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Abstract

Modern particle-physics experiments like the ones at the Large Hadron Collider
(LHC) are global and interdisciplinary endeavours comprising a variety of different
fields. In this work, two different aspects are dealt with: on the one hand a top-quark
physics analysis and on the other hand research and development towards radiation-
hard silicon tracking detectors.

The high centre-of-mass energy and luminosity at the LHC allow for a detailed
investigation of top-quark-pair (tt) production properties. Normalised differential tt

. do.+
cross sections L2

~—» are measured as a function of nine different kinematic variables X
of the tt system, the top quarks and their decay products (b jets and leptons). The
analysis is performed using data of proton-proton collisions at /s = 7TeV recorded
by the CMS experiment in 2011, corresponding to an integrated luminosity of 5 fb™!.
A high-purity sample of tt events is selected according to the topology of the lep-
ton—+jets decay channel. Lepton-selection and trigger efficiencies are determined with
data-driven methods. The top-quark four-vectors are reconstructed using a constrained
kinematic fit. The reconstructed distributions are corrected for background and detec-
tor effects using a regularised unfolding technique. By normalising the differential cross
sections with the in-situ measured total cross section, correlated systematic uncertain-
ties are reduced, achieving a precision of typically 4-11%. The results are compared to
standard-model predictions from Monte-Carlo event generators and approximate next-
to-next-to-leading-order (NNLO) perturbative QCD calculations. A good agreement
is observed.

A high-luminosity upgrade of the LHC (HL-LHC) is envisaged for 2022, which
implies increased radiation levels for the silicon tracking detectors. The innermost
pixel layer is expected to be exposed to a 1-MeV-neutron-equivalent fluence in the
order of 10'® cm™2. The novel effect of radiation-induced charge multiplication (CM)
is studied as an option to overcome the expected signal-to-noise degradation due to
radiation damage (mainly due to charge-carrier trapping). Epitaxial silicon pad diodes
of 75-150 um thickness and of standard and oxygen-enriched materials are investigated
after irradiation with 24 GeV protons up to equivalent fluences of 10'® cm=2. Charge
collection in response to different radiation (670, 830, 1060 nm laser light, o and
particles) is studied with the transient-current technique and a %°Sr 8 setup. The
different penetration properties of the radiation types are used to localise the CM
region. The dependence of CM on voltage, fluence, thickness, material, temperature
and annealing time is studied, as well as its proportionality, spatial uniformity and long-
term stability. The absolute amount of charge in response to 8 particles is measured,
and the impact of CM on noise, signal-to-noise and the charge-spectrum width is
investigated. Implications for realistic segmented devices at the HL-LHC are discussed.




Zusammenfassung

Moderne Teilchenphysikexperimente, wie die am Large Hadron Collider (LHC),
stellen globale und interdisziplindre Projekte dar, die eine Vielzahl unterschiedlicher
Bereiche umfassen. In dieser Arbeit werden zwei Aspekte davon behandelt: einer-
seits eine Top-Quark-Physik-Analyse und andererseits Forschung und Entwicklung von
strahlenharten Siliziumspurdetektoren.

Die hohe Schwerpunktsenergie und Luminositdt des LHCs erlauben eine detaillierte
Untersuchung der Eigenschaften der Top-Quark-Paar-Produktion (tt). Normierte dif-
ferentielle tt-Wirkungsquerschnitte werden als Funktion von kinematischen Variablen
des tt-Systems, der Top-Quarks und ihrer Zerfallsprodukte (b-Jets und Leptonen)
gemessen. Die Analyse basiert auf Daten von Proton-Proton-Kollisionen mit /s =
7TeV und einer integrierten Luminositit von 5 fb™!, die vom CMS-Experiment 2011
aufgezeichnet wurden. Ein Datensatz von tt-Ereignissen hoher Reinheit wird gemé&R
der Topologie des Lepton+Jets-Kanals selektiert. Die Leptonselektions- und Triggeref-
fizienzen werden datenbasiert bestimmt. Die Top-Quark-Vierervektoren werden mit
einem kinematischen Fit unter Verwendung von Zwangsbedingungen rekonstruiert.
Die rekonstruierten Verteilungen werden mit einer regularisierten Entfaltungsmeth-
ode in Bezug auf Detektoreffekte korrigiert. Indem die differentiellen Verteilungen mit
Hilfe des in-situ gemessenen Gesamtwirkungsquerschnitts normiert werden, verringern
sich korrelierte systematische Unsicherheiten, so dass eine Genauigkeit von typischer-
weise 4-11% erreicht wird. Die Ergebnisse werden mit Standardmodellvorhersagen
von Monte-Carlo-Ereignisgeneratoren und approximativen Rechnungen in drittfiihren-
der Ordnung (NNLO) QCD verglichen. Es ist eine gute Ubereinstimmung zu erkennen.

Ein Umbau des LHCs auf eine héhere Luminositit (HL-LHC) ist fiir das Jahr
2022 geplant. Dies wird zu einer hoheren Strahlenbelastung fiir die Siliziumspurde-
tektoren fiihren. Die innerste Pixellage wird voraussichtlich einer 1-MeV-Neutronen-
dquivalenten Fluenz von ca. 106 cm™2 ausgesetzt sein. Der neuartige Effekt der
strahlungsinduzierten Ladungsverstirkung (LV) wird als vielversprechende Option un-
tersucht, um die erwartete Verschlechterung des Signal-zu-Rausch-Verhiltnisses auf
Grund von Strahlenschiden (insbesondere durch Ladungstriagereinfang) auszugleichen.
Dazu werden epitaktische Siliziumflachendioden zwischen 75 und 150 pym Dicke aus
Standard- und sauerstoffangereichertem Material untersucht, die mit 24 GeV-Protonen
bis zu einer Aquivalentfluenz von 10'® ¢cm~2 bestrahlt wurden. Die gesammelte Ladung
fiir unterschiedliche Strahlungsarten (670, 830, 1060 nm Laserlicht, a- und S-Teilchen)
wird mit der Transient-Current-Technique und einem °Sr-3-Aufbau gemessen. Die un-
terschiedlichen Eindringtiefen der Strahlungsarten werden genutzt, um die LV-Region
zu lokalisieren. Die Abhéangigkeit der LV von der angelegten Spannung, Fluenz, Dicke,
Material, Temperatur und Ausheilzeit wird untersucht, ebenso wie die Proportionalitét,
Flachenhomogenitat und Langzeitstabilitidt der LV. Der absolute Wert der gesammelten
Ladung fiir S-Teilchen wird gemessen, und der Einfluss von LV auf das Rauschen,
Signal-zu-Rausch-Verhiltnis und die Breite des Ladungsspektrums wird untersucht.
Die Auswirkungen auf realistische segmentierte Sensoren fiir den HL-LHC werden
diskutiert.
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Chapter 1

Introduction

The quest to understand nature has been a driving force of human mind ever since.
Modern fundamental physics addresses both the largest and the smallest scales in the
universe.

For the experimental investigation of the microscopic properties of matter, particle
accelerators are employed, such as the world’s most powerful Large Hadron Collider
(LHC) at the European Laboratory for Particle Physics (CERN) in Geneva. The LHC
is mainly designed to collide protons (pp) at a centre-of-mass energy of 14 TeV. In
2010/2011, a centre-of-mass energy of 7TeV was achieved, and 8 TeV in 2012. From
the energy released in such collisions, new (potentially unknown) particles are created,
which can be measured in large particle detector systems surrounding the interaction
points. The careful design, research and development (R&D), building, commissioning,
calibration and running of both accelerator and detectors constitute a prerequisite of
each particle-physics analysis. It has been a tremendous, decades-long effort of interna-
tional and interdisciplinary collaborations of thousands of scientists and engineers. In
order to reflect at least a small part of this extraordinarily diverse and complex field, the
work in this thesis is devoted to two different parts: on the one hand a particle-physics
analysis of differential top-quark-pair production and on the other hand research and
development towards radiation-hard tracking detectors for a future high-luminosity
upgrade of the LHC.

1.1 Differential Top-Quark-Pair Production

With a mass of 173 GeV!, the top quark is the heaviest known elementary particle to
date. It therefore plays a special role in the standard model of particle physics (SM).
For example, the Higgs boson, endowing particles with mass, couples preferentially
to the top quark. Another consequence is a fast decay before hadronising to bound
states, unlike lighter quarks. This enables a unique opportunity to study the properties

'In this thesis, natural units ¢ = h = ¢y = 1 are employed. Thus, energy, momentum and mass
all have the dimensions of energy and are expressed in units of electron-volts (eV). Electric charge is
given in units of elementary charge e.
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of a basically bare quark. Moreover, top quarks play an important role in searches for
physics beyond the standard model.

The top quark was discovered in 1995 at the proton-antiproton collider Tevatron and
first basic properties were measured there. At the LHC, the production rate is much
higher due to both larger cross sections at higher centre-of-mass energies and larger
luminosities. Already in 2011, 800,000 top-antitop-quark pairs (tt) were produced, and
even 5m. in 2012. Consequently, the LHC is considered a Top Factory, which opens
up a new era of precision and properties measurements in the top-quark sector.

This offers the possibility of measuring tt cross sections differentially as a function
of kinematic variables of the tt system, the top quarks and their decay products. Such
distributions offer much more information on the production mechanism than the single
quantity of the inclusive cross section. Thus, they constitute a detailed test of the SM,
in particular of perturbative Quantum Chromodynamics (pQCD), which describes the
strong interaction at high energies. They are also sensitive to QCD parameters such
as parton distribution functions (PDF) and the strong coupling constant a;, as well as
to potential new physics effects.

Before the LHC era, differential tt cross sections have been measured only as a
function of the transverse momentum pr of the top quarks [1,2] and the invariant
mass of the tt system [3] with large, dominantly statistical uncertainties of about 20%.
During the startup phase of the LHC in 2010, first pioneering differential measurements
were done as a function of the pr and pseudorapidity 7 of the muon into which the
top quark decays [4, 5] using data recorded by the CMS experiment with integrated
luminosities of 3 to 36 pb™.

That work is carried on in this thesis, which is based on data recorded by the CMS
experiment in 2011 corresponding to 5 fb~! of pp collisions at 7 TeV. The much higher
integrated luminosity in combination with an improved understanding of the detector
allows to measure those quantities much more precisely and in more measurement
intervals than before. A major achievement is the extension to a total of 9 different
kinematic variables of different objects in a tt event as summarised in Tab. 1.1, many
of them measured for the first time: the pr and rapidity y of both the individual top
quarks and the tt system as a whole; the invariant mass of the tt system m'; and
the pr and 7 of the decay products (b jets and muons or electrons). This allows for
the first time to gain a global picture of dynamics and kinematics of tt production
and decay. Each variable reflects a different aspect. m' corresponds to the centre-
of-mass energy of the colliding partons at leading order and is sensitive to potential
new heavy resonances. y* reflects the boost of the tt system along the beam direction
due to different proton-momentum fractions z of the colliding partons, which makes it
especially sensitive to PDFs (in particular to gluon PDFs at high z). pﬁff is sensitive
to higher-order effects as it balances the pr of additionally radiated partons. p% and
y' represent the dynamics of tt production in the tt rest frame, convoluted with the
respective distributions of the tt system. The variables of the decay products are
furthermore also sensitive to the properties of the decay vertices.

The measurement in this thesis is performed in the lepton-+jets decay channel with
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Object Measured Reconstruction and
Quantities Correction Level
tt System pit ot m! | kinematic reco. needed

Top Quarks ph — parton level

— stable particle level

t

Y
b Jets 5 directly measurable
Leptous (e/p) | pp 7'

Table 1.1: Overview on measured kinematic quantities.

one muon or electron, one corresponding neutrino and four jets (two out of which
originate from b quarks) in the final state at leading order. It is complemented by a
similar analysis in the dilepton decay channel presented in [6,7].

The structure and strategy of the analysis part of this thesis is as follows: An
introduction to the SM with emphasis on top-quark physics is given in Sec. 2, followed
by a description of the experimental setup of colliders and detectors in Sec. 3 and of the
simulation tools in Sec. 4. The strategy of this analysis relies on the selection of a high-
purity tt sample as detailed in Sec. 5. Subsequently, a data-driven determination of
efficiencies is described in Sec. 6. The kinematic variables of the top quarks and the tt
system need to be reconstructed with the help of a constrained kinematic fit (see Sec. 7).
The event yields are corrected for background, as well as for detector effects using a
regularised unfolding technique (see Sec. 8). Top-quark and tt quantities are corrected
to parton level, the ones of the decay products to stable particle level as indicated in
Tab. 1.1. Finally, the distributions are normalised by the in-situ measured inclusive
cross section. Thereby, many systematic uncertainties, which are discussed in Sec. 9,
cancel at least partly. The results are presented and compared to simulations from
different Monte-Carlo event generators and calculations at fixed perturbative order, as
well as to results from other channels and experiments in Sec. 10. Final conclusions
are drawn and an outlook is given in Sec. 15.

