decay channel
where the pair of a top and an antitop quark both decay into a (anti)bottom quark and
a W-boson. One of the W-bosons decays into a charged lepton and a neutrino while the
other one decays into two lighter quarks.

To support analyses regarding the top quark properties, the Kinematic Likelihood Fit-
ter (KLFitter) was developed. It reconstructs the most probably correct assignment of
jets to partons out of detector signals of particular decay channels. In this thesis, the re-
construction efficiency of the neutrino in the semileptonic decay channel will be discussed.

To prepare the analysis, the following chapter presents the Standard Model of Particle
Physics and focuses especially on the top quark. The third chapter explains the proton-
proton collider LHC and in particular the ATLAS detector that is important for the studies
connected to this thesis. After that, the used programs, the KLFitter and the Match-
Monster framework, are introduced. This is followed by a chapter about the results of all
attempts on increasing the neutrino reconstruction efficiency in analyses with KLFitter.
In this context, the quality of the results is also discussed. Lastly, the conclusion and a

brief outlook on future studies on this topic are given.






2. The Standard Model and the Top
Quark

This chapter includes a short introduction into the theoretical background of the Standard
Model of Particle Physics. After that, it focuses on the main subject of this thesis, the
production and decay of the top quark and especially the decay of top-antitop pairs.

2.1. The Standard Model of Particle Physics

Based on the theory of the Electroweak Unification by Glashow, Salam and Weinberg,
the Standard Model of Particle Physics was developed in the 1960s and 1970s. Its second
basic module is the Quantum Chromodynamics (QCD) so that the Standard Model is
able to describe the behaviour of the particles around us as well as their interactions very
precisely [IHI1].

Still, the Standard Model is not suitable to be a Theory of Everything since there are
a few observed things that cannot be explained or gaps are existing in this context. The
past main problem that was just recently solved by the discovery of the Higgs boson at
the LHC [12] [13] was that the observed particles have a mass even though there is no
reason in the Standard Model for massive particles.

Now, the remaining questions are for example how the different masses of the particles
are calculated. Many other values are also only taken from experiment and validated by
testing if it fits into the context of the Standard Model theories. This makes at least 18 free
parameters that form the Standard Model according to the experimental needs. Another
few of the remaining questions are: Is there a unification of the strong and electroweak
force? What about gravitation? What kind of particles does dark matter consist of? So

there is much further research needed [14, [15].

2.1.1. Quarks, Leptons and Bosons

There are three types of elementary particles known at the moment that matter is made

of. Those are called leptons, quarks and bosons. The latter are subject to the next
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chapter.

Leptons and quarks are comprised into the term fermions, which describes particles
with a half-integral spin value. Both of these are divided into three generations. For
the leptons, the first generation contains the electron e and the electron neutrino v,, the
second generation is formed by the muon ;o and its neutrino v, and the last one is the
tau 7 with the tau neutrino v,. The quarks can be separated into up-type (up w, charm
¢, top t) and down-type quarks (down d, strange s, bottom b) where the first quarks up
and down form the first generation and so on. The higher the number of the generation,
the higher is the quark’s mass. All fermion masses are listed in Table 2.1 In Table
other useful properties of fermions are listed [I4]. As neutrinos are always left-handed
and antineutrinos right-handed there is no right-handed value for these in the columns of
T3 and Y.

Quarks | Mass m [MeV/c?] || Leptons Mass m [MeV /c?|
u 2.370:7 e 0.510998928 =+ 0.000000011
d 48192 1 105.6583715 4 0.0000035
c 1,275+ 25 T 1776.82 4 0.16
5 95 4 5 Ve <2-1076
173,210 #+ 510 £ 710 v, <2-107
b 4180 = 30 vy <2-1076

Table 2.1.: The fermion masses as defined by the currently best measurements [16].

Particle Type Generation Qle] C Ty ‘ v
1 2 3 U ‘ . .
1

Leptons Ve Vi v; | 0 | none +? -1 -
¢ H 7| =1 |none | —5 0| -1 =2
t 2 bl 4+l ol £ 44
Quarks Y ¢ +:i, g, "‘% —|—? —I—g
d s b -3 | T gb | — Lo+t -2

Table 2.2.: List of properties of the fermions in the Standard Model. Given properties
are the electric charge (), the colour charge C, the third component of the
weak isospin 7" and the weak hypercharge calculated by Y = 2(Q — T3).
For the last two values, the particles need to be separated into left-handed
(1) and right-handed (r). The here mentioned down-type quarks d, s and
b are the electroweak eigenstates and not the mass eigenstates that the
electroweak ones are linear combinations of. For all these details of the
electroweak interaction see Section [14], [15], [17].
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2.1.2. Interactions

The Standard Model includes three elementary interactions between matter. Those are
the electromagnetic force mediated by the photon, the strong force mediated by gluons
and the weak interaction that is mediated either by the Z or a charged W. Another
elementary interaction is gravitation. This fourth force is left out here because it cannot
yet be described by the Standard Model and its assumed mediator called the graviton has
not been proven to even exist. All forces’ mediators are also called bosons which is the
term for particles with an integral spin. Another boson is the recently discovered Higgs
particle HY which is the observed excitation of the Higgs field that gives other particles
its mass. Other than the gauge bosons that all have a spin of s = 1, the Higgs boson has
spin 0. Other properties of the bosons are listed in Table [2.3]

Force Boson | Mass m [GeV/c?] | Q [e] | Ts Gauge Coupling ¢
Electromagnetic | Photon v |  0(< 1-10727) 0 0 ViaTa
Strong Gluon g 0 0 0 Vama,
Weak A 91.1876 4 0.0021 | 0 0 | VAra/ (sin Oy cos Oy )
Weak W 80.385£0.015 | 41 | #1 Vama/ sin Oy
- H° 1277404 0 0 - (no gauge boson)

Table 2.3.: List of properties of the bosons in the Standard Model. Given properties are
the mass m, the electric charge @) the third component of the weak isospin
T3 and the strength of the gauge coupling ¢ [16].

Each of the forces is described by a physical theory. These theories are called Quantum
Electrodynamics (QED) for the electromagnetic force, Quantum Chromodynamics (QCD)
for the strong force and the Glashow- Weinberg-Salam (GWS) theory not only for the weak
force but already for a so-called electroweak force where the weak and the electromagnetic
force are two aspects of this single theory.

Because the Standard Model is a gauge theory the interactions are described by local
gauge symmetries and their gauge groups. This is for the electromagnetic force the group
U(1)gm with the transformation ¢ — ¢ = exp(if)¢p, where ¢ is a spinor field and 6
is a real number. The symmetry group SU(3)s describes all QCD relations (C' stands
for colour charge). It contains the Gell-Mann matrices Ay with k& = 1,...,8. As these
each stand for one gluon, this is the reason why there are eight differently colour charged
gluons, each carrying a colour and an anticolour of (anti)red, (anti)blue and (anti)green.

