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Abstract

In this thesis, the measurability of the top-quark decay width I'; is examined. Feasibility
studies are done to pursue the question if it is possible to directly measure I'; at the LHC
with high precision. For this, simplified models are created in which the real situation of
a measurement of I'; is simulated by using pseudo-data samples. Furthermore, sensitiv-
ity studies are presented to test to what extent the different physical and model-based
parameters affect the results.

The studies yield that the decay width of the top quark I'; will be measurable precisely
with the full data sets of the /s = 7TeV and 8 TeV runs at the LHC. The results are
heavily affected by the binning of the pseudo-data samples as well as by the amount of
data that is used for the decay-width reconstruction. The detector resolution, which is
implemented in the model in form of a Gaussian distribution, also has a great influence
on the results. Especially a good knowledge of the resolution distribution, i.e. a small
uncertainty on its parameters, leads to a more precise determination of the decay width.

Zusammenfassung

In dieser Arbeit wird die Messbarkeit der Zerfallsbreite des Top-Quarks I'; untersucht. Es
werden Machbarkeitsstudien vorgestellt, in denen der Frage nachgegangen wird, ob eine
direkte Messung von I'; am LHC mit hoher Prazision moglich ist. Hierfir werden stark
vereinfachte Modelle genutzt, in denen die reale Situation einer Messung von I'; mithilfe
von Pseudo-Datensétzen simuliert wird. Des Weiteren werden Sensitivitatsstudien pra-
sentiert, in denen ausgetestet wird, inwieweit die verschiedenen physikalischen Parameter
und Modellparameter Einfluss auf die Resultate haben.

Die Studien ergeben, dass die Zerfallsbreite des Top-Quarks I'; mit hoher Prézision am
LHC messbar sein wird, wenn man die kompletten Datensétze der Schwerpunktsenergien
/s = 7TeV und 8 TeV beriicksichtigt. Die Resultate werden dabei stark vom Binning der
Pseudo-Datensétze und von der Datenmenge, die fiir die Rekonstruktion benutzt wird,
beeinflusst. Die Detektor-Auflésung, die in dem Modell in Form einer Gaufiverteilung
implementiert ist, hat ebenfalls groffien Einfluss auf die Ergebnisse. Besonders eine gute
Kenntnis der Auflosungsfunktion (also eine geringe Unsicherheit auf ihre Parameter) fithrt
zu praziseren Ergebnissen in der Bestimmung der Zerfallsbreite.
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1. Introduction

One of the most prominent branches of physics is the area of elementary particle physics.
Over the last years, the subject has become popular especially because of a large presence
in the media: the construction of the Large Hadron Collider (LHC) at CERN (Geneva),
which was commissioned in 2010; the discovery of a boson consistent with the long-sought
Higgs boson by the LHC collaborations ATLAS and Cwms in 2012 [1, 2]—followed by the
awarding of the Nobel Prize in Physics to Peter Higgs and Frangois Englert who had
already postulated its existence in 1964 [3, 4].

However, particle physics is one of the youngest areas of physics which has only devel-
oped in the course of the last century. The most popular model of elementary particle
physics—the Standard Model—was established only about forty years ago although the
idea that matter is made of small indivisible particles originates from the ancient Greeks.
Since the 90s it is possible to produce such high energies that even the heaviest particle
known today, the top quark, is produced. The top quark was discovered in 1995 by the
CDF and DO collaborations at the TEVATRON collider at FERMILAB (Chicago) [5, 16].
The “jigsaw puzzle” of elementary particles was finally pieced together with the possible
discovery of the Higgs boson last year that had been (according to current knowledge)
the last missing particle.

While the time of scrutinizing the Higgs boson has just begun, most of the properties
of the top quark have already been determined at the TEVATRON. But only since the
commissioning of the LHC, it is possible to produce heavy particles like the top quark in
large numbers so that statistical uncertainties can be reduced significantly. With such high
statistics, physicists hope to gain more accurate knowledge about so far only inaccurately
determined parameters of the top quark.

The following feasibility studies deal with one of these parameters, the decay width of
the top quark, for which only rough measurements have been made until today. This
thesis pursues the question if it is possible to directly measure the top-quark decay width
at the LHC—under the condition that all other parameters (e.g. the technical parameters
of the used particle detector) are known with sufficient accuracy. At first, the underly-

ing theoretical and experimental principles are summarized. This is followed by a brief
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discussion of the problems encountered in the measurement of the decay width. Then
simple models are presented to test the measurability of the decay width imitating the
real situation by the use of pseudo-data samples. In addition, studies of the influence of

other parameters on this measurability are conducted in the form of sensitivity studies.



2. Theoretical Foundation

The entire field of modern elementary particle physics is based on a model called the
Standard Model of particle physics (SM). It comprises all the currently known elementary
particles: twelve fermions, four kinds of gauge bosons mediating the interactions, and the
Higgs boson (see figure[2.T]). While for example the photon 7 is its own anti-particle, there
are specific anti-particles for each fermion and the W bosons with identical properties
except for the charge-like properties (e.g. electric charge) which are of opposite sign. The
SM, which is mathematically described by a gauge-quantum-field theory, is represented
by the unitary product group SU(3)c x SU(2), x U(1)y.

In the following section, a brief introduction to the particles and forces of the SM is
given; this is followed by a more precise theoretical description of the weak interaction.
In the last part, there is a short summary of the physics of the top quark. Because
the following theory is part of every particle-physics textbook, this section is kept short.

Unless stated otherwise, all information is taken from Griffiths [7].

2.1. The Standard Model of Particle Physics

The fermions of the SM are described in terms of two of their properties: the electric
charg (@ and the third component of the weak isospin 7', denoted as T3. Both properties
are combined to the weak hypercharge Yy = 2(Q) — T3) similar to the concept of strong
hypercharge described by the Gell-Mann—Nishijima formula |10, [11]. The twelve fermions
of the SM are further divided into two groups of particles: quarks and leptons.

The quarks consist of six different types of particles known as flavours: up (u), down (d),
charm (c), strange (s), top (t), and bottom (b). They are summarized in three generations

each consisting of two quarks as shown in the following table.

1st gen. 2nd gen. 3rd gen.

up-type U c t
down-type d S b

1Q is denoted in units of the elementary charge e ~ 1.602 - 10~ C |9].
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Figure 2.1.: The particles and bosons known today (modified version of [8]).

The upper of the two quarks carries an electric charge of Q = +2/3 and is called up-type
quark according to the respective quark of the first generation. The remaining three are
called down-type quarks and carry Q = —1/3. The existence of the quarks was proposed
only in 1964 [12, [13] because they do not exist—in contrast to leptons—as single particles
in nature due to an effect called Conﬁnemenlﬁ. Free quarks hadronize: along with other
quarks they form compound particles called hadrons (e.g. protons and neutrons).

Due to their different coupling behaviour in the weak interaction, they are further
differentiated in terms of their helicity, i.e. one further distinguishes between left- and
right-handed particles. Therefore, quarks are formally divided into three doublets of left-
handed quarks, where the upper quarks carry I3 = +1/2 and the lower I3 = ~1/2, and six

right-handed quark singlets with I3 = 0:

a= (), (), ()
d . s) . b . (2.1)

URp = UR, CR, tRr
dr = dg, SR, br

Leptons are categorized in a similar way. There are three generations as well where each
of them contains a charged particle with () = —1 and an uncharged neutrino. The first

generation comprises the electronic leptons which includes the electron e~ and the electron

2The confinement is caused by the strong interaction (and therefore exists only for colour-charged
particles): the strong force between two quarks is weaker for shorter distances than for longer.
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neutrino .. The second generation, called muonic leptons, and the third generation, called
tauonic leptons, contain the muon p~ and the muon neutrino v,, and the tau 7~ and the
tau neutrino v,, respectively. They are also divided into left- and right-handed leptons:
While the left-handed leptons are summarized in doublets as well (with the upper and
lower particle carrying I3 = +1/2 and I3 = —1/2, respectively), right-handed neutrinos are
predicted to be non-existent by the SMH Therefore, there are only three right-handed

leptons with I3 = 0 which are denoted as singlets:

Ve 14 UV, _ _ _
( _) ) ( li) ) ( _) ) 6R7 MR: TR (22)
e 1% T
L L L

There are four fundamental interactions acting on the particles: strong, weak, electro-
magnetic, and gravitational force. They differ in their strength and in the way in which
they are mediated. An overview of their most important properties is given in table 211
In particle physics, gravity is usually ignored because its effects are only visible on a
macroscopic scalel] Besides, not all forces act on every type of particles. The electro-
magnetic interaction acts only on electrically charged particles. The strong interaction
is only mediated between particles carrying a colour charge (which is the charge of the
strong interaction), i.e. the six quarks and the eight gluons which are the gauge bosons
of the strong interaction. The weak interaction comprises charged and neutral currents
mediated by the charged W* and the uncharged Z° bosons, respectively. While neutral
currents act on every fermion of the standard model (and on the gauge bosons as well),
charged currents are only mediated between particles with T3 # 0, i.e. only left-handed

particles and the corresponding right-handed anti-particles.