1.2 Charge Multiplication in Highly-Irradiated Sili-
con Detectors

The LHC has already now almost reached its design luminosity of 103 cm=2s~!. Over

the next 10 years, it is expected to deliver about 300-500 fb~' of data. However, for
the study of rare processes much higher luminosities are desirable. Thus, a luminosity
upgrade to 5 x 103t cm~2s7! and techniques such as luminosity-levelling are envisaged
for about 2022 (high-luminosity LHC (HL-LHC), formerly also called Super-LHC) [8].
It is expected to deliver a total of 3000 fb~!. However, this implies severe consequences
for the detectors as the hit occupancy, number of pile-up interactions and the radiation
level will rise significantly.

The tracking system, in particular the innermost pixel layers, will be affected most,
where particle fluences of up to (1-2)-10'° ecm~2 are expected over the HL-LHC lifetime.
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This will lead to an unprecedented level of radiation damage in the silicon tracking sen-
sors, manifesting itself in an increase of leakage current, charge-carrier trapping and
a change in the depletion voltage and electric-field distribution in the sensor. A sig-
nificant degradation of the signal-to-noise ratio and hence of the detection efficiency
and resolution is expected, ultimately rendering the detectors inoperable. Thus, the
development of radiation-hard silicon detectors is of utmost importance. With this
aim, new materials, devices and operation concepts are studied in the framework of
the CERN-RD50 collaboration and within the tracker collaborations of the LHC ex-
periments.

The most limiting factor at HL-LHC fluences is expected to originate from the
trapping of charge carriers at radiation-induced defects. This will result in a decrease
of the charge-collection efficiency (CCE). However, in a previous work [9], a different
behaviour was observed for highly-irradiated thin (75-150 um) epitaxial pad sensors
(i.e. unsegmented large-area diodes) operated at high voltages. The CCE was seen to
increase steeply with voltage and eventually exceeded unity, i.e. that more charge was
collected than deposited inside the sensor. This clearly indicates the onset of internal
charge multiplication, which (over)compensates trapping. This effect has also been
observed in highly-irradiated planar strip sensors [10-13| and 3D detectors [14, 15],
which suggests that this is a general radiation-induced effect.

Charge multiplication is a well-known phenomenon at high electric fields, which
accelerates charge carriers so much that they in turn can create further free charge
carriers - a process called avalanche or impact ionisation. It is widely exploited in
gaseous radiation detectors and silicon photo detectors such as avalanche photo diodes
(APD) or silicon photomultipliers (SiPM). However, radiation-induced multiplication
in silicon tracking sensors is a novel effect. It is very intriguing to think of it as a self-
healing radiation effect, which counteracts the degradation of the signal-to-noise ratio
due to other radiation effects such as trapping. However, before it can be considered
as the long-sought solution towards radiation-hard detectors, it must be assured that
the effect is well-understood and can be controlled such that no detrimental side effects
occur, which might spoil the beneficial aspects. In particular, it needs to be studied
why and under which conditions this effect sets in and where the charge-multiplication
region is located with respect to the sensor depth. Moreover, one needs to know whether
the multiplication is proportional to the deposited charge, uniform over the sensor area
and stable in time during operation. Equally important is the study of the impact on
the noise, which is expected to increase due to multiplied leakage current and possible
statistical fluctuations in the multiplication process. Also the signal-charge spectrum
might broaden. These questions are addressed in this thesis by charge-collection studies
in 75150 pm thick epitaxial pad sensors in response to different types of radiation.

The structure of the second part of this thesis dealing with radiation-induced charge
multiplication is as follows: the basics of silicon detectors and corresponding radiation
damage are reviewed in Secs. 11 and 12. The devices under test and the experimen-
tal techniques for charge-collection studies are described in Sec. 13. The results are
presented in Sec. 14. Final conclusions are drawn and an outlook is given in Sec. 15.



Chapter 2

The Standard Model of Particle
Physics and the Top Quark

The idea that all matter in the universe is composed of fundamental, indivisible building
blocks dates back several thousand years to ancient Indian and Greek philosophers. In
modern physics, this principle is still valid and is described by the Standard Model
(SM) of elementary particle physics. A detailed introduction of the SM can be found
e.g. in [16-20|. In the following, a short overview based thereon is given.

The SM is based on a small number of fundamental, point-like constituents of
matter, namely twelve fermions with spin 1/2, and three interactions between them,
which are the electromagnetic, weak and strong interaction. These interactions in turn
are also described by the exchange of another class of elementary, point-like particles,
namely bosons with spin 1. The strengths of the interactions are determined by cou-
pling constants, which are related to quantum numbers of the particles called charges.
Gravity, the fourth fundamental interaction known in nature, cannot be included in the
SM within the current theoretical framework, but can be safely neglected in present
particle-physics experiments due to the small masses and hence minimal gravitational
couplings of the particles at the currently achievable energy scales.

The theoretical and mathematical framework of the SM is based on quantum-field
theories combining special relativity and quantum mechanics. A system of particles
(or even vacuum) is determined by its Lagrangian density, which is a function of the
fields and from which the equations of motions can be derived. The attractiveness of
the SM from a theoretical point of view is, among others, based on the fact that the
description of the interactions arises naturally from symmetry principles, namely by
demanding the Lagrangian to be invariant under certain local unitary transformations.
The symmetry group of the SM related to these so-called gauge transformations is
composed of SU(3)c x SU(2), x U(l)y. From an experimental point of view, the
SM is extremely successful in describing and predicting almost every particle-physics
measurement, over the last decades. However, the SM also has shortcomings such as
a number of arbitrary, unpredictable input parameters and its incompleteness due to
the inability to incorporate gravity and observations such as dark matter and energy
or the excess of matter over antimatter in the universe.



The Standard Model of Particle Physics and the Top Quark

In the following, a summary of the particles and their interactions is given, with
special emphasis on the top quark, which is the particle under study in this thesis.

2.1 Particles and Interactions

Fermions (Spin 1/2) Gauge Bosons (Spin 1)
Generations Interactions
I 11 11 Weak EM Strong
Neutral (Q=0) Ve vy vy A
é Mass <2eV  <0.19 MeV <18.2 MeV Q=0
§ Charged (Q=-1) e 1 T 91.2 GeV
Mass 511 keV 106 MeV 1.8 GeV Photon
Up-Type (Q=+32) u c t W+ Q=0
f:; Mass 2.3MeV 1.3 GeV 173 GeV Q—=+1 <10~ || Gluon
& Down-Type (Q=—3%) d s b 80.4 GeV Y% Q=0
Mass 4.8 MeV 95 MeV 4.2 GeV 0eV

Higgs Boson (Spin 0)
Q=0
126 GeV

Table 2.1: Overview on the elementary particles of the SM including their electric
charges and measured masses [19,21,22]. The limits of the neutrino masses are from
direct measurements. Neutrino-oscillation experiments and constraints from cosmolog-
ical observations imply much more stringent limits [23|. The mass of the Higgs boson
refers to the one of the recently discovered Higgs-like boson [24,25]. The mass of the
gluon is a theoretical value. The curly brackets denote to which particles the gauge
and Higgs bosons couple.

The particle! content of the SM is summarised in Tab. 2.1.

2.1.1 Fermions

The twelve fundamental fermions with spin 1/2 are grouped into different types, namely
leptons with either electrical charge 0 (neutrinos) or -1, and quarks with electrical
charge +2/3 (up-type) or -1/3 (down-type). Each fermion type appears in three dif-
ferent generations with the same properties but different masses. The first generation,
consisting of up and down quark, electron and its corresponding neutrino, comprises

IUnless denoted otherwise, antiparticles, which have the same properties as particles, but with
opposite additive quantum numbers, are implicitly included when referring to particles. Antiparticles
are denoted with a bar, e.g. ¢ for an antitop quark.
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the fermions with the lowest masses of each type, respectively?. Thus, the first three are
the constituents of ordinary stable matter as the higher-mass particles of higher gener-
ations eventually decay into their first-generation counterparts. The up-type quark of
the third generation, the top quark, acquires a special role in the SM, being its heaviest
particle. This is discussed in detail later.

2.1.2 Gauge Bosons and Interactions

The gauge bosons with spin 1 (W=, Z° photon 7 and gluons g) act as mediators of the
interactions. The curly brackets in Tab. 2.1 denote to which fermions they couple. This
is determined by their charges g, which are directly related to the coupling constants «
of the interaction via o o< g%. Note that in addition, the gauge bosons can partly also
couple to each other, depending on the respective group structure. The magnitudes
of the coupling constants play a decisive role, both for understanding the fundamental
principles of the interactions as well as for the calculation of physical observables like
cross sections. Such calculations rely on perturbation theories, i.e. the expansion of the
solution in orders of the coupling constants, which can only converge if @« < 1. The
expansion terms can be illustrated using Feynman diagrams. They are exemplified in
Fig. 2.1 for leading order (L.O) and next-to-leading order (NLO) top-quark production,
which is explained in Sec. 2.2.1 in more detail. An interesting effect is the running of the
coupling constants due to renormalisation of divergences occurring in loop calculations
(see e.g. Fig. 2.1 bottom right). This introduces a dependence of the coupling on the
so-called renormalisation scale pg, which is usually identified with the typical energy
or momentum?® scale of the process, such as its momentum transfer Q or the invariant
mass m™ of a produced particle or particle system X.

The electromagnetic (EM) interaction is mediated by the exchange of virtual pho-
tons, which couple to particles with electric charge. Photons themselves are electrically
neutral and therefore do not interact with each other. Furthermore, they are massless.
The coupling constant a gy, increases from apy ~ 1/137 at low energy scales to 1/129
at the Z-boson mass scale of 91 GeV, but remains < 1 up to very high energy scales.
The underlying theory is called Quantum Electrodynamics (QED), which is based on
the U(1) g symmetry group. Although QED is a very successful and precise theory on
its own, it turns out that for a fundamental description, the electromagnetic interaction
needs to be unified with the weak interaction as described below.

The weak interaction is mediated by the exchange of W* and Z° bosons®*, which
couple to particles with weak charge g,,. This is the case for all fermions as well as the
W and Z bosons themselves due to the non-Abelian nature of the underlying SU(2)
symmetry (note that in addition, the W* bosons also couple to the photon due to their
electric charge). However, it turns out that the properties of the weak interactions and
its gauge bosons can only be understood in unification with the electromagnetic inter-

2Except for the neutrinos, where due to the larger flavour mixing this assignment is not meaningful.

31f the energy of a particle is much larger than its mass, the energy also equals the momentum
magnitude, such that both can be used interchangeably.

4In the following, the charge superscripts are omitted if possible.
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action, called electroweak theory with the corresponding SU(2), x U(1)y symmetry
group. Y refers to a new quantum number called hypercharge, whereas L denotes the
special role of left-handed particles, to which e.g. the W bosons couple exclusively, vio-
lating parity. The unification implies that the weak and the electric charges are related
to each other via a weak mixing angle and the bare weak charge is of the same order
as the electric charge. However, the W and Z bosons are observed to be very massive
(see Tab. 2.1), which leads to a suppression of the coupling strength at low energies.
Another special property of the weak interaction is the coupling of the W bosons to
different fermion types (flavour) at the same interaction vertex, namely either to a
neutrino and a charged lepton or to an up-type and a down-type quark. Usually, this
occurs within the same generation, but for the quarks, also inter-generational flavour-
changing couplings are observed. They are accommodated by the introduction of the
unitary Cabibbo-Kobayashi-Maskawa (CKM) matrix, which describes the probability
of the flavour mixing. The magnitudes of its elements are given by [19]:

Vida Vus Vi 0.974 0.225 0.004
Vexkmv=\| Vaa Vs Vo | = 0225 0.973 0.041 (2.1)
Via Vis Vi 0.009 0.040 0.999

As can be seen, the off-diagonal elements are non-zero, but small, in particular those
between the third and the other two generations.

The mediators of the strong interactions are the massless gluons. They couple to a
charge denoted as colour (C), which appears in three states: blue, red and green (plus
their respective antistates). This is why the underlying theory is called Quantum Chro-
modynamics (QCD) with its symmetry group SU(3)c. Of the fermions, only quarks
carry colour, but similarly to the weak interaction, the gluons carry colour themselves,
enabling self-interactions. This, in combination with the number of colour states, leads
to the opposite behaviour of the running strong coupling constant o, compared to the
other interactions, namely an increase with decreasing energy or, alternatively, increas-
ing distance scale. Thus, for two separating coloured particles, it becomes energetically
more beneficial to create new quark-antiquark pairs until all particles are bound into
colour-neutral hadrons than to exist individually. Such hadrons comprise baryons of
three quarks (one of each colour) or mesons of two quarks with colour-anticolour. This
process is called hadronisation and the principle that no free coloured particles exist
confinement. In fact, a quark or gluon from high-energy collisions usually leads to
a bunch of hadrons called jet with similar direction and momentum as the original
quark. Turning the argument around, «y decreases for increasing energy or decreas-
ing distance, enabling the perturbative description of QCD at scales much larger than
the characteristic QCD scale Agcp ~ 200 MeV. This phenomenon is called asymptotic
freedom. At the Z-boson mass scale, the coupling strength amounts to o, (Mz) = 0.12,
still significantly larger than for the other interactions.



The Standard Model of Particle Physics and the Top Quark

q ¢ g t
g g
q t 9 t
qq annihilation gg fusion (s-channel)
90000 y—>—1 g t
A t
g 0000 $¥—<+—1 g t
gg fusion (t-channel) gg fusion (u-channel)
g t g t
g
g
g t g t
gg fusion with ISR gg fusion with g loop

Figure 2.1: Feynman diagrams for tt production at leading-order (fop and middle row)
and selected ones at next-to-leading order (bottom row).