Because of their own charge, gluons can couple to each other and therefore do not exist
as single particles. Another reason for this is the quark confinement that originates from

the appearance of quark-antiquark pairs at the separation of two initial quarks.
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Also quarks cannot exist by themselves but always form colour neutral bound states

that also have an electromagnetic charge of an integer value.

The weak force is described by the symmetry group SU(2) with three Pauli matrices
o;, with ¢ = 1,2, 3. With this the electroweak symmetry is unified to the symmetry group
SU(2), ® U(1)y. The index L is chosen because the weak isospin current 7" only couples
to left-handed fermions. Y stands for the weak hypercharge that is listed in Table as
Y =2(Q — T3). For explanations of all these values and contexts see the next paragraph
[14].

Combining all these theories gives the Standard Model Symmetry Group

SU(3)c ® SU(2)L ® U(1)y.

Electroweak Interaction

While the strong and electromagnetic force couple between particles that carry the cor-
responding colour charge or electric charge, the weak force carriers couple to all fermions

(and in rare cases to each other and other bosons).

There are two types of weak interactions. The first one is the neutral current that gets
its name because it is mediated by the Z%-boson which has no electric charge. The gauge
boson of the charged current is the W+ or W~-boson. Only the latter, the charged weak
interaction, can change the flavour of a particle (simply put, every fermion has a different
flavour), for example let an electron convert into an electron neutrino v, under emission
of a W~ or absorption of a W*. For quarks, the weak force can even act between the
generations. The reason is that the quark generations are rotated for this interaction.

That means instead of coupling the physical quarks like

o)) )
#)()-6)

where d’, s’ and 0’ are not the physical quarks but linear combinations of them that are

it couples pairs of
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specified by the Cabibbo-Kobayashi-Maskawa (CKM) matriz

d/ Vud Vus Vub d
=1V Ves V| |s
v Vie Vis Vi

The matrix can be reduced down to four independent parameters - three real numbers
and a complex phase factor. This phase factor is the reason why the weak force violates

the conservation of charge and parity (CP-violation) [14] [17].

The values of the different matrix elements are not given by theory but were identified

from experiments [16]:

0.97427 4 0.00014  0.22536 & 0.00061 0.00355 & 0.00015
0.22522 4 0.00061 0.97343 & 0.00015  0.0414 + 0.0012
0.00888 ™0 00053 0.040573901L 0.99914 4 0.00005

Another odd circumstance is that the W* couples only to left-handed particles and
right-handed antiparticles so that for the unified theory of electroweak interaction another
quantum number, the weak isospin T (where Tj is the third component of) is needed. It
is different for left- and right-handed particles. Also the value of the weak hypercharge
Y = 2(Q — T3) is used in this context.

2.2. The Top Quark

The first theoretical appearance of the top quark was in 1973 when KOBAYASHI and
MASKAWA proposed a third generation of quarks to fix the explanation of CP-violation
in the use of weak interactions [I8]. The discovery of tf pairs then happened 22 years
later in pp collisions at the TEVATRON Run I at /s = 1.8 TeV [19, 20]. Also the single
top production was first discovered there in 2009 at TEVATRON Run IT at /s = 1.96 TeV
21, 22].

The top quark is an important object of research since it is the only quark that decays
before it can hadronize due to its large mass and short lifetime. Hence, no hadron does

exist that has a top quark as component.

Here, the important particle properties as well as the production and decay of the

heaviest of quarks are presented.
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2.2.1. Top Quark Properties

The most recent and exact value for the mass of the top quark is [23]
my = 173.34 £ 0.27 (stat) £ 0.71 (syst) GeV (2.1)

with a total uncertainty of 0.76 GeV. The relative uncertainty is of a small value of 0.44 %.
The mass value combines measurements of the TEVATRON experiments CDF and D and
the LHC Run I data of the experiments ATLAS and CMmSs.

The top quark is a fermion which means that it carries a spin of s = % As an up-
type quark, its electromagnetic charge is @ = +2[e]. But these values could not yet
be measured before the top quark’s decay. The reason is the predicted extremely short

lifetime of

h
== 3.29-10"%¢

t
that was calculated using the value of h = 6.58211928(15) - 1076 eV s [24] and the decay
width of the top quark [25]

I, = 2.0004% GeV.

This lifetime is much smaller than the time a top quark needs to form hadrons [26]

h h

= ~3-107*s.
Agep  213MeV i

Thad =

Therefore no hadrons containing any top or antitop quark do exist. Here Agep is the
QCD scale.

2.2.2. Top Quark Production

Top quarks can be produced at hadron colliders directly in two different ways - either as
top-antitop pair ¢t via the strong interaction or as single top quark with the contribution

of the weak interaction in form of a W-boson.

tt Pair Production

As shown in Fig. the production of t¢ pairs happens either if a quark and an antiquark
annihilate into a gluon or if two gluons fuse.

Which of the two processes is dominant in production depends on the kind of collided
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q t g t g t g t
q t g t g ji};/ t q jz}< t
Figure 2.1.: Feynman diagrams of annihilation and gg fusion that produce tt pairs in
hadron collisions.

particles (pp or pp) and the used centre-of-mass energy /s. The first defines the valence
quarks and may suppress processes that need antiparticles at lower energies when only
protons are available. The latter defines the parton distribution function that describes
the distribution of sea quarks and gluons inside the hadrons and defines the fraction of
the total momentum that a single parton holds. This controls the collision probability of
each parton and gives the preferred process of ¢t production [27]. At TEVATRON Run II
(v/s = 1.96 TeV, pp) only 15 % of the production of ¢t pairs were initiated by gluon fusion.
A different number is valid at the LHC. Here the gluons provide the dominant process with
a contribution of 80 % at Run I with /s = 7TeV and 90 % at Run II with /s = 14 TeV
16, 28].

Single Top Production

Figure 2.2.: Feynman diagrams of the leading order for the production of single top
quarks in hadron collisions. The first two diagrams show examples for the
t-channel while the last two show examples how the s-channel could be
realized.

The second possibility to detect top quarks in hadron collisions are single quarks as
produced by processes like the examples in Fig. [2.2]

These are not as easy to identify as tt events because of the higher background rate.
When a single top quark is produced, it is accompanied by only one other particle, a
lighter quark or a WW. In the t-channel technically the lighter quarks stay lighter quarks

and are complicated to distinguish so that they do not contribute much in identifying a
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single top quark event. Depending on the decay of the top quark, only a few jets (up to
five but at least one) and a maximum of two charged leptons can be observed. Signals of

this production mechanism of top quarks were first seen at the TEVATRON [21], 22].

2.2.3. Top Quark Decay

The decay of the top quark is determined by the CKM matrix, especially by the element
Vip. It gives the probability of the decay into a b-quark and a W*-boson. Therefore the
top decays almost always into a b-quark. Still, the other down-type quarks are possible
with a really small fraction (~ 0.04 and ~ 0.001, see Section [2.1.2)).

The produced b-quarks hadronize and form jets. A jet like this can be recognized as
originating from the heaviest hadronizing quark quite easily because of the B mesons
that can form in it. These can be identified amongst others if secondary vertices, where

B mesons decayed, are found in a significant distance to the primary vertex.