Force Strength Theory Mediator
Strong 10 QCD Gluon
Electromagnetic 1072 QED Photon
Weak 10-13 QFD W#* and 2°
Gravitational 10742 General relativity ?

Table 2.1.: The fundamental forces and their most important properties [7].

3The SM predicts that neutrinos are massless particles and therefore propagate with the speed of light.
This leads to the statement that there are no right-handed neutrinos because of the extraordinary
couplings of the weak interaction (described in more detail in section [Z2]). However, there is direct
evidence in neutrino-oscillation experiments disproving this prediction [14-16]; although the origin of
this phenomenon is not yet understood.

4 Additionally, gravity differs from the other interactions a lot and cannot be described in the same way:
electromagnetic, strong, and weak interaction are all mediated by gauge bosons (e.g. the photon -~y
mediates the electromagnetic force) while the mediation processes of gravity are not yet understood.
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Figure 2.2.: Comparison of a Breit-Wigner distribution (left) with a normal distribution
(right); both functions are normalized to the same value.

The recently discovered boson is consistent with the Higgs boson which plays a paramount
role in the SM. The corresponding Higgs field, proposed by three groups of physicists in
1964 [3,4,117], endows all particles with mass, especially the two massive gauge bosons W=
and ZY of the weak interaction. This acquisition of mass, known as the Higgs mechanism,
is described in terms of field theory by spontaneous symmetry breaking without violating
gauge theories. With this, a new particle is introduced: the Higgs boson H.

The elementary particles share a common principle: Unless prevented by a conservation
law, they tend to decay into lighter particlesH Due to its finite lifetime, an unstable par-
ticle has a physically-based uncertainty on its mass caused by the Heisenberg uncertainty
principle [18]: The mass distribution is not a single ¢ peak, but a Breit-Wigner distri-
bution with a parameter I' (called decay width) describing the width of the distribution.
More precisely, I' is the full width of the distribution at half maximum (FWHM). Fig-
ure shows the typical profile of a Breit-Wigner distribution compared to a Gaussian
(or: normal) distribution. The uncertainty principle At - AE > 2h |19] directly leads to

the following relation between the decay width I' and the lifetime 7 of a particle:

p_n (2.3)

T

where I = 6.582 - 107'9eV s is the reduced Planck constant [9] and T is identified with
2-AF and 7 with At. Since the mean lifetime of a particle is very difficult to measure
directly, it can therefore be calculated by measuring the width of the mass distribution

of an ensemble of particles.

5The electron is for example a stable particle, because it is the lightest charged particle and therefore
cannot decay to a lighter mass (charge conservation).
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2.2. The Weak Interaction

The weak interaction is one of the four fundamental forces of the SM; it is mediated by the
massive gauge bosons W+ and Z° with masses of my ~ 80.4 GeV and my, ~ 91.2GeV,
respectively [9]. Processes involving the W or the Z are often referred to as charged
and neutral current processes. As already mentioned, charged currents only interact with
particles with I3 # 0, i.e. only left-handed quarks and leptons (and their right-handed
anti-particles). Consequently, the weak interaction is the only fundamental interaction
breaking parity symmetry between particles/anti-particles [20] (or in further consequence
even charge-parity symmetry [21]).

Since the W is a charged boson, its coupling to a fermion changes the fermion’s charge,
i.e. charged leptons are converted to the corresponding uncharged neutrinos and vice
versa. In the same way, up-type quarks are converted to the corresponding down-type
quarks and the other way around. While the conversion of leptons is limited to the
corresponding doublet of the particle as denoted in eq. (Z2]), quarks can be converted from
one generation to another. To describe the cross-generational transitions, modified quark
states, called weak eigenstates, are introduced [22-24]. They are linear combinations of

the mass eigenstates and are denoted as follows:

" d, Vud Vus Vub d
u c
(d)()(b) where | s | = | Vi Vi Va||s (2.4)
s
v Vie Vis Vi) \D

The 3 x 3 matrix Vogy = V" VLdT is called CKM matrix and describes the quark mixing
in the weak interaction. If Vg was the unit matrix, the conversions of quarks would

be limited to their generation as well. However, the current experimental values are [|9]:

0.9743 0.2253 0.0035
Vera ~ [ 0.2252 0.9734 0.0412 (2.5)
0.0087 0.0404 0.9991

Because of this unique changing of the flavour, the weak interaction is responsible for a lot
of particle decays, e.g. the decay of the top quark and the 3 decay of radioactive nuclei.

In the SM, the weak interaction is unified with the electromagnetic force to the elec-
troweak interaction described by a SU(2);, x U(1)y gauge theory. The group SU(2), refers
to the weak isospin 7" (the subscript L means that only left-handed states are involved)

and U(1)y to the weak hypercharge Y as described in the previous section.
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2.3. Top Quark Physics

Forming the third generation of quarks in the SM (along with the bottom quark), the
top quark is of special interest because of its unique high mass. Due to technical lim-
itations to achieve such high energies at colliders, physicists failed to discover the top
quark for many years, although its existence was already predicted in 1973 by Kobayashi
and Maskawa [24]. The discovery was finally made in 1995 by the CDF and D@ collab-
orations [, 6]. Since then, its mass has been determined at FERMILAB and CERN with
high accuracy. The combined results of CDF/D@ (TEVATRON) and ATLAS/CMS (LHC)

measure the top-quark mass to be [25, 26]:

my = 173.18 £ 0.94GeV  (CDF/DQ) (2.6a)
my = 173.29 £ 0.95GeV  (ATLAS/CMS) (2.6Db)

In the following subsection, the top quark’s properties are explained in more detail. In
particular, its extremely short lifetime is discussed. Afterwards, the production mecha-

nisms of the top quark as well as its decay are described.

2.3.1. Properties of the Top Quark

Since the top quark belongs to the third generation of quarks, it is unstable and therefore
decays to lighter particles. Its unique high mass causes exceptionally rapid decays of top

quarks with lifetimes far below the measurable time scale.

According to equation (Z3]) the mass distribution of top quarks has a certain decay
width I'; due to the finite lifetime. Since the lifetime is extremely short, the decay width
of the top quark is expected to be relatively small compared to its mass and is therefore
difficult to measure as well. In addition to a direct measurement, the top-quark decay
width can be determined by SM predictions using precisely measured other SM parameters

(next-to-leading order (NLO) approximation) [27]:

2
(vLoy Grmj M, mi, 20 (27% 5
r, = 1 - 142—-| |1— —_— == 2.7

¢ 8Tv/2 ( m2 + 2 3 9 (2.7)

where G is the Fermi constant, m; the top mass, my, the W boson mass, and «, the

coupling constant of the strong interaction. Evaluated for a value of m; = 173.2 GeV
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according to the latest measurements of the mass in eq. (2.0), equation (2.7)) yields:

Iy = 1.35GeV (2.8)

Despite its small value, the D@ collaboration was able to indirectly measure the decay
width of the top quark in 2012@ They measured I'; to be [28]:

[y = 2.00107% GeV (2.9)
The CDF collaboration calculated the following limits for the decay width [29]:

T, <6.38GeV  at 95% C.L. (2.10a)
1.10 < T, < 4.05GeV  at 68% C.L. (2.10Db)

By using eq. (23) the lifetime 7, was calculated as well. The measurement of D@ in

eq. (27) and a second measurement by the CDF collaboration yield values of |28, 130]:

7= (3.297099) - 107®s  (DO) (2.11a)
7 = (2.98739%) . 107*s (CDF) (2.11D)

Therefore, the mean lifetime of the top quark is currently estimated to be below the
typical time scale of hadronization processes of about 3-1072*s [31,132], i.e. there are in
general no bound states of the top quark. Consequently, there are no top-jets produced

by a top quark because it decays before hadronization processes start.