2.1.3 Electroweak Symmetry Breaking

The principle of gauge invariance, on which the SM is based, turns out to forbid explicit
mass terms in the Lagrangian of the gauge bosons in general and of the fermions in
the left-handed formulation of the electroweak interaction. This seems to contradict
the actual observation of weak gauge-boson and fermion masses in nature. Thus,
a mechanism is needed to accommodate them in the SM under preservation of the
electroweak gauge symmetry. Whereas in general different solutions are conceivable, it
is accomplished in the SM by the Higgs mechanism [26-28|, which introduces a doublet
of complex scalar fields (the Higgs fields) with a potential. While the Lagrangian
itself including the potential and its set of minima preserve the symmetry, the actual
minimum that happens to be chosen by nature, corresponding to the vacuum state,
does not. This is referred to as spontaneous electroweak symmetry breaking. By the
choice of the minimum, the masses of the W and Z bosons are created, while retaining
the photon massless. The vacuum expectation value of the field is related to the W-
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boson mass and the weak coupling constant and amounts to 246 GeV. This mechanism
is accompanied by the prediction of a new particle, namely a massive Higgs boson with
spin 0, which corresponds to excitations of the field in its potential. This particle is
predicted to couple both to the W and Z bosons and to itself. Moreover, the concept
can be extended to also incorporate the mass generation of the fermions via Yukawa
couplings between a fermion-antifermion pair and the Higgs boson with the coupling
constant proportional to the respective fermion mass.

Recent observations of a new boson by the ATLAS and CMS experiments at the
LHC with a measured mass of 126.0 £ 0.6 GeV [24] and 125.3 £ 0.6 GeV [25], respec-
tively, are compatible with such a SM Higgs boson. However, further investigations
are ongoing to test precisely if all its properties such as spin, parity and couplings are
consistent with the SM predictions or rather hint to alternative models.

2.2 The Top Quark

The top quark is a special particle in the SM with a number of unique properties, many
of which are connected to its large mass of about m; = 173 GeV. Extensive overviews
on top-quark physics are given e.g. in [29-31]. This section gives a short summary, with
special emphasis on the production at hadron colliders as differential top-quark-pair
cross sections are studied in this thesis.

Its prediction in the framework of the SM dates back to the postulation of a third
generation of quarks as a mechanism to explain CP violation in 1973 [32]. However, as
a consequence of its large mass, which necessitates a high centre-of-mass energy /s in
particle collisions for its production, it was not directly discovered before 1995, when
it was observed by the experiments CDF [33] and DO [34] at the proton-antiproton
(pp) collider Tevatron at /s = 1.8 TeV®. Since 2010, top quarks are also produced
abundantly in proton-proton (pp) collisions at the Large Hadron Collider (LHC) at
Vs = TTeV (2010-2011) or 8 TeV (2012). As this analysis is performed with data of
pp collisions at /s = 7TeV recorded in 2011, the following discussion always refers to
these conditions, if not stated otherwise. So far, lepton colliders have not yet achieved
enough collision energy for top-quark production.

2.2.1 Top-Quark Production at Hadron Colliders

At hadron colliders, top quarks are mainly produced in pairs (tt) by the strong inter-
action. Such collisions are complicated by the internal structure of the hadron. This is
described by the Parton® Distribution Functions (PDFs) fon(x, up), which represent
the number density of a specific parton type a with longitudinal momentum fraction z
of the hadron h (see Fig. 2.2) at an energy scale up (for the exact meaning of up see
below). In a simplified picture, the proton consists of three valence quarks (uud), which

5In 2001 the Tevatron upgraded to 1.96 TeV.
6 Parton refers collectively to quarks and gluons.
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Figure 2.2: Parton Distribution Functions (PDFs) of the proton as a function of the
proton momentum fraction x from NLO HERAPDF1.5. The PDFs for the valence (u,,
d,) and sea (5) quarks as well as for the gluons (g) are shown at a hard-scattering scale
(explained below) of @ = 100 GeV. It is in the order of the scale relevant for top-quark
or W- and Z-boson production. Taken from [35], details in [36].

determine its quantum numbers and carry a momentum fraction z = 1/3. However,
at high collision energies with large energy transfers, corresponding to small distances,
increasingly more so-called sea quarks and gluons from QCD interactions inside the
proton are resolvable, which dominate at low x. Due to the non-perturbative nature
of confinement, PDFs need to be measured experimentally, which is mainly based on
deep-inelastic scattering at the electron-proton collider HERA [36] and fixed-target
experiments, as well as on jet data at hadron colliders.

In the regime of asymptotic freedom, the cross section oy, x for the production
of a final state X in hadron-hadron (hihs) collisions with /s can be factorised into the
cross section 04, x of two partons a and b colliding with the reduced centre-of-mass
energy of

V3 = /7178, (2.2)

convoluted with their corresponding PDFs:

1 1
Ohihag—X = Z/ d$1/ d$2fa|h1 (9617/@) fb\hz (952,#%*) TabsX (mh s, as(ﬂR)aNR»,uF)
wp J0 0

(2.3)
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The cross sections are integrated over all momentum fractions x; and summed over
all relevant parton types a,b. Thus, the partonic cross section represents the actual
hard process at small distances, which is calculated perturbatively, whereas the PDFs
include the long-distance effects of the partons inside the hadrons. Both energy regimes
are separated by the factorisation scale pr, on which &, ,x and the PDFs depend. In
addition, G4, x also depends on the renormalisation scale pg (see Sec. 2.1.2). As both
scales are no fundamental parameters of the SM, being basically arbitrary, the final
cross section calculated to all perturbative orders is independent of them. However, at
finite orders, residual dependencies remain. Both scales are usually set to the physical
energy scale of the process (e.g. in case of tt production typically the top-quark mass
my), which will be referred to as hard-scattering scale in the following. A variation of
this scale by conventionally a factor of 1/2 and 2 is supposed to indicate the theoretical
uncertainty due to the ignorance of higher orders. In addition, theoretical cross sections
contain PDF uncertainties arising from their experimental determination.

7 TeV LHC parton kinematics
109 ARRALL LAY BELLILLLLLY BELELLLALLL LI ALLY BRI E

T
WJsS20103

X, ,= (M/7 TeV) exp(y)
10°F Q=M

Q® (GeV?)

100 L MEFETITY EETETRTTTT AP NE T BT TITY U TITT TS eTTT AT 1
107 10® 10° 10* 10° 10® 10" 10°

Figure 2.3: The relation between the invariant mass m~ (here denoted M) of a system
produced in hadron collisions, its rapidity y and the two parton-momentum fractions x;
(along a constant line of M, there are always two points of the same rapidity magnitude
corresponding to x; and xq, respectively). M is here identified with the hard-scattering
scale @ of the process. tt production at the threshold corresponds to M = m' = 2m, =
346 GeV or Q? = 1.2 - 10° GeV? as indicated. The kinematic plane (x, Q?) accessible
for the LHC at /s = 7TeV is compared to the one for the ep collider HERA and
fixed-target experiments. Taken from [37] and modified.
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It is instructive to consider the kinematics of the final state in such collisions. The
geometry of colliders implies the decomposition of kinematic vectors into a component
longitudinal to the beam direction (z-axis) and transverse to it. The longitudinal
momentum p, is typically expressed by the rapidity y defined as

1 E+p,
=1 2.4
y 2“<E_pz)’ (2.4)

where F is the total energy of the particle (or particle system). Rapidities are preferred
as they are additive under Lorentz transformations, so that rapidity differences become
Lorentz-invariant. Thus, differential cross sections 9 are shape-invariant under Lorentz

dy
transformations.

The final-state system X is produced with an invariant mass of m* = /3, which
is given by Eq. 2.2. Depending on the difference of the momentum fractions of the
two colliding partons, z; and x5, the system is boosted longitudinally along the beam
direction:

1 T
X _ T (22 2.
y zn(m (2.5)

With Eq. 2.2 and Eq. 2.5, the relation between m”~, y* and the two momentum
fractions is given by

X
m X
xl = _\/g e+y ,
X
m X
Ty = —\/56 Y ) (26)

which is graphically displayed in Fig. 2.3.

Top-quark pairs can be either produced in quark-antiquark (qq) annihilation or in
gluon-gluon (gg) fusion. The corresponding Feynman graphs are shown in Fig. 2.1.
The minimum energy for tt production is v = m'* = 2m, ~ 346 GeV (production
threshold). For central production with y = 0, both partons have the same x; =
ro = 2my/+/s, which amounts to about 0.2 at the Tevatron and 0.05 at the LHC
with 7TeV. At z =~ 0.2, the PDFs of valence quarks dominate as can be seen from
Fig. 2.2. In combination with the Tevatron being a pp collider, this leads to a tt
production of 85% via qq annihilation and 15% via gg fusion. At the LHC, in contrast,
the situation is reversed as the gluon PDFs are clearly dominant at x ~ 0.05. The
maximum possible rapidity of the tt system is reached in very asymmetric collisions
with one parton at z; = 1 and the other one at zo = 0.002 (at the LHC with 7 TeV)
for the production threshold and amounts to ¥, = 3 (see Fig. 2.3). For tt production
above the threshold, the situation is different. For example, at m™ = 1TeV, the needed
momentum fraction for central production is = 0.15 at the LHC, which is similar
to the value for the Tevatron at the threshold. Thus, also the contribution of the
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production through qq annihilation is larger (but not identical to the Tevatron due to
the difference in colliding particles). The maximum rapidity for m" = 1TeV is less
with ¥ = 2.

CMS Preliminary

~—
_8- -
~ b ®CMScombined 7 TeV (1.1 fb'i)
= B CMS combined 8 TeV (2.8 fb~)
) o CDF
o DO
102
- Approx. NNLO QCD (pp)
Scale uncertainty
10 Scale O PDF uncertainty
r 4 v 0 - Approx. NNLO QCD (pp)
C Scale uncertainty
B I Scale O PDF uncertainty
B 4 Langenfeld, Moch, Uwer, Phys. Rev. D80 (2009) 054009
oy MSTW 2008 NNLO PDF, 90% C.L. uncertainty
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Figure 2.4: The tt production cross section in pp and pp collisions as a function of /s.

Predictions at approximate NNLO are compared to measurements at 7 and 8 TeV by
CMS (LHC) and at 1.8 and 1.96 TeV by DO and CDF (Tevatron). Taken from [38§].

The cross sections can be calculated in perturbation theory to different orders in a,
with increasing precision for higher orders. Very recently, next-to-next-to-leading-order
(NNLO) calculations have become available for the inclusive tt cross section [39-41].
They include diagrams with the real emission of up to two partons, also referred to as
QCD inital/final state radiation (ISR/FSR) as shown in Fig. 2.1 bottom left, and with
up to two virtual loop corrections (Fig. 2.1 bottom right). However, in Monte-Carlo
event generators (see Sec. 4) only calculations up to next-to-leading order (NLO) are
used so far, including diagrams with maximally one emitted parton or loop. For some
of the differential cross-section predictions, calculations up to NLO+NNLL (next-to-
next-to-leading logarithms) or approximate NNLO are available. They make use of
the fact that the dominant higher-order contributions come from soft-gluon radiation,
which lead to large logarithmic terms, especially close to the threshold. They can be
formally resummed to all orders in perturbation theory up to next-to-next-to-leading
logarithms (NNLL). These corrections can be added to fixed-order calculations, giving
NLO-+NNLL or NNLO-+NNLL cross sections [41,42,42]. For approx. NNLO cross sec-
tions, the NNLL terms are expanded at fixed order in o to NNLO [43,44]. Sometimes,
also other subdominant corrections are added.

The inclusive tt cross section at the LHC for /s = 7TeV is predicted to 158733 pb
at NLO [45], 1631} pb at approx. NNLO (using m; = 173GeV and the MSTW2008
NNLO PDF set [46]) [43] and 172.0"5 pb at NNLO-+NNLL (using m; = 173.3 GeV and
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MSTW2008 NNLO PDF) [41], including hard-scattering-scale and PDF uncertainties.
Fig. 2.4 shows the dependence of the pp and pp cross section on /s as predicted to
approximate NNLO precision. This agrees well with measurements at 1.8 and 1.96 TeV
by DO and CDF (Tevatron) and at 7 and 8 TeV by CMS (LHC).

q q q t
W*
w
b t q b
t-channel s-channel
g t 90000 yY—>—1¢
4 At
b W y ——A\N\N\N/V W
tW-channel 1 tW-channel 2

Figure 2.5: Feynman diagrams for single-top-quark production at leading order.

In addition to the production of tt pairs by the strong interaction, single-top quarks
can be produced by the electroweak interaction, involving the Wtb vertex (see Fig. 2.5).
The dominant production takes place in the t-channel (denoting the virtuality of the
W boson), in which the top quark is created by a fusion of a W boson and a b quark.
As the u quarks dominate the valence PDFs at a pp collider, the production in this
channel is charge-asymmetric with the predicted cross section of top-quark production
(41.9pb) being about twice the one of antitop quarks (22.7 pb) [47]. The situation is
similar in the s-channel, in which a W boson creates either a top and an antibottom
quark (3.2pb) or their charge-conjugates (1.4pb) [48]. The associated production of
a top (antitop) quark and a W boson (tW-channel), however, involves a gluon and a
b-flavour sea (anti)quark in the initial state and is therefore charge-symmetric with a
predicted cross section of 7.9 pb [49] for each charge.