(a) All-jets channel. (b) Dileptonic Channel. (¢) Semileptonic channel.

Figure 2.3.: Second half of Feynman diagrams for ¢ events, the production is left out.

The W-boson can decay either hadronically into a light quark and a light antiquark
(u, d, s, ¢) with a probability of (67.41 +0.27) % = 2 [16] or leptonically into a charged
lepton (e, u, 7) and its neutrino at a probability of 32 % ~ % (each charged lepton equally
likely). The leptonical decay into a 7 and its neutrino is left out here and also in analyses
as they are not easily identified because of the occurrence of hadronically decaying 7
leptons. This makes a branching fraction of B, = % for the decay into e or p and a
branching fraction of Bp,q = % for a hadronic decay. Altogether this makes three different
possibilities for the decay of a tt pair, shown in Fig. 2.3

If both W-bosons decay hadronically it is called the all-jets decay channel. The advan-
tage of this decay channel is that, first, the branching fraction Bayjes = g is larger than for
both other channels. Second, there is no neutrino produced that has to be reconstructed

by taking missing transverse energy into account. The disadvantage is that six jets occur

10
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that have a resolution less accurate than for example an electron or a muon. But even
more problematic about this signal is that it only consists of jets. As its background has
high contributions of QCD interactions it looks exactly like the signal.

The second case pictured is the dileptonic decay channel. Here, both W-bosons decay
leptonically so that the only two observed jets are clearly visible b-jets. The remaining
tracks are signals with even higher resolutions due to the large transverse momentum of
the electrons or muons. The main problem with this decay channel is the large missing
energy that is produced by two invisible neutrinos that cannot be separated that easily.
Another smaller disadvantage is that this channel has the lowest branching fraction of
Baiep = 57 [28].

Lastly, a third decay channel that lies between the two aforementioned is possible. In
the semileptonic decay channel, or also called ¢+ jets channel, one of the two W-bosons
decays hadronically while the other decays leptonically. That makes a branching fraction
of Bsemilep = %. Also, the quality of the signatures is between the ones of the two others.
The signal of two jets is less clear than the one of another charged lepton but here only one
neutrino contributes to the missing energy so that theoretically, if everything is measured
perfectly, all particles can be reconstructed almost exactly the way they were (minus the
QCD background from the jets). This channel is the only important one for this thesis

because the KLFitter is used here for the reconstruction of those events.

11






3. The ATLAS Experiment

This bachelor thesis about neutrino reconstruction with KLFitter has been developed
within the ATLAS Collaboration.

ATLAS is one of the main four detectors of the Large Hadron Collider at CERN]] in
Geneva. At the moment this collider is the largest particle collider in the world with an
circumference of 26.7 km [29].

The following chapter presents the collider and the ATLAS experiment which is the
important detector experiment for this thesis. The later used samples are simulated to
be events at a centre-of-mass-energy of /s = 8 TeV which was the last setting of Run I.
Therefore the experimental set-up of Run I is described. For Run II the Insertable B-Layer
(IBL) was added to the tracking system of the detector [30].

The last section introduces the common coordinate system in dealing with CERN data

and important observables used for the analysis.

3.1. The Large Hadron Collider

The Large Hadron Collider (LHC) is a two-ring-superconducting-hadron accelerator and
collider which is located in the already existing tunnel of the Large Electron Positron
Collider (LEP). In Run I, it was able to produce proton-proton collisions at centre-of-
mass energies of /s = 7TeV (2010, 2011 dataset) and /s = 8 TeV (2012 dataset). At the
recently started Run II, the collider is able to collide protons at centre-of-mass energies
of up to /s = 14 TeV.

Because the LHC collides particles with particles, it includes two rings with counter-
rotating beams instead of one beam pipe where particle and antiparticle that circle in
opposite directions share the same phase space.

In these beam pipes, the particles are focused by superconducting magnets that are
cooled down with superfluid Helium to a temperature below 2K so that they produce

fields above 8 T. Focussing the beam is realized mainly with quadrupole magnets while

!European Organization for Nuclear Research, abbreviation originating from: Conseil Européen pour
la Recherche Nucléaire

13



3. The ATLAS Experiment

= O
1

Figure 3.1.: The four main experiments at the LHC collider at CERN in Geneva.

for bending the particles trajectory to the needed circle dipole magnets are used.

Before the particle bunches are injected into the LHC tunnel they are accelerated to
energies of 450 GeV by the CERN accelerator complex. Then the particle bunches are
injected, accelerated by radio frequency cavities and stored inside the collider tunnel.
This way, a total number of 2808 bunches each containing about 10! protons can be
stored inside the LHC [29].

There are four different interaction points with the four main detector experiments as
shown in Fig. 3.1} The experiment named ALICE investigates collisions of heavy lead ions.
It searches for hints of the possible existence of a quark-gluon plasma as well as looking at
the behaviour of hadronic matter at high densities and temperatures [31]. LHCb uses an
asymmetric detector covering only part of the phase space. Here physics at low scattering
angles and examination of B mesons happens to observe CP-violation and discover physics
beyond the Standard Model [32]. ATLAS and CMS are the largest detectors at the LHC and
cover almost the complete solid angle around their collision point. At these experiments
the Higgs boson is studied while also the search for dark matter candidates and hints of

the theory of supersymmetry is ongoing [33] [34].

Besides the two main experiments, a few smaller ones exist near the interaction points.
They search for example for magnetic monopoles (MoEDAL) [35] or elastic and diffractive
cross sections (TOTEM) [36].

14
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3.2. The Atlas Detector

v L 1 | \ \\\\\ LAr hadronic end-cap and
- e m Y ", forward calorimeters
/ b | Fixel detector
|77 Torcid mognets f.'f | I'. LAF elecromagnetc calorimaters
Muon ch‘cumb@rs Salencid magnet l Transition radiation tracker
Semiconductor fracker

Figure 3.2.: Cut-away view of the ATLAS detector and its subsystems [33].

ATLAS (A Toroidal LHC ApparatuS) is a detector which covers like CMs the complete
solid angle and is able to measure particles up to a pseudorapidity of |n| = 4.9.

The whole detector system has a weight of approximately 7000t, is about 44 m long
and 25m high. It consists of various layers of tracking chambers, calorimeters and muon
chambers. Unlike detectors built for a specific purpose, ATLAS can perform measurements
for many different studies. Its structure is shown in Fig. |3.2

In the inner detector the tracking chambers are located. These trace the trajectories
of charged particles and are important for b-tagging. b-tagging means that b-quarks are
likely to be the source of the observed jet. This can be seen amongst others if a secondary
vertex has a significant distance to the primary vertex or interaction point.

Because of the high luminosity of the LHC, a pile-up can happen where many of the
about 30 different proton-proton collisions of a bunch crossing interfere in the detector
[37]. An excellent tracking system as used in the ATLAS detector is needed to separate
and measure the single events.