In order to enable a direct determination of the decay width from a top quark produced
in a collider, the resolution of the reconstructed top-quark mass must be of the same
order of magnitude—at least, the technical limitations like the resolution have to be very
accurately known. Besides, a precise reconstruction can only be done with large statistics.
The sample of top-quark events at the FERMILAB has not been large enough to measure
I’y with a relative uncertainty below 25% yetH (see eq. (Z9) and (ZI0)), but the LuC will
provide such large statistics. With current centre-of-mass energies of /s = 7TeV (2010-
11) and /s = 8 TeV (2012) it is hoped that the statistical uncertainties can be reduced

significantly in order to make an accurate measurement of the decay width possible.

SFor the measurement in [28], the single-top cross section and the branching fraction B(t — Wb) were
used. This method assumed that the coupling leading to (t-channel) single-top production is identical
to the coupling in the top-quark decay.

"TEVATRON, the collider of FERMILAB, is shut down since 2012, but the evaluation of the produced data
is still on-going. Thus, the FERMILAB results on I'; could still be improved in the future.
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2.3.2. Production of the Top Quark

The mechanism for the production of a top quark depends on the energy provided by
the used particle accelerator. At centre-of-mass energies like /s = 7TeV and higher at
which the LHC operates, top quarks are most likely produced in pairs of particle and
anti-particle (short: ¢t pairs) via the strong interaction.

Because the LHC is a proton-proton collider, only parts of the energy carried by the
two colliding protons are released in a collision. This can be explained with the fact that
protons are hadrons and therefore compound particles; all partons included in a proton
carry a fraction of the total momentumH In a collision, not the protons but the partons
interact with each other. Consequently, only their energy is released, not the total centre-
of-mass energy. At /s > 7TeV it is most likely that two virtual gluons or two sea quarks
interact when it comes to a “collision” between two protons. The production processes
are shown in figure 2.3

Therefore, a much higher centre-of-mass energy than the invariant ¢¢ mass of about
350 GeV is needed to create a tt pair. This is one of the reasons why there will be a
significant difference in the amount of produced tt events between the TEVATRON with a,
maximum of /s = 1.96 TeV and the LHC with the latest results at /s = 8 TeV.

9 t 9 t 9 t q t
(a) gluon fusion (b) gq annihilation

Figure 2.3.: Feynman graphs of ¢t pair production (lowest order).

However, there are possible production mechanisms via the weak interaction leading to a
single top quark. They are less likely to occur than pair production, but their existence
was confirmed in 2009 by both the CDF and D@ collaborations [33, 134]. The Feynman
diagrams showing the possible single-top production processes can be found in figure 2.4l
Single-t production is also a subject of current research at the LHC. Although, primarily
tt production is used to investigate the properties of the top quark because single-t events

are much more difficult to distinguish from other processes and are less likely produced.

8Protons comprise valence quarks, sea quarks, and gluons. While the valence quarks determine the type
of particle (e.g. “up”, “up”, and “down” means “proton”), the sea quarks and gluons just exist as
virtual particles. The distribution of the momentum as a function of the energy is described by the

parton distribution functions (PDF).

10
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Looking at the cross sections, there are roughly twice as many pair-production events at
a centre-of-mass energy of /s = 7TeV. ATLAS measured the single-t cross section and
the tt cross section to be [35, 136]:

o, = 834 4(stat.) T (syst.)pb (2.12a)
o, = 186 £ 13(stat.) & 20(syst.) £ 7(lumi.) pb (2.12h)

For comparison, CDF and D@ measure the tt cross section at the TEVATRON on the
Run IT centre-of-mass energy /s = 1.96 TeV to be [37]:

0,7 = 7.60 £ 0.20(stat.) & 0.29(syst.) = 0.21(lumi.) pb (2.13)

which is less then one tenth of the estimated LHC cross section.

, q
T q
W b w q t
1 t
w t
b i _
b 9 g ¢ q b
(a) via t-channel (b) tW production (¢) via s-channel

Figure 2.4.: Feynman graphs of single top production (lowest order).

2.3.3. The Decay of the Top Quark

The top quark decays almost exclusively into a b quark and W boson via the weak
interaction (the branching ratio is often assumed as 100%). The final states W's and Wd
are expected to be suppressed compared to Wb due to the small CKM matrix elements
Vis and Vi, (see eq. (Z.H)). While the bottom quark hadronizes immediately and produces
a b-quark jet, the W boson has different decay channels. It can either decay leptonically
by producing a lepton and its corresponding neutrino or it can decay hadronically by
producing an up-type and down-type quark (most likely of the same generation).

Thus, the decay of the top quark can either produce a b-jet and two light jets (orig-
inating from the lighter quarks) or a b-jet, a lepton, and a neutrino. ¢t production is
therefore subdivided in three different decay channels: the “alljets” channel where both
W decay hadronically, the “dilepton” channel where both W decay leptonically, and the

“lepton+jets” channel as a mixture of both. Due to the different branching ratios of the

11
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W, which most probably decays hadronically (with a probability of around 68% @]), the
top-quark decay channels have different probabilities, too. They are shown in the pie
chart in figure 25l On the left-hand side of the figure, a “lepton+jet” decay of a tt pair

is illustrated.

“alljets” 46%

b I*

tHets 15%

LHets 15%

NS
e cHjets 15% _
"dileptons" "lepton+jets™
(a) lepton+jets decay of a tt pair (b) Branching fractions for ¢ decays [38]

Figure 2.5.: Decay of tt pairs.

Both the W boson and the b quark have lifetimes far below 107'°s and therefore
decay already inside the detectorH Thus, measuring the mass of the top quarks is only
possible by reconstructing them over the energies and momenta of the multiple decay
products. For this, the best possible resolution of the detector is required because even
small uncertainties in the detection process can lead to a high top-quark-mass uncertainty
due to the large amount of involved particles. The capability of the LHC detectors ATLAS
and CMS to reconstruct the top-quark mass is estimated to be subject to an uncertainty
of 10-20GeV. Hence, considering equation (Z8)), the resolution of the latest particle
detectors exceeds the expected top-quark decay width by roughly one order of magnitude.

Because the guideline stated in section 2.3.2] that the resolution should be in the same
order of magnitude, cannot be fulfilled, the only way to make a decay width measurement
possible is to increase the statistics and to have precise knowledge of the resolution of the

used detector.

9Even if their velocities were v ~ ¢, they would propagate only a few millimeters before disintegrating.
10 A Monte-Carlo-algorithm-based simulation by ATLAS determines the resolution of the top-quark mass
to be about oget = 17 GeV @]

12



3. Experimental Particle Physics at
the LHC

With a few exceptions the particles of the SM do not exist in nature at all or at least not as
free particles—they have to be produced artificially. For this, the principle of energy-mass
equivalence is used: high energies are generated from which (in a simplified representation)
new particles arise through statistical processes. To create such high energies, bunches
of particles are accelerated to velocities near the speed of light with particle accelerators;
in most cases (including the LHC) the accelerators are built in a circular form where the
particles are sped up in each round. A second beam is accelerated in the opposite direction
to finally bring both bunches to collision.

The particles being created in such collisions at the LHC are detected with the state-
of-the-art detectors ATLAS and CMS to precisely reconstruct the final state products of
these collisions. The difficulty in the reconstruction is that the majority of the produced
particles is unstable, decays already inside the detector, and generates a large amount
of lighter particles. Hence, the detector must be able to capture a lot of particles very
accurately at the same time to make an exact reconstruction possible. The following
sections describe the operation of the LHC and one of the LHC detectors, the ATLAS

experiment.

3.1. The Large Hadron Collider (LHC)

The Large Hadron Collider (LHC) is currently the world’s most powerful particle acceler-
ator with centre-of-mass energies of /s = 7TeV (2010-2011) and 8 TeV (2012). The LHC
is operated by the European Organization for Nuclear Research, shortly CERN (abbrevi-
ation of the former French name Conseil Européen pour la Recherche Nucléaire) which
was established in 1954. CERN currently holds twenty member states. Just like the CERN
organization, the LHC is located at the border between France and Switzerland.

The LHC is a circular accelerator with a circumference of 26.7km. Due to its huge

dimensions and to minimize exterior influences (e.g. cosmic radiation), it is located in a

13
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tunnel between 100 and 120 m below ground. The tunnel contains two adjoining beam
pipes intersecting at four different points at which the collisions of the two beams take
place. Overall, about 1,600 magnets (dipole and quadrupole) are installed to bend the
beams to their circular path and to keep them focused. As they are made of superconduct-
ing material, their operating temperature is below 2 K so that a large amount of helium
is needed to cool the system down. Additionally, in the beam pipes ultrahigh vacuum
prevails to prevent the accelerated particles from scattering with gas molecules.