2.2.2 Mass and Decay

Many interesting properties of the top quark derive from the fact that it is the heav-
iest known particle. Different mass concepts exist such as the pole mass or the MS
mass scheme. Typically, the first is quoted, which is theoretically defined by the real
part of the complex top-quark propagator. Measurements based on the kinematics
of the top-quark decay products are usually identified with the pole mass (although
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the exact identity is not completely clear) and constitute the most precise quark mass
determinations with m; = 173.2 £ 0.9 GeV (Tevatron [21]) or m; = 173.4 + 1.0 GeV
(CMS [22]).

The top quark almost exclusively decays via the electroweak interaction into a
W boson and a b quark due to the CKM matrix element V3, ~ 1 (see Eq. 2.1). Its
large mass has dramatic consequences as it is the only particle that decays into a real
W boson, and its decay width is related to the mass via I'; oc m?. Thus, a very large
decay width of Ty = 1.3 GeV is expected, yielding a lifetime 7; oc 1/T; of only 5-107%°s.
This is about one order of magnitude smaller than the hadronisation time scale of
Thad < 1/Agep = 3-107**s. As a result, the top quark decays before it can form
bound states with other quarks. This unique feature enables to treat them as bare
quarks, whose properties can be calculated almost completely perturbatively. Also,
important kinematic and dynamic information of the top quarks is transferred to its
decay products without being diluted by hadronisation effects, e.g. spin correlation
between the two top quarks in tt production.

tt Decay Channels

Figure 2.6: Feynman diagram at leading order for tt production with subsequent decay
into one muon, one neutrino and four quarks (muon-jets channel).

As the top quark decays so fast, its experimental signature is completely determined
by its decay products. Strictly speaking, also predictions should include both top-
quark production and decay simultaneously. However, despite the large absolute value
of the decay width, its relative size I';/m; is small due to the large mass, which allows
factorisation into on-shell top-quark production and subsequent decay (narrow width
approzimation).

Due to the almost exclusive t — Wb decay, a tt event contains two b quarks and two
W bosons, which decay further as exemplified in Fig. 2.6. A W boson can decay either
into a charged lepton and the corresponding neutrino of one of the three generations
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or into a pair of light quarks (ud, cs). The decay into quarks of the third generation is
kinematically forbidden as their masses are together larger than the W-boson mass. As
the quarks have three colour states, there are effectively nine lepton or quark types as
possible W-boson decay modes. They are all equally probable (1/9) if the masses of the
decay products are neglected as the W boson is much heavier than them. The possible
decay modes of a tt event, which are characterised by the combination of two W-boson
decays, are shown in Tab. 2.2. Three main categories can be distinguished: Events
with both W bosons decaying into quarks, which subsequently hadronise into jets
(all-hadronic channel), with both W bosons decaying into leptons (dilepton channel)
or with one of them decaying into jets and the other one into leptons (lepton+jets
channel).

) W™ boson
ud, 5 (~ g) etv, (~ %) phy, (= %) Ty, (& %)
5 ados(~9) | 457% 73% 73% 73%
2 e (=Y 73% 12% 12% 12%
L (=) 73% 12% 12% 12%
o, (~ 73% 12% 12% 12%

Table 2.2: Overview on tt-pair decay channels and their branching ratios as charac-
terised by the decay of the two W bosons according to the measured values in [19],
assuming lepton universality.

The all-hadronic channel has the largest branching ratio (BR) of 45.7%, but its
signature at hadron colliders suffers from an overwhelming background from QCD
multijet events, whose cross section is orders of magnitude higher than the one for tt
production.

On the contrary, the dilepton channel has the lowest BR of 10.8% (4.8% exclud-
ing decays into tau-leptons), but also the cleanest signature due to the presence of two
leptons, which are easily distinguishable from multijet events. However, the reconstruc-
tion of the tt-event topology, which is vital for differential cross-section measurements
as a function of kinematic quantities of the top quark, is complicated by the presence
of two neutrinos. These are not measurable in the detector themselves and can be only
deduced from a transverse-momentum imbalance of the other particles in the event
(Emiss gee Sec. 5.1.7), but it is difficult to disentangle the contributions of each of the
neutrinos.

Finally, the lepton-+jets (¢+jets) channel is a good compromise between a reasonable
BR, manageable background and reconstructable tt-event topology. Therefore, it is the
channel of choice in this analysis. In fact, the total BR of 43.8% is almost as large as
the all-hadronic one, adding up the three lepton generations. However, according to
common practise, in the following the ¢ + jets channel is restricted to a muon or an
electron in the final state, which reduces the BR to 29.2%. The reason is that 7 leptons
decay further into neutrinos and either hadrons (= 2/3 BR) or muons or electrons
(= 1/6 BR each) before reaching the detector, thereby complicating their identification.
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As can be seen from Fig. 2.6, the final state at leading order is characterised by one
lepton and neutrino from one of the W-boson decays and four jets. Two of these arise
from b quarks from the top-quark decay and the other two from light quarks from the
W-boson decay. If the EX is identified with the neutrino transverse momentum, only
its longitudinal component is unmeasured. With the help of kinematic constraints, it
is possible to reconstruct the tt-event topology, e.g. using a kinematic fit as described
in Sec. 7. Main background processes with similar signatures include W and Z bosons
in association with additional jets (W/Z-+jets, also referred to as V-+jets), single top
quarks, QCD multijets and dibosons (WW, WZ, ZZ, also referred to as VV). How the
tt event is selected and background suppressed is described in detail in Sec. 5.

2.2.3 The Top Quark in the Standard Model and Beyond
The Top Quark in the SM

Every measurement of the properties of the top quark, including its mass, spin, pro-
duction and decay mechanisms, is a test of the SM. As tt pairs are produced in the
strong and decay via the electroweak interaction, both can be probed.

On the one hand, tt-production cross-section measurements, in particular differ-
ential ones, are a precise test of QCD at an unprecedented energy scale at the LHC.
They offer the unique possibility to study the production of an effectively bare quark in
the perturbative regime and to verify the developed calculational methods (see above
and also Sec. 4). Also, subtle higher-order effects such as charge asymmetries can be
studied. This effect emerges in interferences of different diagrams of the qq annihila-
tion at NLO and leads to a correlation in the direction between the incoming quarks
and outgoing top quarks. At the pp collider Tevatron, it manifests itself as a forward-
backward asymmetry, whereas it only leads to a broader rapidity distribution of top
quarks compared to antitop quarks at the pp collider LHC, which is further diluted due
to the dominant gg production mechanism. In contrast to experiments at the LHC,
which observes agreement between measurements and predictions [50,51], the asym-
metry is seen to be significantly larger at the Tevatron than predicted by NLO SM
calculations, especially at large mt* [52,53]. This deviation fuels the development of
models interpreting this as indications of new physics (see below). In addition, differ-
ential and inclusive cross-section measurements are sensitive to QCD parameters such
as a, and PDFs and allow to constrain them in regions so far badly explored, such as
gluon PDFs at high z.

On the other hand, the top quark also plays a dominant role in the electroweak
sector. Its mass is intriguingly close to the scale of electroweak symmetry breaking
with top-quark Yukawa couplings in the order of 1. This means that the SM Higgs bo-
son couples preferentially to top quarks. The main Higgs-boson production mechanism
at the LHC is the gluon-gluon fusion via a top-quark loop. Another one involves the
associated production of a Higgs boson and a tt pair. Moreover, higher-order correc-
tions of SM-parameter calculations are very sensitive to the large top-quark mass. For
instance, corrections of the W-boson mass depend quadratically on the top-quark mass
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and logarithmically on the Higgs-boson mass, thereby linking these three important SM
parameters. Until the recent discovery of the Higgs-like boson, this was used as a way
to predict the Higgs-boson mass. Now, the argument is turned around and assuming a
Higgs-boson mass of 126 GeV from the recent measurements, the electroweak sector of
the SM can be tested for its consistency. For example, Fig. 2.7 shows the predictions of
the W-boson and top-quark masses using a fit with all other measured SM parameters
as input (with and without assuming the Higgs-boson mass). This prediction and the
actual measurements are in good agreement, indicating the consistency of the SM.
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Figure 2.7: The masses of the top quark and the W boson from a SM fit to precision
data with (blue ellipsis) and without (grey ellipsis) assuming the Higgs-boson mass
compared to direct measurements (green bands). Taken from [54].

The Top Quark Beyond the SM

The SM is a very successful theory but has some limitations as already mentioned.
They are addressed by a variety of new theories beyond the SM (BSM), which mostly
incorporate the SM as effective low-energy approximation, but predict new phenomena
such as heavy unknown particles or interaction mechanisms at higher energies. In the
corresponding searches, the top quark often plays an important role. On the one hand,
the signatures of new physics can resemble the ones of tt events with high-energetic
leptons, jets and ER which therefore become an important background. Differential
tt cross-section measurements of kinematic distributions can help to constrain it. On
the other hand, new physics could manifest itself directly both in the production and
the decay of top quarks.

Also in many BSM theories, the top quark plays a special role in electroweak sym-
metry breaking, either by a large coupling to a BSM Higgs or even by being partly
responsible itself for the electroweak symmetry breaking. The latter is proposed e.g. in
top-colour [55] or top-colour-assisted technicolour [56] models involving a tt condensate
or Little Higgs [57] models.
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In a variety of theories, new heavy resonances are predicted, which are phenomeno-
logically similar to the Z boson. Besides a sequential-SM Z’' boson [58], which has
the same couplings as the SM Z boson, some models predict a preferred decay into
tt pairs. Examples include a leptophobic Z' boson predicted by the afore-mentioned
top-colour-assisted technicolour model [59, 60|, axigluons [61] as well as Kaluza-Klein
excitations of the graviton [62] and of weak [63] and strong [64] gauge bosons occurring
in extra-dimensional models [65,66]. Such neutral bosons could manifest themselves
prominently in the tt-invariant-mass distribution as a narrow resonance, which would
also alter other distributions such as top-quark pr. However, some models rather
predict a modification of the tt-invariant-mass and other distributions in a broader
range, such as high-scale new physics described by effective field theories [67]. Many of
these models also provide a possible explanation for the observed Tevatron tt charge
asymmetry mentioned above [68,69].

Also in supersymmetric extensions of the SM (SUSY) [70], the top quark and its
supersymmetric scalar partner (stop) might play an important role. In many scenarios,
the supersymmetric partners of the third-generation quarks are lighter than those of
the first generations and thus might be the only ones accessible at the LHC. If the stop
quark is not much heavier than the top quark, it could mitigate quadratically divergent
contributions to the Higgs-boson mass dominated by virtual top-quark loops. A stop
quark could decay into a top quark and a neutral lightest supersymmetric particle, such
that the signature of a pair-produced stop-antistop quark would resemble tt -+ Emiss,
However, in some scenarios, the stop-quark mass is very similar to the one of the top
quark and would manifest itself only in deviations of kinematic distributions sensitive
to the spin [71]. Another feature of SUSY is the prediction of a charged Higgs boson,
into which the top quark could decay instead of a W boson.



Chapter 3

Experimental Setup - Collider and
Detector

Besides the study of naturally occurring particle interactions from sources such as
cosmic rays and radioactive decays, the controlled collision of particles at research
laboratories constitutes the main experimental technique in elementary particle physics.
Typically electrons or protons, but also heavy ions are accelerated to high energies and
brought to collision at a defined interaction point. Large and sophisticated particle-
detector systems measure the properties of the collision products. This analysis is based
on proton-proton collision data recorded by the Compact Muon Solenoid (CMS) [72,73]
experiment at the Large Hadron Collider (LHC) [74] in 2011, which are described in
the following.

3.1 The Large Hadron Collider

The LHC is a circular collider for protons and heavy ions with a circumference of
26.7 km operated by the European Organisation for Nuclear Research (CERN!). With
centre-of-mass energies for proton-proton collisions of 7TeV in 2010 and 2011, 8 TeV
in 2012 and an envisaged design energy of 14TeV, it is the world’s most powerful
accelerator. The particle beams counter-rotate in two evacuated beam pipes. They
are guided and focused by superconducting dipole and quadrupole magnets with fields
as high as 8 T. The acceleration is performed using superconducting radio-frequency
cavities. The superconductivity necessitates a cooling down to 1.9 K with liquid helium.

Before being injected into the LHC, the particles are pre-accelerated in several steps;
first in different linear accelerators (LINAC), then in the Proton Synchrotron (PS) to
25 GeV and finally in the Super Proton Synchrotron (SPS) to 450 GeV (see Fig. 3.1).
The pre-accelerators are also used for different purposes such as other particle-physics
experiments, test beams or irradiation of detector material for radiation-hardness stud-
ies as explained in Sec. 13.2. Finally, the protons or heavy ions are brought to collision

!Formerly called Conseil Européen pour la Recherche Nucléaire.
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Figure 3.1: The CERN accelerator complex including the four major experiments at
the LHC. Taken from [75].

at four interaction points surrounded by particle detectors. These include the two
multi-purpose detectors ATLAS [76] and CMS, which are designed for a variety of SM
physics measurements as well as searches for the Higgs boson and physics beyond the
SM, LHCD [77] optimised for the study of hadrons from b quarks and ALICE [78] spe-
cialised on heavy-ion collisions and the study of quark-gluon plasma. LHCf [79] and
TOTEM [80] are smaller-size experiments dedicated to forward physics and measuring
the total inelastic cross section. CMS is explained in more detail below.