This tracking system is realized in three different ways here. The biggest spatial reso-
lution is delivered by the Silicon Pixel Detector with a minimum distance of R > 4.55 cm
from the interaction point and 80 million read-out channels. Around the Pixel Detector

there is the Silicon Microstrip Tracker consisting of small silicon strips instead of pixels.

15
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The outermost tracking layer is formed by the Transition Radiation Tracker. 1t gives addi-
tional tracking information by measuring the transition radiation. This allows separating
lighter particles (like electrons) from heavier particles (like pions). It has approximately
351,000 read-out channels. The whole tracking system gives a momentum resolution of
0pr/Pr = 0.05% - pr[GeV] @ 1% [33].

Outside of the tracking system is the electromagnetic and hadronic calorimeter. Those
need to specify the energies of electrons, photons and jets very precisely and also need
a high spatial resolution. The measurement is done by producing particle showers in-
side the detector material. In the ATLAS detector the electromagnetic part is sur-
rounded by the hadronic calorimeter so that in the inner part only the light particles
are stopped completely with an energy resolution of og/E = 10%/\/E[GeV] & 0.7 %.
Except for muons and neutrinos all other particles are stopped by the hadronic layer.
There the energy resolution is depending on the position but can be a maximum of
or/E =50%/,/E[GeV]®3%. Both calorimeters are built as sampling calorimeters. The
electromagnetic calorimeter consists of liquid Argon (LAr) as active material and lead as
absorber while the hadronic one uses mostly stainless steel as absorber and scintillation

plates as active material [33].

Muons do not emit enough Bremsstrahlung to be stopped by the calorimeters. This
means for their detection muon chambers are needed. These form the outermost layer of
the whole detector system at the ATLAS experiment. They have about a million read-out
channels and deliver an absolute momentum resolution of o,../pr = 10 % at an energy of
1 TeV [33].

The different tracks inside of the ATLAS detector of all known particles are shown in
Fig. 3.3l By seeing the specific track pattern the type of the originating particle can be

determined.

3.3. Detector Coordinate System

In analyses of the data provided by the ATLAS detector, a right-handed coordinate system
is used where the beam direction symbolizes the z-axis. The x-axis points from the
interaction point in the centre of the detector to the centre of the large collider ring. The
y-axis goes upwards. Based on this, the more important cylindrical coordinates (r, 6, ¢)
can be defined. The value r gives the radial distance from the z-axis (beam pipe) to the
defined coordinates. The azimuthal angle ¢ lies in the x-y-plane. The polar angle 6 is

defined as the angle from the beam axis to the particle’s flight direction. But instead of
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3.3. Detector Coordinate System

Figure 3.3.: Tracks, as they are visible in the ATLAS detector (OCERN).

the polar angle 0 often the pseudorapidity may be more useful. It is defined as

=—In tang
= 2

and differences in it are invariant under Lorentz boosts along the z-axis. Another useful

parameter is the distance in the n-¢-plane defined as

AR = \/A¢? + An2.

AR is one of the important variables in this analysis.
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4. Kinematic Fitting

The KLFitter, which stands for Kinematic Likelihood Fitter, is a framework that recon-
structs collision events with t¢ pairs in the ATLAS detector [38]. This C++ tool is based
on the Bayesian Analysis Toolkit (BAT') [39)].

As the goal of this thesis is to increase the reconstruction efficiency of KLFitter for
the neutrino in the semileptonic decay channel of ¢t events, this chapter introduces the
main programs used. First, the Monte Carlo data samples are explained which were used
for the whole performance analysis. Next, the KLFitter framework itself is presented. It
was the initial point in improving the matching efficiency. In this context, the underlying
structures for the neutrino matching in particular are discussed.

When investigating reconstruction efficiencies, one needs parameters for quantification
and a program that tests the output quality of the previous program. For this purpose,
the MatchMonster framework is used. This C++ based framework is explained in the

last section of this chapter.

4.1. Monte Carlo Data Sample

The here presented studies were performed on a certain Monte Carlo data sample saved
as ROOT file. It contains only events with semileptonic and dileptonic final states of tt
decay events. It was produced with the use of Powheg+Pythia, a next-to-leading-order
Monte Carlo event generator [40} [41]. The data was generated to simulate events at a
centre-of-mass energy of /s = 8 TeV and at a top pole mass of 172.5 GeV.

After generation, the events were passed to the ATLAS simulation software and recon-
structed by using the ATHENA framework [42]. It contains a total number of about
3,047,000 events in the electron and about 3,595,000 events in the separate muon sam-
ple. The b-tag information was added to the data sample by the MV1-tagger operating
at a working point with 70 % efficiency.

For the creation of the sample that only contains semileptonic events, the following

object definitions were used:

e Only electrons with pr > 25GeV and |n| < 2.47 excluding the crack-region (see
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4. Kinematic Fitting

below) are passed.
e Only muons with pp > 25GeV and |n| < 2.5 are passed.

o Jets which are reconstructed by an anti-k; algorithm [43] with a size which equals
the radius in the 7-¢-plane of 0.4, need to have pr > 25GeV and |n| < 2.5.

« Events need to have EP™ > 20GeV and fulfil the triangular cut E¥S + mpy >
60 GeV.

The so-called “crack region” (1.37 < |n| < 1.52) is the region between the barrel and for-
ward calorimeters in a detector. Electrons that are detected here cannot be reconstructed
reliably and are therefore excluded from analyses.

Furthermore, jets that are overlapping with the tracks of charged leptons are removed
if their distance is AR < 0.2. This is important because the jet algorithm reconstructs

most electrons as jets.

4.2. The KLFitter Framework

The KLFitter framework has a modular structure so that even though it was developed
for the reconstruction of ¢ events at the ATLAS detector at /s = 7TeV, by changes
KLFitter can be adjusted to a new detector or different centre-of-mass energies. It gives
four-vectors that can be saved to a ROOT file by MiniKLFitter, which is an interface for
KLFitter [38].

The correct reconstruction of the considered events is important for precision measure-
ments for example for measuring the mass of the top quark. If the jets of the decay are
not assigned correctly here, the study is not as good. The method of kinematic likelihood
fitting was found to be the best up to now as it is based on the most accurate description
of the underlying physics processes and takes detector effects into account.

Before the KLFitter is fed with data, they first have to pass the event selection. This is
not relevant for the used set-up of KLFitter as the used samples already passed an even
stronger event selection.

Next the four jets to be used for the reconstruction are chosen. Amongst them are
all b-tagged jets. The remaining slots are filled by the non b-tagged with the highest pr
values.

There is only one charged lepton that can be matched to the lepton’s signal unmis-
takably. So, the four chosen jets are remaining to be matched to the underlying decay

jets. This makes 24 possible permutations. Because the two jets from the hadronically

20



4.2. The KLFitter Framework

decaying W are not relevant to be distinguished to fit the masses of the W and its mother
particle, the top quark, a possible setting of KLFitter now leaves twelve permutations left
to be analysed. In case of two (one) b-tags there are only two (six) permutations left. The
used setting here provides weights for the likelihoods according to the b-tag probabilities.