The LHC is mainly focused on proton-proton collisions (although some experiments
with lead ions have been made). They are accelerated, focused, and bunched together in
multiple pre-accelerator stages; in the LHC, they are accelerated from around 450 GeV per
beam to their final energy. In 2010, the operation of the LHC started with around 3.5 TeV
per beam, i.e. a total centre-of-mass energy of /s = 7TeV In 2012, the system was
upgraded to a centre-of-mass energy of /s = 8 TeV. Since February 2013, the operation
is interrupted for an upgrade which is expected to last until 2015. Then, the maximum
design centre-of-mass energy of 14 TeV will finally be achieved.

The amount of collisions per second produced by a collider is usually described in terms
of the instantaneous luminosity £ that connects the production rate N of a specific type of
process with its cross section o. Since the luminosity is the ratio of both, it is independent
from the investigated pl"OCGSSH To describe the total amount of collisions, the integrated

luminosity | Ldt is used.
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Figure 3.1.: Integrated luminosity of the LHC measured by the ATLAS detector [40].

'With this energy, the proton bunches circulate with a frequency of around 11kHz (11,000 rotations
per second) and at a velocity of about v = ¢ — 3m/s.

>The luminosity is formally calculated over £ = N/(cAe) where A and e are technical parameters
(acceptance A and detecting efficiency €) of the detector used for the measurement.
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3.2. The ATLAS Detector

In figure B.1], the total integrated luminosity of the LHC runs in 2011-2012 measured
by the ATLAS detector is shown. At a centre-of-mass energy of /s = 7 TeV, the amount
of collected data is about 5.08fb~! while the 2012 run at /s = 8 TeV produced about
21.3fb™1 of collected data. For comparison, during Run IT of the TEVATRON in the years
2001-2011 about 10 fb~! of integrated luminosity were collected by the CDF collaboration.

All in all, seven experiments are situated at the LHC in which different areas of research
are explored. While the two main detectors ATLAS and CMS serve general purposes, the
experiments ALICE and LHCb are specialized on investigating heavy ions and b-quark
physics, respectively. The three remaining detectors TOTEM, MoEDAL and LHCf cover

very specific areas (e.g. LHCf works on issues in the field of astroparticle physics).

3.2. The ATLAS Detector

The ATLAS detector is the largest of the LHC experiments. It is about 44m long, 25m
in diameter, and weighs approximately 7,000t. The detector is operated by the ATLAS
collaboration in which about 3,000 researchers are involved. The following information is

based on the technical design report of the ATLAS detector M]

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker

Semiconductor tracker

Figure 3.2.: Overview of the structure of the ATLAS detector ﬂﬁ]

Figure [3.2] shows the concentric construction of the detector: The inner detector com-
prising the pixel detector, the semiconductor tracker, and the transition radiation tracker

begins as close to the beam axis as possible, its outer radius is 115cm. All parts of the
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3. Experimental Particle Physics at the LHC

inner detector are designed to measure precisely the direction of the emerging particles.
The innermost layer of the inner detector is the pixel detector consisting of a large amount
of small pixels, which are triggered when particles pass through. It is designed to provide
a high-precision set of measurements; because of its proximity to the interaction point the
material has to be radiation-hard. The semiconductor tracker being the middle compo-
nent of the inner detector is made of strips detecting passing particles. This construction
provides a better coverage of larger areas. The transition tracker, which is the outermost
layer, is based on the use of straw detectors, i.e. it is composed of wire chambers working
with ionization detection.

Around the inner detector, a solenoid magnet system is installed to bend the trajectory
of charged particles, so that positively and negatively charged particles can be separated
based on the curvature of their tracks. Besides, the degree of curvature gives direct
evidence of the momentum of the particles.H

Outside the solenoid magnets two sorts of calorimeters are installed: the electromag-
netic and the hadronic calorimeter, both serving the purpose of measuring the energy of
the particles. They are designed as sampling calorimeters, i.e. they consist of two differ-
ent layers: a high-density metal to absorb energy and the “measuring” layer, where the
deposited energy is determined. While the electromagnetic calorimeter is made of lead
and liquid argon (LAr) and is intended to detect particles interacting primarily via the
electromagnetic interaction, the hadronic calorimeter consists of plastic scintillator plates
embedded in an iron absorber and is able to measure the energy of particles interacting
via the strong interaction. The calorimeter region extends up to a radius of about 4.2m.

The outermost component extending up to a radius of 11 m is the muon spectrometer.
A separate system for muons is needed because they pass the calorimeter systems without
depositing their energy completely. The system consists of a toroidal magnet system and
two muon chamber systems. One of them is designed to measure the tracks of muons
with high spatial precision; the purpose of the other is to trigger with an accurate time
resolution, when a muon passes. The latter is used to quickly identify events including
one or more muons to allow a hardware-based event selection even before storing the
measurements on hard disks. The magnet system again bends the trajectories of the

muons allowing a precise measurement of their momentum.

3Uncharged particles can be distinguished as they do not produce any tracks at all.
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4. Establishing a Model for the
Decay Width Measurement

In this chapter, the problem of measuring the top-quark decay width is summarized
compactly. Besides, techniques and statistical methods are presented that were used for
the feasibility studies. As a first approach preliminary studies were done to prepare the
sensitivity studies—they can be found in section 4.3l The final section [£.4] then provides

an explanation of the steps towards the actual sensitivity studies.

4.1. Defining the Problem

Measuring the top-quark decay width is a very difficult process because it cannot simply
be “read” off the width of the mass distribution of the top quark. The distribution of the
reconstructed top masses is a convolution of two functions: on the one hand the actual

physical distribution, a Breit-Wigner function of the general form [43]

1 r

defined by its average value p (here: the top-quark mass m;) and a parameter I" describing
the width of the distribution (here: the top-quark’s natural decay width I';); on the other

hand a distribution which describes the resolution of the detector.

Definition of a convolution: If two functions f,g : R — R are absolutely
integrable and their Fourier transforms F(w) = F{f(t)} and G(w) = F{g(t)}

exist, then

70y g0 [ gt —yar 1.2

is the convolution of f and ¢ [44].

In principle, the two functions must be “unfolded” to get a representation of the purely

physical Breit-Wigner curve which is only possible with numerical approximations. An-
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4. Establishing a Model for the Decay Width Measurement

other way to obtain information on the width of the Breit-Wigner curve is to perform
a template fit: on the condition that the two original functions are exactly qualitatively
known, the observed convolution is re-calculated to serve as a fit function. Now its dif-
ferent parameters are varied to find the set of parameters that has led most likely to the
observed convolution.

However, the estimation of the parameter set via template fitting is very sensitive:
Since the most probable set of parameters is merely found by numerical approximation
methods, it might happen that the convolution is reproduced correctly, but the values of
the parameters don’t make any sense in physical terms. In addition, a correct reproduction
is less likely, the more parameters are incorporated in the convolution. The use of Bayesian
statistics can help to calculate even multi-parameter models: The range of the individual
parameter values can be restricted before the actual fitting by introducing prior probability

densities.

4.2. Some Basic Concepts of Statistics

This section is intended to give a brief introduction to the statistical terms and concepts
used in the subsequent studies and are therefore essential for the understanding and

interpretation of the results.

4.2.1. Estimators

A data sample is normally used to gain information about the parent distribution function;
for this, calculating procedures are applied to the data sample to get a numerical value
for a property of the parent distribution (in the following studies: get a value for the top-
quark decay width from a pseudo-data sample). For example, the calculation of a mean
value or a standard deviation are such types of procedures. Since every value obtained
from a data sample only estimates the true property of the parent distribution, these
procedures are called estimators. Because not all estimators are as good as others (e.g.
adding the lowest and highest value and dividing them by 2 is not a precise estimation
of the average mean), there are generally three terms that describe the quality of an

estimator [45]:

1. Consistency: An estimator a is consistent if it tends to the true value a as the

number of data values n tends to infinity:

lim G =a (4.3)

n—oo
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2. Bias: An estimator is unbiased if its expectation value (a) is equal to the true value:

(@) =a (4.4)

3. Efficiency: An estimator is efficient if its variance is small, i.e. the spread of

possible values should be as small as possible.