The rate dN/dt of produced events depends on the process-specific cross section o
as well as on the instantaneous luminosity L, which depends on collider conditions:

dN

To obtain the total number of events NV, this equation needs to be integrated over time,
motivating the definition of the integrated luminosity L = [ Ldt.

The instantaneous luminosity is related to the beam and collision parameters via

NbN]f f

1
where [V, is the number of bunches in a beam, N, the number of protons in a bunch, f
the revolution frequency and A the effective width of the beam transverse to the beam
direction. The latter depends on the beam focus, the bunch size and the beam crossing
angle.

L=

(3.2)

The revolution frequency amounts to about 11 kHz. The other parameters are



Experimental Setup - Collider and Detector

23

tunable. The LHC is designed to run at £ = 103*cm=2s~! with 1.15 - 10! protons
per bunch and 2808 bunches per beam, separated by 25 ns (40 MHz bunch crossing
rate). In 2011, a maximum of 4 - 1033cm—2s~! was reached with 1.5 - 10" protons per
bunch (larger than design) and 1380 bunches per beam with a separation of 50 ns [81].
Fig. 3.2 shows the evolution of the instantaneous and integrated luminosity during
2011. L increased significantly by more than one order of magnitude from March
to the end of the run in October. In total, an integrated luminosity of 6.1 fb™! was
delivered to CMS, out of which 5.6 fb™' were recorded. In 2012, 23.3 fb™* (21.8 fb™ 1)
were delivered to (recorded by) CMS with a maximum instantaneous luminosity of
7.7-10% cm 2571 [82].

CMS Peak Luminosity Per Day, pp, 2011, Vs = 7 TeV CMS Integrated Luminosity, pp, 2011, vs = 7 TeV
Data included from 2011-03-13 17:00 to 2011-10-30 16:09 UTC Data included from 2011-03-13 17:00 to 2011-10-30 16:09 UTC
5 5 7 7

K . L
Max. inst. lumi.: 4.02 Hz/ub F EEE LHC Delivered: 6.13 fb
6 CMS Recorded: 5.55 fb ! 6
4 4

wn

w
w
B

N
N
w

[
=]
N

=

Peak Delivered Luminosity (Hz/nb)
Total Integrated Luminosity (fb')

ol ‘ : e ‘ ‘
< Cay \Y X < R\ \S X
RS SRR R G et W e g o]

Date (UTC) Date (UTC)
Figure 3.2: The evolution of the instantaneous luminosity (left) and the integrated

luminosity (right) delivered by the LHC (blue) and recorded by CMS (orange) in 2011.
1Hz/nb corresponds to 10%* cm~2s~!. Taken from [82].

3.2 The Compact Muon Solenoid Detector

The CMS experiment [72,73] is one of the two multipurpose experiments at the LHC
located in a cavern about 100 m underground around one of the interaction points. An
overview is shown in Fig. 3.3, exhibiting the typical cylindrical onion-like structure of
most particle detectors at colliders with a tracking system in the centre, surrounded
by calorimeters and muon detectors, all in a magnetic field. Tts specific design is
driven by the operation conditions and physics goals mentioned above, which require a
good electron, muon and photon identification, a good momentum, photon-energy and
vertex resolution as well as a large geometrical coverage for a good EM resolution.
The main features of CMS include an all-silicon inner-tracking system in combination
with a superconducting solenoidal magnet providing a high field of 3.8 T parallel to
the beam line, as well as a high-resolution electromagnetic calorimeter of scintillating
crystals. As the coil of a strong magnet implies a lot of absorbing material, it is
beneficial to place both the inner tracker and the main parts of the calorimeters inside
the coil. Thus, although CMS has a large weight of 12,500t, it is relatively “compact”
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(compared to e.g. ATLAS) with a length of 21.6 m and a diameter of 14.6m. A more
detailed description of the individual subdetectors is given below.

Superconducting Solenoid

Silicon Tracker

Very-forward Pixel Detector

Calorimeter

Electromagnetic

Calorimeter Muon

Compact Muon Solenoid

Figure 3.3: Perspective view of the CMS detector with its subsystems. Taken from [73].

CMS uses a right-handed coordinate system with its origin at the nominal interac-
tion point in the centre of the detector. The x axis points towards the centre of the
LHC ring, the y axis upwards and the z axis along the anti-clockwise beam direction.
The symmetry of the detector and the collisions suggest the introduction of spherical
coordinates with an azimuthal angle ® defined with respect to the x axis in the x-y
plane and a polar angle # with respect to the z axis. Instead of 6, the pseudorapidity
n = —In (tang) is preferentially used as it is equal to the rapidity y (see Eq. 2.4 in
Sec. 2.2.1) in the massless limit. The angular distance between two particles is usually

expressed in 7-® space as AR = /AD? + An2.

3.2.1 Inner Tracking System

For the direction, momentum and charge-sign measurement of charged particles as well
as vertex reconstruction, a precise tracking system is needed that samples a number of
detector hits along the trajectory of the particle. Usually, gas or semiconductors are
used as sensitive material, in which a traversing ionising particle generates a current
signal that is readout electronically.

The transverse momentum pr is extracted from the bending of the trajectory in a
magnetic field with a relative resolution of
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Figure 3.4: Sketch of the CMS silicon tracking system with its subsystems as described
in the text. The lines represent the individual pixel- and strip-sensor modules. Stereo
modules are indicated with a double line. Taken from [73].
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where @ refers to addition in quadrature and @ is the particle charge (pr in [GeV],
otherwise SI units) [19,83]. From the first term, which is linear in pr, it can be seen
that it is beneficial to have a good spatial hit resolution o, a large magnetic field B, a
large tracker length L and a large number of hits N (assumed to be equidistant here,
valid for about N > 10). The second term oyg,¢ derives from multiple scattering,
which depends on the amount of material in units of radiation length? x/Xy. oars.er 18
independent of pr and hence the dominating term at low pr (< 10GeV at CMS). For
a good impact-parameter and vertex resolution, it is additionally required to measure
as close as possible to the interaction point.

S¥ OMS,rel, (33)

Other aspects that need to be taken into account for the design of the tracker
are a high track multiplicity of about 1000 particles per bunch crossing at the design
luminosity and energy, the high bunch-crossing rate and a high radiation level due
to the large particle flux traversing the detector, especially close to the interaction
point. As a result, the semiconductor silicon was chosen as detector material for the
inner tracking system because it can be used to build finely-segmented sensors with
high resolution, fast response and readout and sufficient radiation hardness. The latter
aspect is discussed and studied in detail in the second part of this thesis (Sec. 11ff.),
where also more information on the principles of silicon detectors is given. A system
for cooling down to —10°C is needed to limit noise due to radiation-induced leakage

2The radiation length X is defined as the mean distance inside a material after which the energy
of an electron is reduced to 1/e of its original energy due to bremsstrahlung. It also corresponds to
7/9 of the mean free path of a photon for eTe™-pair production.
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current.

The CMS detector has the largest silicon tracker of all particle physics experiments
to date with a sensitive area of about 200 m?. It has a length of 5.8 m with a radius of
1.1 m and covers the range up to |n| = 2.5 An overview is given in Fig. 3.4. The tracker
is divided into different parts, taking the decrease of particle flux from the interaction
point outwards into account.

Pixel Tracker

The region closest to the interaction point is subject to the largest track density. To
keep the sensor-cell occupancy at a level of 107* and obtain an unambiguous space-
point measurement, pixel detectors are chosen with a cell size of 100 x 150 ym?. In
total, there are 1,440 modules with 66 million pixels. They are arranged in three
cylindrical barrel layers with radial distances of 4.4, 7.3 and 10.2 cm to the beam line
and two endcap discs at each side of the barrel. With a high hit efficiency well above
99%, the pixel detector typically measures three hits for || < 2.2 and two hits for
2.2 < |n| < 2.5. The spatial hit resolution is measured to be about 10 ym along the
short pixel edge (r® in the barrel) and 20 to 45 um along the long pixel edge (z in the

barrel), depending on the incidence angle [84].

Strip Tracker

To reduce the number of readout channels and hence the amount of material, power
consumption, cost and data volume, silicon strip detectors are employed at larger radii
of 20 to 116 cm, where the smaller track density permits a larger cell size. The strip
tracker consists of 15,148 strip modules with about 10 million readout channels and is
further subdivided into different parts. The Tracker Inner Barrel and Discs (TIB/TID)
are composed of four barrel layers with strips parallel to the beam line and three endcap
discs at each side with radial strips. The strips have a pitch of 80 to 141 um, a length
of 10cm and a sensor thickness of 320 pum, resulting in an occupancy of 2 to 3% and
an r® resolution of 16 to 27 pum in the barrel [84]. The Tracker Outer Barrel (TOB)
with six layers and the Tracker Endcaps (TEC) with nine discs at each side use strips
with 97 to 184 pum pitch, 25cm length and 320 to 500 um sensor thickness. This
leads to an occupancy at the percent level and an r® resolution of 25 to 41 pm in the
barrel [85]. Some of the inner layers of all strip tracker subdivisions have an additional
module mounted back-to-back on the first one under a stereo angle of 100 mrad, thereby
providing also a position measurement in the direction along the strips (z in the barrel,
rin the endcaps). The resulting z resolution is 230 ym in TIB and 530 pm in TOB [73].

The design and performance of the tracker provide a pr resolution at the percent
level for tracks up to 100 GeV [73], a transverse impact parameter resolution of better
than 30 pum for central tracks with pr > 5GeV and a primary vertex resolution of
better than 30 pm for vertices with at least 30 tracks [86].
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3.2.2 Electromagnetic Calorimeter

The electromagnetic calorimeter (ECAL) surrounds the tracker and is intended to mea-
sure the energy and position of mainly electrons and photons, which induce electro-
magnetic showers in the material. Also here the design is driven by the requirements of
a fast, radiation-hard and high-resolution detector, which is vital for the measurement
of the Higgs boson decaying into two photons. In addition, a high-density material is
needed to fit into the limited space within the solenoid. As a result, the ECAL is made
of lead tungstate (PbWQ,) crystals, which act both as absorbers with a short radiation
length (Xo = 0.89 ¢cm) and as scintillators with a fast decay (80% of the light is emitted
within 25ns). The scintillation light with wavelengths around 420 nm is detected by
avalanche photodiodes (APD) in the barrel and vacuum phototriodes in the endcaps.

The ECAL barrel (EB) is located at a distance of 1.3 m from the beam pipe and
covers the region up to |n| < 1.479. It is equipped with 61,200 crystals with a high
granularity of 0.0174x0.0174 in n-® corresponding to 22x 22 mm? at the front face. The
length of 230 mm corresponds to 25.8 X;. They are slightly tilted by 3° with respect
to the direction towards the interaction point to avoid particles passing through the
cracks of the crystals.

The ECAL endcaps (EE), one at each side of the barrel, extend the geometrical
coverage to |n| < 3.0. The 7324 crystals have a front-face cross section of 28.6 x
28.6 mm? and a length of 220 mm corresponding to 24.7 X, and are also slightly tilted.
In front of each EE disc, a preshower detector covers the region 1.653 < |n| < 2.6. Tt is
a two-layer sampling calorimeter consisting of lead as absorber with a total of 3 X and
silicon strip sensors. Its high spatial resolution improves the discrimination between a
neutral pion decaying into two photons and a single photon.

The performance of the ECAL has been studied in test beams. The relative energy
resolution for electrons is measured as

o(E) 2.8% 12%

= ®
E  \/E/GeV =~ E/GeV

The first term arises from stochastic effects due to fluctuations in the lateral shower
containment, photostatistics and preshower energy deposition, the second term comes
from noise and the third constant term from non-uniformity of the longitudinal light
collection, intercalibration errors and energy leakage from the back.

® 0.3%. (3.4)

Thus, the relative resolution is found to be better than 0.5% for electrons with
pr > 50 GeV.

3.2.3 Hadronic Calorimeter
The hadronic calorimeter (HCAL) is a sampling calorimeter intended to measure the

energy and position of charged and neutral hadrons. Its design is driven by space
restrictions between the ECAL and the solenoid.
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The barrel (HB, |n| < 1.3) and endcaps (HE, 1.3 < |n| < 3.0) are mainly composed
of non-magnetic brass with an interaction length® of A; = 16.4cm (the first and last
layer is made of steel), interspersed with plastic scintillator tiles. They are readout via
wavelength-shifting fibres connected to hybrid photodiodes (HPD). The calorimeter is
segmented and arranged in towers of 0.087 x 0.087 in n-® (0.17 x 0.17 for |n| > 1.6),
whose axes point to the interaction point. One tower matches to 5 x 5 ECAL crystals.
Whereas the HE has a sufficient depth of about 10 A;, the HB is restricted by available
space to only 5.8 A for || = 0 (plus a contribution of about 1A; from the ECAL).
Thus, the barrel is complemented by the outer calorimeter (HO) outside the solenoid,
which extends the depth to at least 11.8 A;. Tt uses the solenoid itself and partly
additional steel as absorber in combination with additional scintillator layers.