For every permutation of an event, its likelihood is calculated. This gives a value for
measuring the probability that the event is observed with the considered parameters and
is defined as [3§]

L= B(m(hqzbhad |mt0p7 Ftop) ’ B(mq1Q2 |mW7 FW)

X B (mgyblcp

mtopa Ftop) : B(m€V|mW7 FW)

4
% H ijet Emeas’ etl) ( meas|E )

jetye
i=1

X Wmlss (EIHISS |pm) miss (EmlSS |py)

The formula contains different elements about the detector and the quality of the mea-

surement:

o B(Mygobyaq|Mitops Ltop): Breit-Wigner function as probability distribution of the ex-
pected mass of the top quark in consideration of the true mass and decay width. The
probability is dependent on the invariant mass of two light quarks (and therefore
the W) and the correct one of the b-quarks.

o B(myg,g|mw, 'w): Breit-Wigner function as probability distribution of the expected
mass of the W in consideration of the true mass and decay width. The probability

is dependent on the invariant mass of the two reconstructed light quarks.

o B(mup,, |Miop; I'top): Breit-Wigner function as probability distribution of the ex-
pected mass of the top quark in consideration of the true mass and decay width.
The probability is dependent on the invariant mass of the charged lepton and neu-

trino (and therefore the W) and the correct one of the b-quarks.

o B(mg,|mw,T'w): Breit-Wigner function as probability distribution of the expected
mass of the W in consideration of the true mass and decay width. The probability

is dependent on the invariant mass of the charged lepton and the neutrino.

o Wiet (B Ejer,i): Transfer function for the energy resolution of one of the four jets.

It appears once for each jet in the likelihood but is different for light jets and b-jets.

o Wy(EP®|Ey): Transfer function for the energy resolution of the charged lepton.
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4. Kinematic Fitting

o Whiss(E™55[p¥): Transfer function for the momentum of the neutrino in dependency

on the resolution of E¥** in z-direction.

. Wmiss(E;Jniss| py): Transfer function for the momentum of the neutrino in dependency

miss

on the resolution of EF" in y-direction.

The probability distributions that are called B(z|y, z) are Breit-Wigner functions where
y is the location parameter where the peak of the function is and z is the scale parameter
which specifies the width of the distribution. x, then, is the function’s parameter where
the corresponding probability is to be known. For the transfer functions approximated
with W (x|y) Gaussian shapes were chosen. Except for the ones for the missing trans-
verse energy in x and y directions which are each a single Gaussian function, all transfer
functions are implemented as double Gaussian functions.

Instead of maximizing the weighted likelihood, the value of —In L is minimized. The
reason for this is that the available software libraries provide minimizations rather than
maximizations. Another reason is that the logarithm of the likelihood is preferred over the
likelihood itself because adding logarithms is numerically more stable than multiplying
values. Also multiplying the likelihood parts takes much more computation time than
adding logarithms of them.

For minimization, KLFitter smears the energies and momenta in agreement with the
detector resolutions (taking a value that is less probable will make the total event’s like-
lihood worse) until the Likelihood is at a maximum value. The permutation with the
highest value of the weighted likelihood (the smallest weighted —1In L) is defined as the
best. This still does not imply which permutation is the true one.

These running options were successfully used in a large number of analyses (e.g. [44-
46]). But also other running options are possible. For example, the fitter can be adjusted

to any arbitrary process and final state simply by writing a new likelihood for it.

4.2.1. Neutrino Reconstruction

For this thesis, an accurate knowledge of how the KLFitter operates when reconstructing
the neutrino is necessary. Thus, the procedure is discussed in detail in this section.

Before reconstructing anything, boundaries of different entries of the momentum vector,
p, as well as py and p? have to stay in the range of —1000 GeV < p; < 1000 GeV.

Next p; and p; are set to be in the range of Egjiyss -0 <py, < E;‘j;ss + o where
o is calculated by taking the transfer functions into account. As a starting value for
the momentum for the following fits the measured missing energy is used, which means
pz/ — Emiss pu — Emiss

@ x Py y
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4.2. The KLFitter Framework

Now the neutrino pY is calculated. This is done via the invariant mass of the leptonically

decaying W-boson. Here, the four-momenta are essential for
miy = (0 + ) .
With E? = m? + p? and m, ~ 0 it gives the quadratic equation
a- (P2 +b-p+c=0, (4.1)
with

a=(p.)* — (£

b=a-p.
(6]
c= 1+ B 0D+ )]

o =mpy —mj + 2 (piph + pipl) -

The mass of the W-boson is well known by previous experiments and therefore set as
constant. Also constant are p; and pj that are the measured missing energy vector entries.

So this equation is solved by

,  —bE Vb —4ac

4.2
pz 2@ ( )

and has either zero or two solutions depending on the value of the discriminant. The
case of exactly one solution has not been observed during the analyses for this thesis even
though it may be possible.

If the equation has no solution, KLFitter has to choose any starting value of p7. As the
distribution of the true neutrino p, has a peak at p, = 0, the default choice is p? = 0.

If the equation has two solutions, both solutions are written into the p, solution vector.
Then the likelihood of both these possible starting p% values is calculated and the one
with the higher value is chosen for the following fit.

So up to here everything is prepared to start the actual kinematic fitting. For getting
the highest possible likelihood of the single event besides all jet energies and so on, also
the p; and p; values are smeared according to the transfer functions of ERss . As no
transfer function exists for the p”, it is varied in a way so that the mass of the W-boson
stays constant under smearing of p; and p; .

As reconstructed quantities, the ending value of p? of the fit as well as the starting

values of p; and py from the best permutation (the permutation with the highest weighted
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4. Kinematic Fitting

likelihood) are output.

4.3. The MatchMonster Framework

For finding the quality of the KLFitter output a small C++ program called MatchMonster
is used. Besides copying all relevant input ROOT trees into the output files it also adds
new branches. The matching criterion is that the true particle vector from the Monte
Carlo simulations and the reconstructed particle vector have a distance AR in the n-¢-
plane that is is smaller than 0.3. In this way the matching of all particles of an event
is checked and the corresponding parameter is set to either 0 or 1. For example, if the
distance of the reconstructed and true neutrino is AR = 0.23 the vectors match and the
parameter numatched is 1.

Besides adding branches, the MatchMonster also generates histograms that show se-
lected matching efficiencies depending on different cuts on the data.

For example the histogram that the reconstruction efficiencies in this thesis are taken
from only takes events into account that fulfil the variables isLjets = 1, multimatch = 0
and alljetswithinfour = 1. This means that the event must contain the signal of a charged
lepton, no reconstructed particle that is assigned to more than one decay particle and all

chosen jets for the reconstruction must be the four highest momentum jets.
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5. Results and Discussion

In this chapter, the studies about the neutrino reconstruction in the KLFitter framework
as well as their results are presented.

The first section explains how performing different cuts on the data can improve the
reconstruction efficiency of the neutrino while the second section draws connections to
the matching of other particles.