4.2.2. Fitting

In general, curve fitting of a data sample is the procedure where a distribution function
is constructed that fits best to the given data sample. Because curve fitting is nothing
more than estimating the parameters of the curve, the used techniques to gain the fitting
results are different methods of estimation. In addition to the very popular method of least
squares, the principle of mazimum likelihood is very commonly used. For more complex,

multidimensional problems, Monte Carlo methods are often applied.

Principle of Maximum Likelihood:

Consider a random variable x distributed according to a distribution function f(x; ¢)
with an unknown parameter ¢; the objective is to estimate . Suppose a measurement of
the random variable x has been repeated n times and has led to the values {xy,...,x,}.
The likelihood function L({z;}; ) is then defined as the combined probability that this
particular set of {z;} would be produced from the value ¢ [43]:

Lz ¢) = T[PGle) (45)

where P(z;|p) is the conditional probability of measuring z; when ¢ is the value of the
unknown parameter that produced the data sample. The principle of maximum likelihood

(ML) maximizes this function with respect to the parameter ¢:

oL
— =0 (4.6)
Oy

The value @, at which eq. ([@6]) is fulfilled, is the estimator for the parameter ¢, i.e. the
principle of maximum likelihood determines the value of ¢ that makes the probability
of the obtained results {x;} as large as possible [45]. The maximum likelihood can be

calculated for multi-parameter problems as well: ¢ becomes ¢ = (¢1,...,¢n) and the
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4. Establishing a Model for the Decay Width Measurement

maximization condition expands for £ ({z;}; ¢) to

oL
— =0 wherej=1,...,m. 4.7
90, (4.7)

Monte Carlo Methods:

When it comes to multi-parameter problems with very complex structures (e.g. integrat-
ing over multiple dimensions), the ML method reaches its limits. In this case, Monte
Carlo methods can be used: They are computational algorithms relying on repeated ran-
dom sampling. With a sufficient number of repetitions, the algorithms yield very precise
numerical results. Especially Monte Carlo algorithms based on Markov chains, known as
Markov Chain Monte Carlo (MCMC) algorithms, are frequently used tools to approach
multidimensional integrals—they determine the samples by running through a Markov
chain, i.e. by doing a “random walk”. For example, MCMC algorithms are able to ap-

proximate probability density functions in multidimensional Bayesian statistics.

4.2.3. Bayesian Statistics

Bayesian statistics uses a different interpretation of the concept of probability known as
subjective (or simply: Bayesian) probability. In the Bayesian interpretation, the proba-
bility P(a) is often explained as a measure of “degree of belief” that the hypothesis a is
true. The entire field of Bayesian statistics is based on Bayes’ theorem [45]:
P(bla) - P(a
pray = 709 P ws
As described in the last section [2.2] P(a|b) is the conditional probability that a happens
when b is already true. In Bayes’ theorem, the probability P(a) is referred to as prior
probability while P(a|b) is called posterior probability.

The theorem can be interpreted as follows: One starts with a certain degree of belief in
the hypothesis a, i.e. with the prior probability P(a). If then b becomes true, the degree
of belief in a is updated to the posterior probability P(a|b). a could for example be a
theory; b could be a data set which yields certain results agreeing or disagreeing with the
theory. If the results agree with the theory, the degree of belief in the theory increases.
If they disagree with the theory, the confidence in the theory decreases. However, this
strongly depends on the probability P(b) = P(results) that b becomes true at all. If b is
very likely for other reasons (e.g. in other theories), b does not provide strong support for

the theory a even if the theory predicts b to happen.
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4.3. Preliminary Studies: the ML-Fit Approach

In the first preliminary studies the feasibility of the likelihood-fit method was studied by
using very simple models. The function describing the detector resolution was set to a
simple Gaussian curve (explained in more detail in the following subsection). The observed
convolution of this Gaussian and the Breit-Wigner function of the top mass distribution
is then a so-called Voigt distribution. Although it has no analytical representation, it can
be implemented numerically. In this case, the fitting to the pseudo-data sample using the
maximum likelihood estimation is done with only four parameters: the top mass m; as
the expectation value of the distribution, the decay width I';, the detector resolution oy,
and a scaling factor that adjusts the height of the normalized Voigt function to the size of
the data sample. Since the data sample is binned in a histogram with a certain number
of bins, the model parameter “bin width” d also has an influence on the result.

For each of the initial studies, ngpectra = 10,000 pseudo-data samples were generated.
These spectra were analyzed with a ML fit to obtain a fitted value for I';. Afterwards, the
fit results for I'; of the whole set of spectra were binned to a histogram and their mean,

their standard deviation, and their uncertainty were calculated.

4.3.1. Setting the Input Values of the Parameters

For the preliminary studies, the following initial values for the parameters were chosen:

my = 174.0 GeV (4.9a)
[, = 20GeV (4.9b)
Odet = 30.0GeV (4.9¢)
d= 0.6GeV (4.9d)

The top-quark properties m; and I'; were roughly set to values near their estimated
physical values (see eq. (20) and (Z8) in the theory chapter). The bin width d results
from the fact that the used histogram had a range of 0-300 GeV with 500 bins.

For the detector resolution, a recent ATLAS publication was consulted in which the top-
quark mass had been measured with the template method [46]. The measured top-quark-
mass distributions (of two different channels) are shown in the upper plots in figure [4.11
For comparison, a Monte Carlo simulation of the expected sample distribution is plotted as
well. In the lower plots, the data points and the used fitting functions are shown. ATLAS

used a Gaussian distribution to approximate the top-quark-mass peak and a Landau
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4. Establishing a Model for the Decay Width Measurement

distribution to approximate the background events. For simplicity, these background
events were not considered in the initial studies.

The width of the Gaussian distribution is dominated by the uncertainties in the top-
quark-mass measurement. One main issue in measuring m; is the large amount of particles
involved in the reconstruction, especially the b quarks and the quarks of hadronically
decaying W bosons as they produce jets of more particles. Since the measurement of
their energy and momentum is subject to uncertainties (mainly due to restrictions of the

calorimeters), they produce an uncertainty in the reconstruction of m, called jet energy

scale (JES). The JES is predominantly responsible for the parameter “oge”.

large discrepancy to I'; = 2 GeV, in the initial studies o4 Was set to 30 GeV.
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Figure 4.1.: Distribution of the reconstructed top-quark mass in a \/s = 7 TeV analysis
in a recent ATLAS publication ] The upper plots show the reconstructed
data samples and the Monte-Carlo-based SM predictions. In the lower plots
the data is plotted against the used fit function.
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4.3.2. Studies of the Convolutions of Gaussian and

Breit-Wigner Functions

In a first study, the convolution of a Gaussian and a Breit-Wigner function was simulated.
To obtain a good reproducibility of I';, the model was used with the strong constraint that
the top-quark mass and the detector resolution are fixed and therefore cannot be varied
during the fitting. The values of the parameters, with which the pseudo-data spectra were
created, were set as described in eq. (9)). The number of events Neyents in each of the
spectra was set to 30,000.

In figure[d.2the fitted values of I'; and the associated relative uncertainties of I'; are plot-
ted. The plots show that the initial value of 2.0 GeV is reproduced very well: the calculated
average of 10,000 spectra is 1.988 GeV and deviates thereby only by —0.6% from the input
value. At the same time, the uncertainty on this mean average is 0.19 GeV/\/Mevents =
0.02 GeV. The relative uncertainty of the fitted values of T'; is on average 9.7% with a
small dispersion of about 40.7%.

4.3.3. Studies of the Convolutions of Two Gaussian

Distributions

As an alternative to the theoretically expected Breit-Wigner curve, a Gaussian distribu-
tion was used in a second preliminary study to approximate the top-quark mass distribu-
tion. This step can be justified because the much broader curve describing the detector
resolution quantitatively determines the shape of the convolution anyway—a Gaussian
curve is almost indistinguishable from a Breit-Wigner curve in the resulting convolution
because their impact on the shape is so small.

The approximation with a Gaussian curve has the great advantage that a convolution of
two Gaussian distributions can be mathematically described very well: Gaussian functions
are invariant under convolution; thus, a convolution of two Gaussian distributions yields
again a Gaussian distribution. The convolution h of two functions f, g with mean = and

standard deviations o; and oy is simply denoted as follows:

f(z) = Gauss(x; zg, of),
h(z) = f(x) x g(x) where :
(@) = J(0) * g(2) {g@) B SR

= h(xz) = Gauss (m; Lo, O =\/0F + 02) (4.11)

Applied to the problem, this means that the observed standard deviation of the convo-
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4. Establishing a Model for the Decay Width Measurement

Figure 4.2.: Results of the convolution of a Gaussian and a Breit-Wigner function.
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4.3. Preliminary Studies: the ML-Fit Approach

lution is oy, = (/03 + 07, the top-quark standard deviatio is 0y =~ 0.85GeV. In the
following preliminary consideration, an estimator for I'; is calculated using this formula.
The estimator makes it possible to estimate the sample size neyents required for achieving

a certain relative uncertainty of I';.