The forward calorimeter (HF) is placed at z = £11.2m and extends the coverage
up to |n| = 5.2. The high particle flux in this region requires radiation-hard materials.
Thus, Cherenkov-light-emitting quartz fibres are chosen as active material. Together
with steel as absorber, they are arranged in towers of 0.175 x 0.175 in n-®. To com-
pensate the missing ECAL in this region, quartz fibres of different lengths are used to
identify early-showering electrons and photons.

The performance of the HCAL has been studied in test-beam data. For a 50 GeV
jet, a relative energy resolution from the combined ECAL and HCAL system of 15 to
20% is obtained. However, the particle-flow object-reconstruction framework employed
at CMS greatly improves the resolution to a few percent for large parts of the phase
space by combining the information from all CMS subdetector systems (see Sec. 5).

3.2.4 Muon System

Muons are typically considered as minimum-ionising particles (except at high energies)
and traverse the tracker and calorimeters without significant energy loss in contrast
to other particle types. Thus, they can be efficiently identified by dedicated muon
detectors outside the calorimeters, which also provide an additional momentum mea-
surement. Their signature often provides a good signal-to-background discrimination
and is hence heavily used in many analyses and for triggering (see below).

The muon system is shown in Fig. 3.5. It is embedded into the return yoke of the
solenoid. Due to the needed large area coverage at radii from 4 to 7m, gaseous detectors
are chosen. Different technologies are used as the conditions vary with pseudorapidity.

In the barrel region with a low particle flux and a homogeneous magnetic field,
four layers (called stations) of drift tube chambers (DT) are installed, which extend
up to |n| = 1.2. Each station has tubes aligned along the beam line, measuring in
r®, and the first three also perform a measurement in the perpendicular z direction.
The endcap discs ranging from || = 0.9 to 2.4 are equipped with four stations of
cathode-strip chambers (CSC), which can cope better with the higher particle flux
and the stronger and less homogeneous magnetic field in this region. CSCs work as

3The interaction length A; is defined as the mean free path of a hadron before undergoing an
inelastic nuclear interaction.
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Figure 3.5: Sketch of the muon system subdetectors for a quarter of the CMS detector
in an r-z view. Taken from [73].

multi-wire proportional chambers. Cathode strips running radially with respect to the
beam line and wires perpendicular to these strips provide measurements in r® and 7,
respectively. Both the DTs in the barrel and the CSCs in the endcaps up to |n| = 1.6
are complemented by resistive plate chambers (RPC), which consist of a gas-filled gap
between two plates with high resistivity and are operated in avalanche mode. They
provide good timing information, but a less precise position determination than the
other systems. Thus, they are mainly used to improve the bunch-crossing assignment
and for trigger purposes.

The relative pr resolution of the muon system alone is about 10 to 20% in the central
part up to about 1TeV. For a precise momentum determination, a combined track
is formed from hits in the inner tracking detector and muon system (see Sec. 5.1.3),
resulting in a pr resolution of about 1 to 2% in the barrel [87] between 20 and 100 GeV.
At high pr, the muon system significantly contributes with its large lever arm, keeping
the resolution below 10%.

3.2.5 Trigger System and Data Acquisition

Due to the high granularity and large numbers of readout channels of the CMS detector,
the data size of one event is about 1 MB. In combination with the large bunch-crossing
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rate of nominally 40 MHz (20 MHz to date), the amount of produced data exceeds the
one that can be stored and analysed in detail by far. A rate suppression by more than
five orders of magnitude to 100 to 300 Hz is needed and achieved by the trigger system.
Its task is the fast and efficient online selection of potentially interesting events that
are intended to be analysed offline. It works in two steps. For certain objects used in
this analysis, a more detailed description of the online reconstruction is also given in
Sec. 5.

First, the rate is reduced to about 100kHz by the hardware-based level-1 (L1)
trigger step. The time for a decision is limited to 3 ps per event, during which the
data is stored temporarily in data pipelines. Only information from the calorime-
ters and the muon system with a reduced granularity can be processed fast enough.
Track reconstruction in the inner tracking system is too time-consuming. From this,
primitive particle candidates and global energy sums are reconstructed with simplified
algorithms. This is done first locally and regionally in the individual detector systems
(global calorimeter and global muon trigger) and subsequently merged in the global
trigger. Finally, an event is selected for further processing if certain thresholds are
passed, e.g. related to pr, 1 or object-identification criteria.

In a next step, the selected data is processed by the high-level trigger (HLT). As
it is software based and information from all subsystems can be analysed with more
sophisticated algorithms, it is already similar to the offline reconstruction and selection.
However, also here the time is limited to 50 ms per event, so that time-consuming
algorithms such as track reconstruction are only performed in interesting regions. The
event is finally recorded for offline analysis if the requirements of at least one trigger
path are met.

As shown in Fig. 3.2, the instantaneous luminosity increased significantly during
2011, and along with it the event rate. To keep the total trigger rate constant, differ-
ent techniques are possible. Ideal would be to find improved trigger algorithms with
a higher background suppression at a constant efficiency. Alternatively, the trigger
thresholds can be raised or additional identification criteria can be introduced, which
mostly leads to a reduced signal acceptance or efficiency. Also, completely new trigger
paths can be created by combining e.g. single-lepton and jet trigger paths. If triggers
with certain thresholds but too high rates are wished to be kept for dedicated purposes,
they can be recorded with a prescale n such that only every n-th event fulfilling the
trigger requirement is stored.

3.2.6 Luminosity Measurement

According to Eq. 3.1, the instantaneous luminosity can be obtained by measuring the
rate of a process with a precisely known cross section or other parameters that are
correlated with the luminosity.

For online luminosity monitoring at CMS, the HF calorimeter is used [88]. Either
the zero-counting method is applied, which measures the average fraction of empty HF
towers, or the average transverse energy per tower is measured.
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Also for offline luminosity determination, different methods are available, which are
based on rate measurements in the HF or tracker. The luminosity used for this analysis
was obtained with the pizel-cluster-counting method, which measures the number of
clusters in the pixel system per bunch crossing [89].

In all cases, the absolute luminosity calibration is performed with Van-der-Meer
separation scans [90]. The rate corresponding to the methods above is measured as a
function of transverse beam separation, which allows to determine the effective beam
profile. Together with measurements of the beam currents giving the number of protons
per bunch, this is used to calculate the absolute luminosity according to Eq. 3.2.



Chapter 4

Event Simulation

The prediction of the outcome of experiments is an important task in developing, vali-
dating or falsifying theoretical models. In Sec. 2.2.1 the theoretical framework for the
calculation of cross sections at hadron colliders using PDFs and partonic cross sections
was introduced. However, between the production of particles in a hard-scattering col-
lision described at limited perturbative orders and the actual measurement of signals in
a detector, the particle objects evolve through parton showering, hadronisation, decay
and interaction with the detector material, as illustrated in Fig. 4.1. The single steps
are explained in detail below. This complete chain of evolution of a collision event is
simulated numerically with the help of Monte-Carlo (MC) event generators, utilising
random numbers. The resulting output has the same format as recorded events in real
data, so that the whole data analysis can be performed equally on simulated events.
In fact, the simulation is often used to design and optimise the analysis strategy such
as the event selection. After a thorough validation that the simulation gives reliable
results, e.g. by data-to-simulation comparisons of control distributions, the simulation
can be also used to correct the data to one of the intermediate levels in Fig. 4.1.
For example, it is used to estimate reconstruction and selection efficiencies. Also, the
background contamination of a selected sample can be estimated from the simulation.

4.1 Simulation Chain and Event Generators

An overview on the different simulation steps is given in the following. Some event
generators cover the whole chain up to the hadronisation step, e.g. PYTHIA [93] and
HERWIG [94], whereas others are specialised to only parts of it.

4.1.1 Hard Scattering

As first step, the hard scattering is simulated based on the factorisation into PDFs
and the partonic matrix element (ME), which is calculated perturbatively. The multi-
purpose event generators PYTHIA and HERWIG can only calculate 2 — 2 matrix ele-
ments at LO, i.e. with two initial- and two final-state partons. In contrast, the gen-
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Figure 4.1: Object-evolution levels, corresponding to the different steps of event simu-
lation. Taken from [91,92| and modified.

erators MC@NLO [95] and POWHEG [96, 97| calculate 2 — 2 matrix elements at NLO,
i.e. they take Feynman diagrams with one loop (virtual radiation) or one additionally
emitted parton (real initial- or final-state radiation (ISR/FSR)) into account. More-
over, so-called multi-leg generators can simulate processes at tree-level including real
emission of further partons (but without the inclusion of virtual radiation in loops).
For example, MADGRAPH [98,99] can simulate 2 — n processes, with n up to 9. This
technique is beneficial for processes, for which a large amount of hard ISR/FSR is
expected, such as for tt production or its dominant backgrounds W /Z-+jets.

The object-evolution level after this step is referred to as ME or parton level before
radiation.

4.1.2 Parton Showering and Matching

As explained above, the simulation of the hard scattering results in a limited number
of partons in the final state due to the limited order of perturbation theory applied.
Higher-order corrections including additional ISR/FSR from the branching of the par-
tons are approximated by the parton-shower (PS) concept, which is assumed to be
universal and hence can be applied to all QCD processes. It involves the evolution
of the partons created at the high energy scale of the hard scattering down to lower
scales, until finally oy ~ 1 at about 1GeV, where the non-perturbative hadronisa-
tion starts (see below). The evolution is mathematically described by the DGLAP
equations [100-102]. Parton-showering algorithms are included in the multi-purpose
event generators PYTHIA and HERWIG with different implementations, e.g. different
ordering of the evolution scale (transverse-momentum-ordered and angular-ordered,
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respectively). Via an interface, they can be also used in case the hard scattering is
simulated by the other specialised generators mentioned above. If the hard-scattering
generators themselves are used to simulate, at least partly, hard additional radiation,
special care needs to be applied. A matching between the hard-scattering generator
and the parton shower has to be performed such that double counting of parton emis-
sion in the same phase-space region is avoided. To achieve this, MADGRAPH uses the
kr MLM algorithm [103], which vetoes the emission of partons via showering above
a user-defined matching threshold. On the contrary, POWHEG and MCQNLO use two
different subtraction schemes.

The object-evolution level after this step is referred to as parton level after radiation.

4.1.3 Hadronisation

Having evolved to an energy scale of about 1 GeV, hadronisation into colourless baryons
or mesons begins. The corresponding models are phenomenological and have to be
tuned to measurements. The same generators used for parton showering are also
utilised for hadronisation, i.e. either PYTHIA or HERWIG, which employ completely
different models.

In PYTHIA, the Lund string model is applied to describe the fragmentation of the
partons after showering. It is based on the assumption that the colour potential between
two partons increases linearly with their separation for distances larger than about
1fm, leading to colour-field strings between them. At a certain distance threshold, it
becomes energetically beneficial to create a qq pair from the string energy, which breaks
the string into two separate colour-singlet parts. After possibly several iterations, on-
shell hadrons form from the remaining groups of colour-connected partons.

In contrast, in the cluster model, which is used in HERWIG, all gluons are first split
into qq pairs, before quarks that are close to each other in phase space are grouped
to colourless clusters. After potentially splitting heavy clusters to lighter ones, the
remaining light clusters finally decay isotropically in their rest frames into pairs of
hadrons.

In addition, the decay of short-lived particle resonances is simulated by the gener-
ators.

The object-evolution level after this step is referred to as hadron or particle level.

4.1.4 Underlying Event and Pile-Up

The partons initiating the hard interaction are accompanied by the other constituents
of the colliding hadrons, which form so-called beam remnants. These are coloured and
therefore hadronise as well, providing additional particles in the final state. Further-
more, the partons of the beam remnants might also interact with each other, leading to
multiple-parton-interactions. All these effects not deriving from the primary hard in-
teraction are collectively referred to as underlying event (UE) and need to be described
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by phenomenological models in HERWIG and PYTHIA tuned to data. In this analysis,
the PYTHIA Z2 tune is used [104]. Moreover, at high luminosities, multiple-hadron in-
teractions called pile-up (PU) occur. They can be described completely independently
from each other and are simulated with PYTHIA.

4.1.5 Detector Simulation

After the simulation of the collision and its subsequent evolution, it is of paramount
interest how such an event is actually measured by the detector. Only a detailed
simulation of the geometry of the detector including its magnetic field, the interaction
of the particles with this material (both dead and active sensor components) and the
complete electronic readout chain allows a direct comparison between events from the
simulation and real data. A full simulation of the CMS detector is implemented using
the GEANT4 software package (v. 9.4) [105,106]. A good agreement between simulation
and data is observed and residual deviations are corrected.

The object-evolution level after this step is referred to as reconstruction level.

4.2 Simulated Samples

The simulated MC samples used in this analysis are generated in the course of the
Fall11 CMS MC production. An overview is given in Tab. 4.1. Some more details, in
particular concerning the used generator setups, can be found in [107].