After that, the MatchMonster framework is analysed. This is to make sure it depicts
the true quality of the KLFitter output and compares the appropriate values. Lastly, the
KLFitter itself gets tested and improved to perform in the best possible way.

The reconstruction efficiency mentioned above is defined as the fraction of the data
sample that fulfils the criterion of AR < 0.3 for the regarded particle. This means that
the distance of the true particle from the Monte Carlo simulation and the particle that
was reconstructed by KLFitter is very small in the n-¢-plane.

Because KLFitter should always be able to reconstruct a certain event, it is necessary
for the particular event to fulfil the criteria mentioned in Section [£.3 Only in that case
it may be reconstructed and is included in the statistics.

The following results were produced for samples for the e + jets and u + jets channels.
In this chapter, only the results for the muon samples are shown because it contains
slightly more events. All plots and tables for the electron sample can be found in the

appendix in Appendix [A] while the corresponding tables can be found in Appendix [B]

Matching | Efficiency [%)]
Muon 98.85
Leptonic b 84.21
Hadronic b 76.97
All partons 39.56
Hadronic ¢ 74.50
Leptonic ¢ 44.87
Neutrino v 21.57

Table 5.1.: Reconstruction efficiencies of important decay particles in the p + jets chan-
nel before the analysis as shown in Fig. [5.1(a)}
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Figure 5.1.: Status of the reconstruction efficiency before the analysis. At the top are

the efficiencies of all regarded particles and at the bottom is the distribution
of AR for the neutrino.

In Fig. the initial reconstruction efficiencies before applying modifications is shown.
The exact values depicted here are also summarized in Table [5.1 Those plots and tables

illustrate the initial settings characterizing the starting point.
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5.1. Possible Cuts for Data Analysis

5.1. Possible Cuts for Data Analysis

Before looking into the important programs the output files themselves and the correla-

tions between the neutrino reconstruction and different measured values are crucial.

As shown in Fig. the quality of the neutrino reconstruction is heavily
dependent on the number of b-tags as well as the values of E and m 0 To explain the
chosen ranges for the plot, the distributions of the three parameters over all events are
shown in Fig. ,@

Thus, if a high neutrino reconstruction efficiency is desired for a special analysis, it is
recommended to cut the data on one of these values. For this, the individual improvements

and the loss on statistics are listed in Table [(.2]

Cut Parameter Improvement [%] | Remaining Statistics [%)]
At least one b-tag —0.06 93.56
At least two b-tags 0.46 61.27
At least three b-tags 0.80 6.21
Four b-tags 5.72 0.04
ERss > 50,000 GeV 6.65 76.32
ERss > 100,000 GeV 24.28 20.06
ERss > 150,000 GeV 37.96 5.08
EXiss > 200,000 GeV 44.37 1.43
myz > 400 GeV /c? 1.79 94.92
myy > 500 GeV/c? 6.77 51.85
myy > 600 GeV/c? 11.09 26.77

Table 5.2.: Improvement of the neutrino reconstruction efficiency and remaining statis-
tics when performing special cuts on the used data. The improvement gives
the value that needs to be added to the efficiency of the whole sample.
The remaining statistics gives the percentage of the sample that is left for
analysis after performing the cut.

5.2. Dependency of Neutrino Reconstruction

Efficiency on Matched Particles

The reconstruction of the neutrino is closely linked to the reconstruction of other decay
particles. This is because its momentum is calculated via the invariant mass of the W-
boson which is connected to the invariant mass of the leptonically decaying top quark as
described in Section 4.2l
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Figure 5.2.: On the right side are the distributions of the possible cut parameters in

28

the analysed sample. On the left side is the AR distribution for various
ranges of possible cut parameters in analyses. The fraction of events that
are below AR = 0.3 increases with the number of b-tags, higher EX and
higher m 0 For these plots, the output files after all improvements in the
codes were used.



5.3. General Improvements in Code

If, for example, the leptonic b-quark is reconstructed correctly (AR, < 0.3) it is more
likely that also the neutrino is reconstructed correctly as shown in Fig. [5.3]

These dependencies are not accessible in real data and do not represent any value to
cut on data. Still, they demonstrate the procedure and consistency of the fit mechanism

very well.

e — all events
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Figure 5.3.: Distribution of AR for the neutrino for a correctly reconstructed leptonic
b-quark, all partons and the whole ¢t system. The first is fulfilled by about
84.35%, the second by about 39.63 % and the latter by about 46.01 %.
The first increases the reconstruction efficiency for the neutrino by about
3.05 %, the second by about 3.12% and the latter by about 18.74 %. For
this plot, the output files after all improvements in the codes were used.

5.3. General Improvements in Code

To find reasons for the high values of AR for the neutrino, the parameters of its calculation
are examined. As AR = \/(An)2 + (A¢)?, n and ¢ should be investigated. Here, the focus

lies on studying the momentum p of the neutrino. It is highly correlated with n and ¢

but its components p,, p, and p, can be accessed separately in KLFitter and its output
files. This is done in Fig. [5.4] Analogous plots for An and A¢ can also be found in the
appendix in Fig. [A.4 and may be subject to further research.

While Ap, and Ap, look satisfying as they even have a smaller width than the equivalent

jet distributions, Ap, behaves unusual. The neutrino distribution is much worse than the

reco
z

jet distribution which applies to all values. For a closer look in Fig. 5.5 p** is plotted

true

;u¢. This illustrates as well that the reconstructed value has a comparatively

against p
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Figure 5.4.: Difference between true and reconstructed entries of the momentum vector
compared for the neutrino and a jet. As jet the hadronic b-jet is chosen
since it has less decay correlation with the neutrino than the leptonic b but
a better reconstruction efficiency than the light quarks.
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Figure 5.5.: Distribution of pt*® to p“® for the neutrino in the analysed data.
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large deviation from the true value. Based on this, the following approaches for improving

the KLFitter performance are implemented and tested.

5.3.1. Improvements in MatchMonster
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Figure 5.6.: Status of the reconstruction efficiency after improving the MatchMonster
framework. At the top are the efficiencies of all regarded particles and at
the bottom is the distribution of AR for the neutrino

p. and p, of the neutrino can be reconstructed based on the measured values of E™ and

E;“iss before the fit is performed. This is not valid for the p, as no momentum or energy

value in the direction of the beam pipe can be measured. Therefore the reconstructed
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5. Results and Discussion

value for p, as called in the output file is equal to the fitted value for p, while the fitted
p, and p, are different from the reconstructed ones.

This may be contradictory to the momentum conservation when taking the vector
(reco p,, reco py, fitted p,) for further calculations (reco = reconstructed). As Match-
Monster takes exactly these values for comparing the reconstructed particles to the true
ones it may not match as well as with vectors that conserve the momentum.

After changing the MatchMonster code so that now for the neutrino the fitted values
are used for the comparison the neutrino reconstruction efficiency indeed could be raised
by 2.95%. With this also the efficiency values for the leptonic t-quark and the whole tt

system increased as shown in Fig. |5.6

5.3.2. Improvements in KLFitter
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(a) Fitted p, vs. starting p,. (b) Deviation of fitted p, vs. deviation of starting
p. scaled to units of the true value.