Estimating the Decay Width

If the size of the data sample (i.e. the number of events n) and the detector resolution
Odet 18 known, the decay width I'; (or the corresponding standard deviation o) can be
reconstructed by using the fit results. If the data is observed to be Gaussian distributed

with a standard deviation cg.i., 0y can then be estimated by

a-t =V O-gata - O-(Qiet (412>

according to eq. (AIT]). Since oge; is known, only oqata is subject to uncertainty. Consid-

ering the propagation of uncertaintie@ , the uncertainty on &, therefore yields:

aa—t ? Odata,

o6, = 1| 03[0 gatal - = 0|0datal * — 4.13
o J o] () = o] %2 (119
The uncertainty on the uncertainty of the estimator for Gaussian distributed variables
tends to o[6] = ¢/van for large data samples [45]. Substituting o[ogata] in eq. [@I3]), this
leads to:

1 . Uczlata

ooy = —

kY4 2n 5‘t

Using this equation, the minimum size of a data sample needed for achieving a certain

(4.14)

relative accuracy of o; can be estimated. Should this be for example 10% and the mass

resolution is o4 = 30.0 GeV, this would result in oga.a &~ 30.07 GeV and a data sample

For Gaussian distributions, the standard deviation is about 2.35 times the FWHM (exactly: 2v/21n 2).
With a decay width of Ty = 2.0 GeV this leads to oy = 1/2.35 - T'y = 0.85 GeV.

2If a function f = f(x1,29,...,2,) = f({z;}) depends on the variables {z;}, which are subject to
uncertainties o,, (where 1 < i < n), the uncertainty of the function f is calculated as follows [44]:

_ Iy af\* of \? af \? af \2
Uf—\l;<0mi-axi) _\/<Jml.ax1) +<0m2.8x2) _|_..._|_<Umn_axn>
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4. Establishing a Model for the Decay Width Measurement

with the following number of events would be needed:

4 PN
.<U{ata> : ( ot ) ~ 2.5-10° (4.15)
o o(64]

Results of the Fit

Using the estimated size of the data sample in eq. (£15)) the convolution of two Gaussian
distributions was simulated with a set of pseudo-data spectra as well. Again, m; and oget
were fixed during the fit while the other initial parameters were set to the same values as
stated in eq. (£9). For the calculation, the top-quark decay width I'; was converted to
o—the results were then reduced by the corresponding factor again. Figure [L.3]shows the
determined values for I'; from 10,000 spectra and the corresponding relative uncertainties.

The histograms show that the decay width can only be reproduced with a much larger
variance compared to the previous model. Although the average mean of about 2.02 GeV
deviates only by 1.1% from the initial value, the relative uncertainty is almost 21% and
has a dispersion of +£10.4%. One of the reasons for the dispersion is that the distribution
is strongly skewed to the right. This happens mainly due to very small values of I'; for
which the relative uncertainty increases rapidly even if its absolute value is not increased
compared to larger values of T';.

Noteworthy is also the fact that the calculation of I'; or ¢, with the use of eq. (£I2)
does not work when oget > 0qata (the root in the equation yields a complex value). For
the evaluation, these cases were sorted out in advance; therefore, the histograms contain
only about 73% of the 10,000 spectra.

Approach with Variances

To circumvent the problem of the root yielding possibly a complex value, a third model
with a slightly modified template fit was created so that it contains the variances instead

of the standard deviations of the individual Gaussian distributions. For them,
‘/tot = ‘/t + ‘/det (416>

applies which leads to negative values of V; in the case that Vi > Viet. Since these
calculations are physically meaningless, a further discussion of them is omitted in this

section. The corresponding histograms can be found in figure [A.1l in the appendix.
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Figure 4.3.: Results of the convolution of two Gaussian functions.
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4.4. The Template-Fit Approach

After the reconstruction of I'; had been successful in the preliminary studies (with the
highly simplified models), the model for the actual sensitivity studies was extended in
some places: In reality it is not possible to cut out only ¢t events and to examine them
completely separated because these signal events are always paired with background events
having the same signature as ¢t production although originating from different processes.
To make the model more realistic, a second function was added to the pseudo-data genera-
tion describing that background data. As described in section[4.3.1] a Landau distribution
was chosen (see figure [1]). The shape of the Landau function was linearly linked to the
value of m; but was fixed in its form. Adding background data like this introduces only
one additional parameter to the model which adjusts the height of the Landau function
to the number ny, of background events as a scaling factor.

Furthermore, the following sensitivity studies were calculated with conditional prob-
abilities, i.e. with the use of Bayes’ theorem (see eq. (£J)). For the fitting, not the
maximum likelihood estimation, but an MCMC algorithm was used (more accurately:
the Metropolis method). The parameters m; and oqe, previously fixed in the preliminary
studies, could now be included in the fit without allowing their full range of values (e.g.
the situation could be simulated that the detector resolution is known with an uncertainty
of £2.0 GeV).

Finding the Default Settings

In order to establish a common starting point for the different sensitivity studies, in
which the various parameters were varied, a default parameter set was determined. Two
conditions were required of this default set: First of all, the fit had to converge with a very
high probability, i.e. the algorithm finds the “correct” values for the parameters and does
not stop the fitting process after a certain calculation limit without convergence. Second,
the model had to be sensitive with respect to I'; and had to reproduce it correctly. The
latter criteria was demanded because, while performing the calculation of the sensitivity
studies, the situation occurred that I'; was reproduced with high precision, but on an
incorrect value so that the initial value was practically eliminated as a result. The problem
is discussed in more detail in the results section .3 of the corresponding study.

The size of each spectrum was set to the following event numbers:

Ngignal = 2.5 - 10° (4.17a)
Npg = 0.5- Nsignal (417b)
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The number of signal events was set to the value which was calculated in the preliminary
studies in section 3.3 to achieve an inaccuracy of the decay width of 10%. The used
signal-to-background ratio (short: S/BG ratio) of 2:1 corresponds to a very good ¢t event
selection in real data.

The physical parameters were set to the following default values:

my = 172.5GeV  (fixed) (4.18a)
[, = 20GeV (4.18b)
Odet = 20.0GeV  (fixed) (4.18¢)
d= 05GeV (4.18d)

The chosen top mass corresponds to the default value implemented in the Monte-Carlo
event generators for particle physics. As in the initial studies, the top-quark decay width
was set to 2.0 GeV which is around the value of the theoretical prediction (eq. (Z.8]))
and close to the values of the previous measurements (see eq. (Z9) and (ZI0)). The
detector resolution was fixed to 20 GeV which is in the expected range of the reconstruction

uncertainty of the top mass at the ATLAS detector (see section 2.3.3] for more details).

Sensitivity Studies

Based on the default values specified in eq. (4I8) single parameters were varied during
the ensuing sensitivity studies in order to find out to what extent the altered parameters
affect the reconstructed value of I';. In the subsequent order, the following parameter

variations were done:

1. Variation of the histogram binning: To test out the model itself, the bin width
d of the histogram was varied. Since the default value was set to d = 0.5 GeV, the

variable was varied in a range of 0.1-10.0 GeV.

2. Variation of the initial decay width: The initial decay width, with which the
pseudo-data spectra were created, was varied between 0 GeV (i.e. non-existent) and
10 GeV. This sensitivity study was important inasmuch as it could help to detect

possible biases of the model in the reconstruction of I';.

3. Variation of the statistics: In this study, the number of total events was varied
from 10* to 107 (exactly: 10,000-30,000,000). This S/BG ratio was kept constant
at all values. With analyzing these spectra, predictions for low- and high-statistical
settings could be made (e.g. making predictions for centre-of-mass energies of 7—
8 TeV and 14 TeV at the LHC).
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4. Establishing a Model for the Decay Width Measurement

30

. Variation of the S/BG ratio: A high S/BG ratio was expected to lead to a more

precise measurement of all parameters including I';. With a default value of 2:1, the

ratio was varied between 1:10 and 10:1.

. Variation of the detector resolution: The parameter o4 was expected to have

a strong influence on the reconstructed decay width. 4. was varied in the range

0-50 GeV with a default value of 20 GeV.