At hard-scattering level, events with top-quark pairs with up to three additional
partons as well as the production of W and Z bosons! with up to four additional partons
are simulated with MADGRAPH (v. 5.1.1). For the determination of certain systematic
uncertainties and for comparison to the final results, tt events are additionally simulated
with POWHEG (v. 1.0) and MC@NLO (v. 3.41). POWHEG is also used to generate single-
top and single-antitop-quark events in the s, t and tW channels. Events with two
vector bosons (WW, WZ, ZZ) are simulated? with PYTHIA (v. 6.424), as well as QCD-
multijet production. For the muon channel, multijet events with pr > 20 GeV and a
preselection of at least one muon with pf > 15 GeV are simulated®. For the electron
channel, one filter enriches the QCD-multijet sample with events including electrons
from the decay of hadrons with b or ¢ quarks (BCtoE). Another one preselects events
in which final-state particles might be misreconstructed as electrons (EM enriched).
In both cases, there are three different samples for pr from 20 to 30, 30 to 80 and 80
to 170 GeV.

The LO hard-scattering generators MADGRAPH and PYTHIA use the CTEQ6L1
LO PDF set, whereas the NLO generators POWHEG and MC@NLO apply the CTEQ6M

'Here, Z-boson production refers to all Z/v* processes, i.e. it includes production via a virtual
photon. An invariant dilepton mass of m* > 50 GeV is required.

2For the WZ and ZZ simulation, an invariant mass of m® > 40 GeV is required.

3p7 refers to the pr of the outgoing partons of the hard 2—2 process simulated by PYTHIA before
parton showering in their rest frame.
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NLO PDF set [108]. MADGRAPH, POWHEG and PYTHIA use PYTHIA for parton show-
ering, hadronisation and UE simulation, whereas MC@QNLO is interfaced to HERWIG (V.
6.520).

The renormalisation and factorisation scale are subsumed under the (squared) hard-
scattering scale Q2. For tt and single-(anti)top production with POWHEG or MCQNLO,
the scale is set to Q% = m?. For tt and W/Z+jets production with MADGRAPH, it
is set to Q* = m% + Y, pp,;, Where mx refers to the mass of the top quark, W or
7 boson, respectively. The sum runs over the transverse momenta of the additional
partons from the ME. The MADGRAPH matching threshold is set to 20 GeV for tt and
10 GeV for W/Z+jets production. The initial parton-shower evolution scale is coupled
to the ) value, but can differ by a tuned factor between 1 and 2.

In addition, specific samples are produced with systematic variations of the @Q?
scale, matching threshold and top-quark mass (see Sec. 9). For an unfolding closure
test, a Z' boson of 750 GeV mass is simulated with MADGRAPH (see Sec. 8.2.5).

4.3 Normalisation and Correction of Simulation using
Event Weights

The simulated events need to be corrected for various reasons. These corrections are
performed using event weights. Each simulated event is assigned a statistical weight
w that can be either the same for all simulated events or might depend on specific
properties of an event or its objects.

4.3.1 Normalisation to Integrated Luminosity and Higher Or-
der Cross Sections

Ideally, more events than expected from the integrated data luminosity are generated in
order to enhance the statistical precision of the simulated sample. Moreover, inclusive
cross-section calculations are typically available at higher perturbative orders than
implemented in the matrix-element calculation of the event generators. Thus, the
simulated event number N, is normalised to match the expected number of events
for the integrated data luminosity of this analysis using the higher-order cross section.
The following event weight is applied:

o-L
Ngen.

w =

(4.1)

The values for o and N, are given in Tab. 4.1. For tt production, an NNLO-+NNLL
cross-section calculation is taken (using m; = 173.3GeV and MSTW2008 NNLO
PDF) [41]. For single-top processes, the cross sections are provided by approximate
NNLO calculations [47-49]. NNLO cross sections for W-boson production in the lep-
tonic decay channels (W — [v) as well as Z-boson production decaying into two leptons
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[ Sample | Generators (ME + PS) | Ngen | o [pb] |
Central Samples
tt — X Main Sample MADGRAPH + PYTHIA | 3,701,947 172.0
W — v MADGRAPH + PYTHIA | 81,345,381 31,314
Z)v* — 1= (m" > 50 GeV) MADGRAPH + PYTHIA | 36,209,629 3,048
t (s-ch.) POWHEG + PYTHIA 259,971 2.7
t (t-ch.) POWHEG + PYTHIA 3,900,171 41.9
t (tW-ch.) POWHEG + PYTHIA 814,390 7.9
t (s-ch.) POWHEG + PYTHIA 137,980 14
t (t-ch.) POWHEG + PYTHIA 1,944,826 22.7
t (tW-ch.) POWHEG + PYTHIA 809,984 7.9
QCD p enr. PYTHIA 25,080,241 84,679
QCD EM enr., jr 20-30 PYTHIA 35,721,883 | 2,502,660
QCD EM enr., pr 30-80 PYTHIA 70,392,060 | 3,625,840
QCD EM enr., pr 80-170 PYTHIA 8,150,672 | 142,813
QCD BCtoE, pr 20-30 PYTHIA 2,071,133 | 139,299
QCD BCtoE, pr 30-80 PYTHIA 2,030,033 | 143,845
QCD BCtoE, pr 80-170 PYTHIA 1,082,691 9,431
ww PYTHIA 4,225,916 43
WZ (m* > 40 GeV) PYTHIA 4,265,243 18.2
Z7Z (m* > 40 GeV) PYTHIA 4,191,045 5.9
Samples for Systematic Variations and Other Studies

tt — X Additional Central Sample POWHEG + PYTHIA 16,439,970 172.0
tt — X Additional Central Sample MC@NLO + HERWIG 16,810,548 172.0
tt — X Q? Scale Up MADGRAPH + PYTHIA | 3,696,269 172.0
tt — X Q? Scale Down MADGRAPH + PYTHIA | 4,004,587 172.0
tt — X Matching Scale Up MADGRAPH + PYTHIA | 4,029,823 172.0
tt — X Matching Scale Down MADGRAPH + PYTHIA | 1,545,688 172.0
tt — X Mass Up (184.5 GeV) MADGRAPH + PYTHIA | 1,671,859 172.0
tt — X Mass Down (161.5 GeV) MADGRAPH + PYTHIA | 1,620,072 172.0
W — fv Q? Scale Up MADGRAPH + PYTHIA | 9,784,907 31,314
W — fv Q? Scale Down MADGRAPH + PYTHIA | 10,092,532 31,314
W — fv Matching Scale Up MADGRAPH + PYTHIA | 10,461,655 31,314
W — v Matching Scale Down MADGRAPH + PYTHIA 9,956,679 31,314
Z[y* — 70~ Q? Scale Up MADGRAPH + PYTHIA | 1,593,052 3,048
Z/y* — €74~ Q? Scale Down MADGRAPH + PYTHIA | 1,658,995 3,048
Z/~v* — £T¢~ Matching Scale Up MADGRAPH + PYTHIA 1,641,367 3,048
Z/v* — £T¢~ Matching Scale Down | MADGRAPH + PYTHIA 1,615,032 3,048

t (s-ch.) Q? Scale Up POWHEG + PYTHIA 285,972 2.7

t (s-ch.) Q? Scale Down POWHEG + PYTHIA 285,602 2.7
t (t-ch.) Q? Scale Up POWHEG -+ PYTHIA 1,032,197 41.9
t (t-ch.) Q? Scale Down POWHEG -+ PYTHIA 1,039,406 41.9
t (tW-ch.) Q2 Scale Up POWHEG + PYTHIA 437,736 7.9
t (tW-ch.) Q% Scale Down POWHEG + PYTHIA 437,819 7.9
t (s-ch.) Q% Scale Up POWHEG + PYTHIA 153,981 14
t (s-ch.) Q? Scale Down POWHEG + PYTHIA 153,971 1.4
t (t-ch.) Q? Scale Up POWHEG -+ PYTHIA 565,520 22.7
t (t-ch.) @? Scale Down POWHEG + PYTHIA 565,454 22.7
t (tW-ch.) Q2 Scale Up POWHEG + PYTHIA 437,798 7.9
t (tW-ch.) Q% Scale Down POWHEG + PYTHIA 437,863 7.9
7" 750 GeV MADGRAPH + PYTHIA 206,525 3.2

Table 4.1: Overview on the simulated samples: MC event generators used for the hard
scattering + parton shower, number of simulated events N, and cross section o used
for normalisation (see text).



38

Event Simulation

with an invariant dilepton mass larger than 50 GeV (Z/v* — (1£~) are calculated with
FEWZ [109]. For diboson production, the parton-level integrator MCFM [45] is used
to compute NLO cross sections. For QCD-multijet production, only a LO cross-section
calculation from PYTHIA is available. The Z’ cross section is taken from [60]. The
cross-section values given in Tab. 4.1 always refer to the exact simulated process, i.e.
they include the appropriate branching ratios and efficiencies of the applied filters.

4.3.2 Pile-Up Reweighting

PU interactions as introduced above have a large influence on the analysis (e.g. jet
energy, lepton isolation etc.) as will become apparent from Sec. 5. Although efforts are
made to mitigate their effects (see Secs. 5.1.2, 5.1.5), it is vital that the simulated PU-
multiplicity distribution agrees with the one in data. Both are compared in Fig. 4.2.
The simulated distribution is known by construction from the simulation setup, whereas
the one in data is estimated from the instantaneous luminosities of all colliding bunch
pairs and the total inelastic cross section for proton-proton interactions of 73.5+1.6 mb
as determined by the TOTEM collaboration [110]. A mean PU multiplicity of 9.5 for
the full 2011 dataset is obtained. Although both distributions have a maximum at
about 6 PU interactions, especially the tails at high PU multiplicities differ. Thus,
event weights as a function of the number of PU events are calculated from the ratio
of the data to the simulated distribution and are applied to the simulated events [111].
The weights are normalised such that their mean is 1, thereby leaving the total number
of simulated events unaffected. This procedure is referred to as PU reweighting and is
the recommended standard approach at CMS [112].
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Figure 4.2: Comparison of pile-up distributions for data and the simulated samples
before reweighting.

In order to verify the correctness of the PU reweighting, the distributions for the
number of reconstructed primary vertices Npy are compared for simulation and data
(more details on their reconstruction is given in Sec. 5.1.2). This distribution corre-
sponds to the number of PU events folded with the probability of about 70% that such
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Figure 4.3: Distribution of reconstructed primary vertices Npy after PU reweighting
for the muon-jets (left) and the electron-jets (right) channel after the full event selec-
tion. For more details on the event selection and the presentation of such monitoring
distributions, see Sec. 5.

an event yields a reconstructed vertex [113], plus the vertex from the hard primary
interaction. As illustrated in Figure 4.3, the distributions agree well for both decay
channels after the full event selection.

4.3.3 Data-Driven Efficiency Corrections

The performance of the CMS detector simulation is validated and corrected for using
measurements in data. Data-to-simulation scale factors (SF) for the trigger, lepton
selection and b-tagging efficiencies are applied to the simulation as event weights. This
is explained in detail in Sec. 6.



Chapter 5

Object Reconstruction and Event
Selection

Before events of a certain particle-physics process can be analysed, they need to be
reconstructed from the detector raw data and discriminated against events from back-
ground processes. In a first step, basic objects like tracks, vertices and calorimeter clus-
ters are reconstructed, followed by the reconstruction of single particles in a particle-
flow approach (see below). From this particle collection, higher-level physics objects
like jets are derived. Subsequently, further identification (ID) and selection steps to re-
duce background contamination are applied in order to obtain a clean sample of events
from the process of interest.

This analysis is performed on tt events in the £+ jets channel (see Sec. 2.2.2). Thus,
the final state comprises one isolated lepton' from a W-boson decay, a corresponding
neutrino resulting in missing transverse energy (E=), and four quarks (two light and
two b quarks) hadronising into jets. QCD higher-order contributions can result in
additional jets.

The reconstruction and selection is based on the common reference selection recom-
mended by the CMS Top-Quark-Physics Analysis Group, similar to the documentation
in [114]. In addition, it is optimised for high signal purity, which is mandatory for differ-
ential cross sections that rely on the correct reconstruction of the kinematic top-quark
quantities. This is achieved by the use of b-jet identification.

5.1 Object Reconstruction and Selection in the
Particle-Flow Framework

The whole object reconstruction is based on the particle-flow (PF) technique [115],
which attempts to reconstruct every stable particle individually, thereby distinguish-

!Phenomenologically, a lepton (here: muon or electron) is referred to as isolated if it is produced
by a real W or Z boson, i.e. not by a hadron decay inside a jet. Experimentally, isolation refers to the
amount of energy deposited in a cone around the leptons (see below).
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ing muons, electrons, photons and charged and neutral hadrons. Such a global and
consistent reconstruction approach is made possible by using complementary informa-
tion from all detector subsystems. Due to its well-performing tracker, the separation
power of the high magnetic field, the high-granularity ECAL and the hermeticity of
ECAL and HCAL, the CMS detector is especially well-suited for the application of
PF reconstruction. In particular, the performance of the reconstruction of collective
objects such as jets and EX* benefits from this, as well as the one of charged-lepton
isolation.

Single particles are reconstructed from blocks of linked elementary signatures like
charged-particle tracks, vertices and calorimeter clusters, and identified by applying
certain quality criteria. As this procedure is performed successively and already asso-
ciated elementary signatures are removed, ambiguities are avoided.