Figure 5.7.: Studies on the dependencies of the fitted neutrino p, value on the starting
value of the fit. The fitted value is highly dependent on the value the fit
starts with.

To understand what may go wrong with the neutrino inside of KLFitter, studying the
connection between the starting value of the fit and the fitted value of p, is necessary.
This is shown in Fig. In addition, the deviation of the fit value from the true value
is plotted against the one of the starting value in Fig. . It can be seen that the
fitted and the starting value are highly correlated as well as their deviations. This leads
to the conclusion that a reasonable choice of the starting value is inevitable to get a good
reconstruction efficiency.

As mentioned in Sectionthere are two possibilities for the quadratic equation

that gives the initial value of the fit. Either it has zero or two solutions. In dependency on
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Figure 5.8.: Distribution of Ap, scaled to p'™¢ and plotted against the p™¢ value of the

neutrino.

this, the reconstruction efficiency in both cases is useful. For that, the Ap, distribution
scaled to the true p, is plotted separately for zero and two solutions in Fig. 5.8 It is

clearly visible that in case of no solution the reconstruction is worse than in the two

. . . reco__true . .
solution case. As the value on the z-axis is A,ap, = =—2—, it is clear that the true

true
pz

value is very often higher than the one KLFitter reconstructs in the case of no solutions.

In this case, KLFitter sets the starting value for p, in the fit arbitrarily to zero. Even
though zero is the most probable value in the true distribution, it does not justify this

choice for a single event.

Taking only the real part of the complex solution of Eq. P, = ;—é’ may be a better
estimate. After implementing this in the KLFitter framework and looking into the usual
plots showing the reconstruction efficiencies, no visible changes can be seen. So in Fig.[5.9]
only the difference of the new implementation minus the status before is depicted. In the
AR distribution in Fig. as well as in the efficiency plot Fig. can be seen
that the new starting value in the zero solution case involves improvements not only
for the neutrino, but also for all other decay particles except the charged lepton. The
enhancement of 0.10 % for the neutrino is just slight but it suffices to justify the small

change in the code.

For the sake of completeness it was tested whether KLFitter chooses the right one if
two solutions exist. As shown in Fig. [5.10] when forcing the framework to choose the not
preferred solution the reconstruction efficiency of the neutrino drops by about 5 % while
also all other particles are affected. As the result was very clear also when taking the error

bars in Fig. [5.10(b)| into account, this test was not repeated on the large sample. Here it
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Figure 5.9.: Differences in reconstruction efficiencies between the improved KLFitter

framework after implementing the new zero-solution starting value and
the status before.
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Figure 5.10.: Status of the reconstruction efficiency after forcing KLFitter to choose
the bad solution in the two solution case.

was done using a small part of the sample of about 30,000 events that only contain the
e + jets channel.

Now, that the starting value was adjusted, the fit mechanism needs to be inspected.

TEeCO true

For this, Fig.|5.11| shows the difference between pi*®® and p.™¢ against pi°®, one plot each

reco

for zero and two solutions. It can be seen there that the deviations of pi°*®® are immense,

especially for very high and very low values of p™e.
The idea to fix this is to add another transfer function to the likelihood along the lines
of the transfer functions for Eje and Ey. Geared to the distribution of pi"® in Fig. [5.12]

the sum of two Gaussian functions p, = Gaussl + Gauss2 is chosen. Both mean values
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Figure 5.12.: Distribution of pi® of the neutrino in the used Monte Carlo samples for
the p+ jets channel.

are set to zero. As the neutrino is dependent on various parameters (see Section the
variables of the Gaussian functions used for the fit are made to be dependent on ERss.
The missing transverse energy was chosen first because it is directly connected to the
neutrino. Second, all other cut parameters from Section [5.1] have disadvantages. The
number of b-tags may vary depending on the used b-tagger and has much larger statistical
uncertainties than the resolution of the detector. Also, it only delivers discrete numbers.
This would make a total of five different transfer functions which may not be as precise as
adjusting the transfer function continuously. The mass of the tt system drops out as well
because it is a reconstructed quantity and depends on the likelihood itself. Fig. shows
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Figure 5.13.: Linear Fits for the parameters of the Double Gaussian distribution for
the transfer function in dependency on EMiss,

the linear dependencies of the different fit parameters for the double Gaussian function

on EXss For considering these dependencies in the implementation, the linear functions

are taken as fit variables for the double Gaussian distribution in the transfer function.
The final updated likelihood is now

L= B(mqmzbhadlmtom Ftop) ) B(mq1q2|mWa FW)

X B(m&/blep |mtopa 1—‘top) . B(méu|mW7 FW)

4
X [T Wiet (Biois®| Bieti) - We( EP*| Ey)

jet,i
=1
X Wmlss (EmlSS ’px) miss (Emlss ‘py)
x W, (/(Bpis)? 4 (Episs)?[p) .

Other than expected, the neutrino efficiency dropped by about 5% by this measure as
shown in Fig. for the electron sample. Also all other efficiencies decreased so that
for improving efficiencies a transfer function for the neutrino p, is not a good measure.
The identification of the exact linear fit parameters was only performed for the electron
sample. Because this result was very distinct, the process was not repeated separately for

the muon sample.

37



5. Results and Discussion

1 1 —p.oepess before
- — with transfer function
08 &a&% '
0.6
L 10199863 %‘
D.464: & .460975:
0.4 :
| 0.24831
.207203
0 7
et o0ton,, Ohact, 06 1y UQ . 9 e Wingy ey, Ml ey g, %D . Pacigy M
£ t e a m ey, - May
’U”’%e Matepy ’hapc,,ed lchey Alchey ey Chey 1Ons ey eh, y, ﬁazc,,ed RUchey P m%’chs ”
Matcy, o0 Cheg MVargg hea
Al oo

(a) Reconstruction efficiencies.

y
T

o
$0.05 JH before
£l L
L B HT — with transfer function
0.04|- f}iﬁ:
0.03F :E‘
0.02 il‘—LHILLL
0_01' ILL\M‘HILL
L mi‘%
B e
00 0.5 1 1.5 2 25 3 3.5 4 4.5

(b) AR distribution for the neutrino.

Figure 5.14.: Reconstruction performance as influenced by the implementation of a
transfer function for the neutrino p, for the electron sample.

38



6. Conclusion and Outlook

In summary, first, the values in the MatchMonster framework that define the reconstructed
neutrino were changed to the fitted values instead of E™® E;“iss and the calculated p?.
With this, the quality of the KLFitter output got better because now the better matching
momentum vector is compared to the true one of the decay particle.

Second, the starting value of the fitting process in KLFitter was changed. Instead of
setting it to zero if the quadratic equation has no real solution, it is now set to the real
part of the two complex solutions.

It was checked if in the case of two solutions of the quadratic equation the better one
of the two solutions is chosen, which is the case. Last, an attempt to implement transfer
functions for the p, of the neutrino was made. But because the reconstruction efficiency
worsened, this approach was not pursued.