. Variation of the prior width of the detector resolution: This study simulated

the “degree of knowledge” about o4 and served as a prototype for systematic
uncertainties in the model. A well-known detector resolution, i.e. a small prior

width, was expected to lead to a precise measurement of the decay width.

. Variation of the top mass: Even though the top mass is already very accurately

measured (see eq. (2.6))), this sensitivity study was of special interest because it also
simulated systematic uncertainties (like the JES) that have strong impact on the
obtained results. In this study, the initial top mass was varied between 170 and
175 GeV while the top mass implemented in the fit was fixed at the default value of
172.5 GeV.



5. Results of the Sensitivity Studies

In this section the results of the sensitivity studies listed in the previous section are pre-
sented. In the first part, the results of a single data spectrum are explained in detail based
on the default parameter set. In particular, the posterior probabilities of the individual
parameters are shown.

For each parameter setting, a set of 200 data spectra was created and fitted. Since
in every sensitivity study one of the parameters was adjusted to 10-15 different values
(for all the other parameters, the default values were used), about 2000-3000 spectra
per study were created. In section of this chapter, the evaluation of one of these
sets of data spectra is discussed. Additionally, the section explains the steps towards the
evaluation plots of the sensitivity studies. In the following sections, the evaluation plots

of the studies are shown and their results are discussed.

5.1. Example of a Single Data Spectrum

For the default setting (see eq. ([AI8])), the parameters of the top-quark mass m; and the
detector resolution oge; were fixed; consequently, the fit was performed with only three
parameters (I'; and the two scaling factors for signal and background). For one example,
the data points and the fit function are shown in the left-hand plot in figure Bl The
posterior distribution of I'; can be found at the right-hand side, the distributions of the
scaling factors are in figures [A.2] and [A.3] in the appendix. These posterior distributions
represent the marginal probability densities, i.e. projected from the 3-dimensional param-
eter space onto one dimension; also included are the intervals containing 68.3%, 95.5%
and 99.7% of the values. In addition, the global mode, i.e. the global maximum of the
posterior probabilities (taking all parameters into account) is indicated as well.

While the two scaling factors look very Gaussian, the shape of the I'; distribution is
highly non-Gaussian. One of the reasons for this is that I'; = 0 GeV was set as the lower
limit for the parameter value in the model and therefore the probability densities are
cut-off. Besides, it can be seen that neither the global nor the local mode agree with the

true value of 2.0 GeV which is slightly outside the 68% interval. However, all these points
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Figure 5.1.: Evaluation of a single data spectrum.
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Figure 5.2.: Two-dimensional plots of the correlation between I'; and the scaling factors.

are acceptable as they are part of statistical fluctuations as shown in the later studies.

In addition, two-dimensional plots were evaluated in which two parameters were plotted

against each other in order to examine their correlation. The plots showing the scaling

factors plotted against I'; can be found in figure 5.2l The two scaling factors are naturally

strongly anti-correlated, for the sake of completeness the corresponding plot [A.4] can be

found in the appendix.
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5.2. Example of the Evaluation of a Set of Spectra

Figureb.2shows that I is slightly correlated with the scaling factor of the signal events.
This can be explained by the fact that the used fit function is normalized, i.e. the height
of the function decreases with an increase in the decay width. The other way around, the
scaling factor decreases with smaller decay widths because the distribution automatically
increases due to its normalized amplitude. The opposite reasons lead to the observed

slight anti-correlation of I'; with the background scaling factor.

5.2. Example of the Evaluation of a Set of Spectra

This section is supposed to describe the evaluation of the sets of spectra in the sensitivity
studies. As described, for each parameter constellation 200 spectra were generated. From
each spectrum (e.g. the decay width spectrum in figure [5.1]) the mean value and the mode
were extracted. Additionally, the quantiles containing a certain amount of data points
(e.g. the 90% upper limit or the 68% interval) were saved. The extracted values of the 200
spectra were now averaged. As an example, the figure shows a histogram containing

the mean values of 200 spectra at the default parameter set.
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Figure 5.3.: Histogram of the mean values of I'; of 200 data spectra.

As these calculations are done for several sets of parameters in which one of them is varied,
an evaluation plot of the corresponding sensitivity study is obtained. In this evaluation
plot, the averaged values for each step are indicated (and connected with lines to interpo-
late the areas between the steps). By considering the two independent estimators “mean”
and “mode”, a possible bias of one of them can be detected immediately. Additionally,

the quantiles are used to estimate the uncertainties and the fluctuation of the values.
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5.3. Variation of the Histogram Binning

To test the properties of the used model itself, the bin width d of the pseudo-data his-
togram, i.e. the number of bins, was varied. Since the initial value was set to d = 0.5 GeV,
the range of alteration was chosen to be 0.1-10.0 GeV. The results are shown in figure (.4l
Contrary to the other studies, the number of calculations per step was increased from 200
to 500 to minimize the strong statistical fluctuations observed in a first evaluation.

The plot shows two extremes: for values above 1 GeV the estimated uncertainty of I';
decreases, but the expected estimated value becomes smaller. At values above d = 3 GeV
the initial value of I'; = 2.0 GeV is even excluded from the calculated 95% upper limit.
This can be explained by the fact that the bin width heavily affects the capability of the
model to reproduce I'; when its value is at or above the same value of I'; (specifically: the
bin width becomes so large that I'; is “swallowed” by the histogram bins). On the other
hand, the plot shows that the reconstructed decay width does not improve significantly
with bin widths smaller than about 0.7 GeV.

5.4. Variation of the Initial Decay Width

In this study the initial value of the decay width, with which the pseudo-data samples
were created, was varied. Including the default setting of 2.0 GeV the range was chosen to
be 0-10 GeV. In the “interesting” area between 1 and 2 GeV, where the real decay width
is expected (see eq. (2.8))), the step size was reduced to obtain more precise results. The
evaluation plot is found in figure 5.5

First of all, the estimated decay width corresponds to the input values very well in the
area above 4 GeV. The 68% band becomes narrower with increased values of I'; as well.
This happens due to the fact that I'; and o4e¢ become more distinguishable for higher
values of I'; since they get in the same order of magnitude.

On the other hand the band widens for smaller values to a maximum of about 1.5 GeV.
The interesting thing is that both estimators stagnate at values of about 1.0 GeV which
leads to the observation that for input values of 0 GeV and 1 GeV the estimates are nearly
indistinguishable. This can be explained with the strict limitation of I'; to values above
0 GeV: The marginalized distribution of I'; “accumulates” slightly above 0 GeV and can
only fluctuate to higher values. This causes the distribution to maintain a certain width
and therefore a “slowdown” of the decrease of the mean value. The stagnation of the
mode is mainly produced by its large fluctuations in the different data samples caused by

the large discrepancy between I'; and o get.
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5.4. Variation of the Initial Decay Width
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Figure 5.4.: Results of the study in which the bin width d was varied.
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Figure 5.5.: Evaluation plot of the sensitivity study in which the input value of the
decay width was varied. In order to maintain the clarity, the data points
as well as their error bars are not displayed.
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5. Results of the Sensitivity Studies

5.5. Variation of the Statistics

In this study, the number of total events was varied from 10* to 3-107 including the default
value of 3.75-10°. To keep a constant S/BG ratio, both the signal and background levels
were altered accordingly. The results are shown in figure 5.0l

As expected, the plot shows that the band of the 68% interval narrows drastically with
an increasing number of events. In the complete range, the initial value of I'; = 2.0 GeV
is included in the 68% interval. Above approximately 10° total events, both estimators
reproduce the decay width almost correctly with a very small deviation. However, both
estimators are strongly biased for a smaller amount of total events. At around 50,000
events, the expected mode and mean are both more than 50% above the initial value.

This increase for small numbers of events can again be explained with the strict limi-
tation I'y > 0GeV: With low statistics, the marginalized distributions of the parameters
widen a lot. Since the distribution of I'; is restricted to values above 0 GeV, this causes
a higher mean value than for small fluctuations. Additionally, a very wide distribution
does not have a single narrow peak, but a broad range of values where the distribution
peaks (an example for a very broad distribution of I'; can be found in figure E7). Since
the algorithm used to determine the mode just picks the histogram bin with the highest
value, the value of the mode is subject to heavy fluctuations as well. In connection with
the limitation I'y > 0 GeV this leads to an increase in the average mode as well.