In Fig. the improvements accomplished by the work for this thesis are visible. The
exact reconstruction efficiency values are listed in Table [6.1] The neutrino reconstruction
efficiency could be raised by 3.04 % for the muon sample and by 2.83 % for the electron
sample (see Table . Also the reconstruction of all other particles could be improved
as well by up to 4.92 % for the muon sample and up to 4.19% for the electron sample.

Matching | Before Efficiency [%] | After Efficiency [%)]
Muon 98.85 98.85
Leptonic b 84.21 84.35
Hadronic b 76.97 77.07
All partons 39.56 39.63
Hadronic ¢ 74.50 74.63
Leptonic ¢ 44.87 49.79
Neutrino v 21.57 24.61

Table 6.1.: Selected reconstruction efficiencies before starting the studies and after
adding all improvements in the program code.

Still, the value of the neutrino reconstruction efficiency is not as high as it was expected

to be at the beginning of this thesis. For that reason, it can possibly be raised in future

research. Studying n and ¢ further is a first suggestion for this.
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Figure 6.1.: Summary of all improvements in the reconstruction efficiencies of KLFitter.

Also, the separation in no and two solutions of the quadratic equation is important for

continuing studies. As visible in Fig. [6.2], both cases behave differently. For no solution

true

(Fig. - the distribution of differences is almost equally bad for every value of p.™°.
The cluster around p'™® = 0 is easily explained by the distribution of p® (see Fig. |5.12))
that peaks at the value of zero and follows approximately a double Gaussian function. So

reco

if there are more events at this value, it is also more likely that p;°® of more events equals

pie. Independently of the value of pt™®, there is a slight indication of a piled appearance
of P = 0 because of the situation of the approximated ellipse around the origin of the
plot.
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Figure 6.2.: Difference between the reconstructed and true value in dependency on the
true value of p, of the neutrino separately for no and two solutions of the
quadratic equation.

Things look very different for the two solution case in Fig. [6.2(b)l Here, a lot more

often the reconstruction worked and the difference plotted on the y-axis is zero. This

true
z

distribution of p"® in Fig. As in the no solution case also p:*® = 0 happens often

z z

fact is also independent of the value of p™© if one compares the distribution with the
if the true value is not zero. But here, also another phenomenon is apparent. If the true
value is zero itself, KLFitter often does not reconstruct it as zero but as a significant
value. This circumstance is also already visible in Fig.

The last observation is contradictory to an often reconstructed value of zero. If an

implementation makes the reconstruction of zero less frequent, it simultaneously supports

true

71¢ = 0 is less often reconstructed correctly.

the other problem that p
This may be a reason for the still not very high reconstruction efficiency of the neutrino
and the aggravation by the implementation of a new transfer function. It could also
impede future studies in attempts on improving the efficiency further.
As desired, the neutrino reconstruction mechanism in KLFitter was investigated and
locations of possible improvements were found. The goal to raise the reconstruction

efficiency for the neutrino was reached with an increase of about 3 %.
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A. Additional Plots
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Figure A.1.: Status of the reconstruction efficiency before the analysis for the electron
sample. At the top are the efficiencies of all regarded particles and at the
bottom is the distribution of AR for the neutrino.
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Figure A.2.: On the right side are the distributions of the possible cut parameters in
the analysed electron sample. On the left side is the AR distribution
for various ranges of possible cut parameters in analyses for the electron
sample. The fraction of events that are below AR = 0.3 increases with
the number of b-tags, higher EX*5 and higher m 0 For these plots, the

output files after all improvements in the code were used.
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Figure A.3.: Distribution of AR for the neutrino for correctly reconstructed leptonic
b-quark, all partons and the whole ¢t system for the electron sample. The
first is fulfilled by about 84.41 %, the second by about 39.71 % and the
latter by about 46.10 %. The first increases the reconstruction efficiency
for the neutrino by about 3.08 %, the second by about 3.14 % and the latter
by about 19.11 %. For this plot, the output files after all improvements in
the codes were used.

45



A. Additional Plots
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Figure A.J.: The difference between the true and the reconstructed entries of n and ¢
are compared for the neutrino and a jet. Here as jet the hadronic b-jet
is chosen since it has less decay correlation with the neutrino than the
leptonic b but a better reconstruction efficiency than the light quarks.
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Figure A.5.: The difference between the true and the reconstructed entries of the mo-
mentum vector is compared for the neutrino and a jet for the electron
sample. Here as jet the hadronic b-jet is chosen since it has less decay cor-
relation with the neutrino than the leptonic b but a better reconstruction
efficiency than the light quarks.

47



A. Additional Plots

-100
true P,

Figure A.6.: Distribution of p©* to p"© for the neutrino in the electron sample in the

analysed data.
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Figure A.7.: Status of the reconstruction efficiency for the electron sample after im-
proving the MatchMonster framework. At the top are the efficiencies of
all regarded particles and at the bottom is the distribution of AR for the
neutrino.
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Figure A.8.: Studies on the dependencies of the fitted neutrino p, value on the starting
value of the fit for the electron sample. The fitted value is highly dependent
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the improved KLFitter framework after implementing the new zero so-
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Figure A.13.: Summary of all improvements in the reconstruction efficiencies of KL-
Fitter for the electron sample.
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B. Additional Tables

Matching | Efficiency [%)]
Electron 98.97
Leptonic b 84.32
Hadronic b 77.04
All partons 39.66
Hadronic ¢ 74.91
Leptonic ¢ 45.60
Neutrino v 22.00

Table B.1.: Reconstruction efficiencies of important decay particles in the e + jets chan-
nel before the analysis as shown in Fig. .

Cut Parameter Improvement [%)] | Remaining Statistics [%)]
At least one b-tag 0.17 91.42
At least two b-tags 0.74 52.46
At least three b-tags 1.13 5.27
Four b-tags 2.84 0.04
EXiss > 50,000 GeV 6.96 65.34
ERXss > 100,000 GeV 24.51 17.87
ERss > 150,000 GeV 37.82 4.67
ERss > 200,000 GeV 44.46 1.33
myy > 400 GeV/c? 2.02 81.83
myz > 500 GeV /c? 7.18 44.69
myy > 600 GeV/c? 11.95 22.78

Table B.2.: Improvement of the neutrino reconstruction efficiency and remaining statis-
tics when performing special cuts on the used data for the electron sample.
The improvement gives the value that needs to be added to the efficiency
before performing the cut. The value in the column remaining statistics
gives the percentage of the sample that is left for analysis after performing
the cut.

95



B. Additional Tables

Matching | Before Efficiency [%] | After Efficiency [%)]
Electron 98.97 98.97
Leptonic b 84.32 84.42
Hadronic b 77.04 77.04
All partons 39.66 39.71
Hadronic ¢ 74.91 74.98
Leptonic ¢ 45.60 49.79
Neutrino v 22.00 24.83

Table B.3.: Selected reconstruction efficiencies for the electron sample before this thesis
and after improving several things in the program codes.
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