The shape of the evaluation plot confirms the expectation that the model becomes
insensitive to the decay width for low statistics. At a certain point (around 10°), the
necessary size of the data sample is reached so that the reproduction of the decay width

works correctly and only the uncertainties keep decreasing.

5.6. Variation of the S/BG Ratio

This study was done to answer the question how good the separation of signal and back-
ground must be to gain precise results for I';. For this, the S/BG ratio was varied in
the range between 1:10 and 10:1; the default value was originally a ratio of 2:1. Because
varying both the signal and the background event numbers would cause multiple effects,
this alteration of the ratio was done by varying the background event numbers while the
signal events were kept at a constant value. The evaluation plot is found in figure (.8
The plot shows no unexpected features. Of course, the width of the 68% interval
increases for lower S/BG ratios from its best value of about 1.5GeV to approximately

2.5 GeV, but both estimators reproduce the decay width correctly with small, but constant
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5.6. Variation of the S/BG Ratio
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5. Results of the Sensitivity Studies

fluctuations of about 5%. They have increased values at the minimum ratio of 1:10, but
this effect is not significant considering the normal statistical fluctuations.

Noteworthy is the fact that both estimators tend to reproduce the decay width slightly
too small compared to the initial value. This effect was also observed in the first study

(where the bin width was varied) and could probably be a model-based bias.

5.7. Variation of the Detector Resolution

This study investigated the question to what extent a change in the detector resolution
could have an effect on the estimated decay width. Because both of these parameters
are included in the convolution function equally, the expectation is that the precision
of the measurement of I'; changes a lot with a varied detector resolution. The range of
variation, that can be seen in figure 0.9, comprises 0-50 GeV which includes the default
value of 20 GeV.

The graph shows exactly the expected shape. While for g4o; — 0 GeV the determination
of I'y becomes extremely precise, for large values the model becomes significantly less
sensitive to the decay width. Both estimators show little fluctuations; above 30 GeV the
expected mean value tends to values larger than 2.0 GeV. Noteworthy is the behaviour
of the entire distribution at very small values: The expectation was that the model
reproduces I'; = 2.0 GeV almost exactly for a vanishing value of o4, whereas the plot
shows that the decay width tends to a value of 2.3 GeV.

5.8. Variation of the Prior Width of the Detector

Resolution

This study simulates the variation of “knowledge” about the detector resolution. For
this, the width of the Gaussian prior of g4, was varied in a range of 0.0-2.0 GeV which
included the default setting of an exactly known detector resolution, i.e. a prior width of
0.0 GeV. It is expected that the precision of the measurement of I'; decreases drastically
with an increasing prior width. The corresponding plot is given in figure [5.10

The plot shows that the uncertainty of I'; increases considerably from left to right
beginning with a 68% interval of about 2GeV and ending with about 17 GeV at the
maximum prior width. An unexpected observation is the fact that both estimators tend
to high values of I'; rising to values of over 10 GeV. Even if the uncertainty increases

simultaneously, the initial value is excluded by the 68% interval at prior widths bigger
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Figure 5.9.: Evaluation plot of the sensitivity study in which o4 was varied.
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5. Results of the Sensitivity Studies

than 0.6 GeV. Due to this strong bias of both estimators, the global mode, which takes
all parameters into account for the determination of the “best” value, was marked as well.

One reason for this can be found in the figures B.11] and B. 121 The first plot shows
the knowledge update for the detector resolution in a run with a prior width of (only)
0.4GeV. The posterior plot is strongly skewed and excludes almost half of the prior
parameter range. This can be explained with the connection between I'; and o4 over
\/0F + 03 in eq. (@II): Since I'; is limited to values above 0 GeV, the detector resolution
cannot exceed 20 GeV because the square root is fixed by the data sample.

The strong link between both parameters can be seen in the correlation plot in the
second figure B.I2l Due to the large statistics of ngjgna = 2.5 - 10% events the band of
possible parameter combinations (I'; | 0qe) is very narrow. Since the parameters are
strongly anti-correlated as well, the used MCMC algorithm fails to choose the best values
for I'; and og4e locally. However, the global mode is able to find the correct parameter set

which corresponds to the initial values.

5.9. Variation of the Top Mass

To find out to what extent the assumption of a “wrong” top mass effects the results, the
initial top mass, i.e. the one that was used for generating the pseudo-data, was varied; in
the template fit the constant of m; = 172.5 GeV was fixed. The top mass varied in the
range 170-175 GeV, the step size was reduced to 0.1 GeV in the area of m;, = 172.5 GeV.
The evaluation plot of the study can be found in figure .13l

The graph shows that the decay width is reproduced very reliably in the range of
172.5 GeV: Both estimators are almost at the initial value of 2.0 GeV and the 68% interval
is distributed very evenly around this value. However, it is striking that the decay width
is reproduced with a very high precision in the boundary regions, i.e. near 170 GeV and
175 GeV, but reproduced on an incorrect value. There is the general trend that with
greater distance from the assumed value of 172.5 GeV, the precision increases further,
while the calculated decay width moves away from the initial value more and more.
Contrary to expectation, there is no axis of symmetry of the distribution around the
assumed value of 172.5 GeV; the calculated decay width even keeps dropping to smaller
values of my, so that around m; = 172.0 GeV the initial value is no longer included in the
68% interval.
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6. Summary and Conclusions

In this thesis, the measurability of the top-quark decay width was examined. The inves-
tigation dealt with the question if a direct measurement of the decay width is possible at
the LHC under the condition that all other influencing parameters are known precisely.

For this, simplified models were created by using pseudo-data samples in which the
real situation of a top-quark-mass measurement was imitated. Chapter (] started with a
convolution of a Gaussian and a Breit-Wigner distribution and made a transition to a
convolution of two Gaussian distributions. These models were calculated with the ML-
fit approach and were done with the constraint that both the top-quark mass and the
parameter describing the resolution of the detector were fixed. For both models, a set
of 10,000 data samples was evaluated. The results showed that the fitted values and the
input values of the top-quark decay width converged and therefore both models were able
to reproduce the decay width correctly.

In chapter Bl sensitivity studies were done to test out to what extent the different model
parameters affect the results. For these studies, the model was expanded by introducing
a simulation of background events and by using a template-fit approach. For the calcula-
tions, prior probability densities for oqe Wwere considered to simulate a certain degree of

uncertainty on the value.

First of all, the sensitivity studies showed that a reconstruction of the decay width is
possible indeed, but is highly dependent on the model parameters. The corresponding
sensitivity study yielded that the bin width d has to be significantly smaller than the
quantity to be measured to prevent the model from a strong bias. A variation of the
input value of I'; led to the conclusion that the two used estimators “mean” and “mode”
are both biased when the input value is set to small values below 2 GeV. Nonetheless,
the model is able to reproduce the input decay width with high accuracy for values above
this threshold.

A variation of the statistics showed that the degree of determination of the decay width
is strongly connected with the size of the data sample, i.e. the number of events. The

precision of the estimators increases a lot with large numbers of events while the expected
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6. Summary and Conclusions

uncertainties decrease. To make a very rough estimate, there are expected to be about
100,000 tt events in the full data set of 5fb~! at /s = 7TeV and 21 fb~! at \/s = 8 TeV at
the LHC after event selection. According to the study, it will be possible to obtain precisely
measured values of the top-quark decay width with this amount of data. Additionally,
another study showed that the ratio of signal and background events must only be roughly
around the value of 1:1 and has no big influence on the precision of the measurement.

The studies on the variation of the detector resolution and the prior width of the
detector resolution showed that this parameter strongly influences the accuracy of the
measurement as well. The more the detector resolution is reduced, the more accurate is
the obtained value of the decay width. A vague value of the detector resolution (even at
small values of the prior width) leads to a significant bias in the measurement and the
reconstructed value and the input value diverge quickly. As a conclusion, it will be one
of the main challenges for future measurements of the decay width to get to know and
understand the energy resolution of the detector (especially the JES) as good as possible
in order to allow precise measurements.

The last study showed that an incorrectly assumed value of the top-quark mass also
causes a strong bias in the reconstruction. This leads as well to the conclusion that the
JES has to be quantified very accurately to make an unbiased measurement possible.
At this point, the model could be extended by considering the different effects leading
to the uncertainty of the mass reconstruction. In a more complex form, they could be

parameterized in the detector resolution function.
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A. Other figures and graphics
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Figure A.1.: Results of the convolution of two Gaussian distributions with the use of

their variances.
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Figure A.2.: Example of a marginalized distribution of the signal factor for the default
parameter setting (see section [5.1]).
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