5.1.1 Track Reconstruction

Track reconstruction at CMS is performed in the challenging environment of a large
track and hit density and of a large amount of detector material leading to substantial
multiple scattering, energy loss and interactions. The standard track-reconstruction
algorithm capable of coping with these conditions is the combinatorial track finder [116]
based on a Kalman Filter (KF) [117]. The first step consists of seed finding in the inner
tracker layers, which are identified either as hit triplets or as doublets with additional
beam-spot constraint. From this, a starting trajectory is determined and extrapolated
to the next detector layer, which is scanned for compatible hits around the predicted
point. In case a hit is found, it is added to the trajectory, which is updated by using the
KF fit. This procedure is repeated as long as compatible hits are found, maximally up
to the last layer. Finally, the complete collection of identified hits is refit with the KF
method both inside-out and outside-in. The combination gives the best estimate of the
fit parameters. This procedure is performed in an iterative manner. In the first step,
stringent fit criteria are applied, which are subsequently loosened in further iterations
after removing the hits associated to the tracks from earlier iterations.

For non-Gaussian distributions like in the case of electron bremsstrahlung, opti-
mised adaptations of the KF like the Gaussian Sum Filter (GSF) are used as detailed
in Sec. 5.1.4.

5.1.2 Primary-Vertex Reconstruction and Charged-Hadron
Subtraction

The position of the primary vertex (PV) corresponding to the pp-interaction point
varies due to the spread of the protons in the colliding bunches. Thus, it needs to be
determined for each event. Moreover, due to pile-up more than one PV can be present
in the event.

A PV is reconstructed from tracks fulfilling certain quality criteria on the number
of associated hits in the inner tracking system, the normalised x? of the trajectory fit
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and the impact parameter with respect to the nominal beam spot [86]. A group of good
tracks is considered as a vertex candidate if they are closer than 1cm in longitudinal
direction at their point of closest approach to the beam line. These candidates are used
as input to an adaptive vertex-fitting procedure [118|. Each track is assigned a weight
according to its compatibility to the fitted vertex, with the sum of these weights being
denoted as the degrees of freedom (ndof) of the vertex.

A PV is considered well-reconstructed if ndof > 4 and if it lies within a longitudinal
distance of |z| < 24 ¢m and a transverse distance of p < 2c¢m to the nominal interaction
point.

Finally, the vertex corresponding to the hard pp interaction of interest is determined
as the one with the highest p% sum over all tracks associated with the vertex. Other
primary vertices are considered as coming from pile-up interactions. In the framework
of PF, the impact of pile-up effects can be mitigated by removing all charged hadrons
originating from these identified pile-up vertices from the event. Thus, they are neither
taken into account for jet clustering nor for the calculation of lepton-isolation variables
as explained in the following.

5.1.3 Muons
Basic Reconstruction

Muons are reconstructed from a track in the muon system and/or a track in the inner
tracker. There are three main reconstruction methods used in CMS [87]:

Standalone muons are based on hits in the muon system only, which are fit with
the KF algorithm starting from track segments in the innermost muon chambers. This
method is mainly used for the reconstruction of cosmic muons as the volume of the
muon system is much larger than the one of the tracker. For pp interactions, however,
the addition of tracker information increases the precision largely.

Thus, for the global-muon reconstruction method, each standalone track is matched
to a tracker track (outside-in approach) and a combined KF fit of corresponding hits
from both the muon system and the tracker is performed. The combination of the
superior tracker momentum resolution with the large lever arm of the muon system
guarantees an optimum performance over a wide pr range (see Sec. 3.2.4). Especially
above 200 GeV, the resolution is improved over the tracker-only fit, which is the third
muon-reconstruction method.

In the tracker-muon reconstruction method (inside-out approach), tracks from the
inner tracker are considered as potential muon candidates. If the track extrapolation
to the muon system (taking expected energy loss and multiple-scattering effects into
account) matches at least one muon segment, the candidate is selected as tracker muon.
As only one muon segment is required, the efficiency of strongly bent tracks at low pr
is improved compared to global muons that need more segments.

Muons used within the PF framework are based on global muons [119]. Also non-
isolated muons inside jets are intended to be reconstructed. As it is very important for
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the reconstruction of neutral hadrons in jets that charged hadrons are not misidentified
as muons, non-isolated PF muons undergo a loose pre-identification step. It is based
on a loose requirement on a minimum number of hits of the muon track and the
compatibility of associated calorimeter deposits and muon segments with the muon
expectation.

Selection: Identification and Isolation

For the tt-event selection, further identification and isolation requirements are applied
to the basic PF muons in order to suppress background from misreconstructed or real
leptons from other processes.

Tight Muon

A tight muon is required to be reconstructed as a tracker muon in addition to the
global-muon requirement, which is already part of the PF muon definition. For a
good identification and a precise determination of the momentum, certain track-quality
requirements are applied. The global track fit is required to have a x?/ndof < 10 and
to include at least one valid hit in the muon system. Its corresponding tracker track
should have at least 11 tracker hits including one hit in the pixel detector and be
matched to the outer track segments of at least two stations of the muon system.
To assure that the muon originates from the initial pp collision, the two-dimensional
impact parameter dg with respect to the beam spot is required to be smaller than
0.02 cm and the distance between the z position of the origin of the muon track and
the z component of the primary vertex, Az, is required to be smaller than 0.5 cm.
With this selection, cosmic muons and muons from the in-flight decay of light hadrons
are significantly suppressed.

In order to exclude non-prompt muons from semileptonic decays of hadrons within
a jet as well as misidentified charged hadrons from a jet punching through to the muon
system, the muon is demanded to be isolated. A relative PF isolation variable (I,.;)
is defined as the summed pr of PF charged and neutral hadrons (ch.h., n.h.) and PF
photons () within an opening cone of AR < 0.4 around the selected muon, divided

by its pr:

ch.h. n.h. 9
[, = 2Py + ZMPT +2p7 (5.1)
Dy

In order to remove noise and pile-up effects, only photons and neutral hadrons with
pr > 500MeV and charged hadrons from the main primary vertex are taken into
account. A muon is considered to be isolated if I,.; < 0.125.
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Loose Muon

For a veto on additional loose muons in the event (see Sec. 5.2.4), PF muons without
further identification and a relaxed isolation requirement of I,.,; < 0.2 are used.

Trigger Reconstruction and Selection

Muon trigger reconstruction at L1 is based on local trigger primitives that are com-
bined to muon-track candidates using regional track finders separately in all muon
subsystems. Subsequently, DT muon candidates in the barrel (or CSC candidates in
the endcaps) are matched to RPC candidates in the Global-Muon-Trigger (GMT) sys-
tem and are finally merged. Based on a pt and quality ranking, four final candidates
are chosen for further processing. The muon HLT is subdivided into level 2 and 3
(L2/3). At L2, a standalone trigger-muon object is reconstructed, on which a loose
pr filter is applied. At L3, inner-tracker information? is added and a global fit with a
more precise pr determination is performed, which is used for final HLT pr filtering.
Optionally, simple identification and isolation requirements can be applied. At 1.2, a
calorimeter-based absolute isolation variable (i.e. not relative to the muon pr as in the
offline case) is derived from energy deposits around the projected track. It is required
to be less than 2 to 4 GeV depending on |n|. At L3, track-based absolute isolation is
defined by the summed pr of surrounding tracks and demanded to be less than about
1 GeV.

5.1.4 Electrons
Basic Reconstruction

The signature of electrons is characterised by energy deposition in the ECAL associated
with a track. However, due to the large amount of material in the tracker of up to
two radiation lengths, emission of bremsstrahlung photons is frequent. Thus, potential
additional ECAL clusters from bremsstrahlung photons are grouped together with the
seed cluster associated to the primary electron into one electron supercluster (SC). A
SC is characterised by a narrow width in 7 typical of electromagnetic showering and a
large spread in ® as bremsstrahlung photons can be radiated along the whole electron
trajectory bent in the magnetic field. Moreover, bremsstrahlung emission leads to kinks
in the electron trajectory, resulting in a failure or bad quality of the standard KF fit
that assumes a minimum-ionising particle only undergoing multiple scattering. Thus,
the track needs to be refit with a Gaussian Sum Filter (GSF) algorithm [120] taking
the highly non-Gaussian bremsstrahlung energy loss into account. However, a GSF fit
is computationally expensive and can be performed only on a limited number of seeds.
Two different seeding strategies are used: An ECAL- (outside-in) and tracker-driven
(inside-out) approach.

2Due to CPU constraints at HLT, only tracks in a narrow region compatible with the L2 muon are
reconstructed.
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The classical ECAL-driven seeding is based on the barycentre of the supercluster,
which is used to infer the position of the electron track in the pixel and inner strip layers.
General track seeds, i.e. pairs or triplets of hits, that match this position are used as
input for the GSF fit. This method performs well for high-pt and isolated electrons as it
relies on the supercluster barycentre as the position of the original electron independent
of bremsstrahlung, which is only true if all bremsstrahlung clusters are reconstructed
and correctly associated to the supercluster. Only superclusters with Er > 4 GeV and
H/E < 0.15 (the ratio between the HCAL and ECAL energy deposit) are taken into
account.

In order to find seeds also for non-isolated and low-pr electrons, which is vital for
PF event reconstruction, a tracker-driven approach based on electron pre-identification
complements the ECAL-driven one. In the absence of bremsstrahlung, the standard KF
fits are expected to give good results also for electron tracks with adequate momentum
determination and a reconstruction of the tracks up to the ECAL surface. Thus, if
a KF track can be matched to a nearby ECAL cluster with the ratio between track
momentum and matched cluster energy (E/p) close to unity, its innermost hits are
selected as electron track seeds. In the case of significant energy loss by bremsstrahlung,
an alternative approach is needed, which is based on track properties. In such cases,
the electron as reconstructed with a KF fit is typically not reaching the ECAL surface,
leading to a small number of hits and a large track x?. Tracks selected based on these
criteria are refit with a simplified GSF algorithm. A multivariate analysis based on
characteristics of this GSF refit, the original KF fit and track-cluster matching is used
to pre- identify electron candidates whose seeds are selected.

Seeds from both ECAL- and tracker-driven approaches are merged and fed into a
complete GSF refit.

In some cases, bremsstrahlung photons in turn undergo conversion into an electron-
positron pair, potentially resulting in multiple reconstructed GSF tracks per electron.
Thus, for tracks with similar initial directions, a cleaning based on the radial distance
of the first GSF track hit to the beam line is applied. If both tracks have hits close to
the beam line, additional cleaning criteria are used.

Combined Reconstruction and Pre-Identificaton

Finally, the track and the clusters need to be joined for a combined electron recon-
struction. In the PF approach, instead of using the standard ECAL supercluster, the
electron track is linked to the individual ECAL and HCAL clusters from the primary
electron and the bremsstrahlung photons. The linking of the bremsstrahlung clusters
is performed using tangents to the GSF track for each tracker layer. These are assumed
to be potential bremsstrahlung trajectories and therefore tried to be matched to cal-
orimeter clusters. All ECAL and preshower clusters linked to the track are collected
into a new PF supercluster. Electron-energy corrections based on the comparison of
true and reconstructed energy in simulated events are applied. For the final electron-
momentum determination, the tracker momentum is combined with the corrected PF
supercluster energy, leading to an improved precision.
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In order to distinguish electrons from charged-hadron background already at the
level of PF electrons, a first step of loose identification using a multivariate method is
performed. One set of electron-identification variables used as input is based on the
momentum-energy matching between the tracker and the ECAL, which is dominated
by bremsstrahlung effects. Others include shower shape, track quality or kinematic
variables. More details concerning these variables are given in the next section. The
thus pre-identified PF electrons are used as input for both the tt-event selection (iso-
lated electrons) and jet clustering (non-isolated electrons).

Selection

Further selection steps are applied to the basic PF electrons in order to obtain well-
identified and isolated electrons for the tt-event selection. Due to cracks in the transi-
tion region of the ECAL barrel and end-cap and resulting very low efficiencies, electrons
with a supercluster in the 7 range of 1.4442 to 1.5660 are discarded.

Tight Electron

In order to suppress electrons from light-hadron decays in flight, the same requirements
as for a tight muon are applied concerning the two-dimensional impact parameter,
dp < 0.02 cm, and the longitudinal distance between the origin of the muon track and
the primary vertex, Az < 0.5 cm.

Further identification cuts are optimised separately in different categories (Cut in
Categories (CiC) approach?®) based on the detector geometry and amount of brems-
strahlung as each category has different measurement characteristics and purity [121,
122|. Thus, the electron collection is subdivided into the barrel and the endcap cate-
gory, and for each of these into three different bremsstrahlung categories defined in a
two-dimensional plane of the variables E/p;, and fyem- F/pin measures the consistency
between the corrected energy of the supercluster, £/, and the original electron-track mo-
mentum measured at the vertex, pi,. forem gives the fraction of momentum radiated by
bremsstrahlung with respect to p;,. Moreover, in each category the cuts are determined
in a pr-dependent way.

The variables used for identification include track-cluster-match variables: Esceq/pin,
which measures the match between the seed-cluster energy and the original track mo-
mentum, as well as A®;, and An;,, which measure the geometrical matching between
the supercluster and the track extrapolated from the vertex to the calorimeter. Also
the cluster-shape variable o, is exploited. It gives the supercluster width in 7, which
should be unaffected by the spread in ® due to radiation and discriminates broader
showers from hadrons against narrower electron showers. Furthermore, the hadronic-
leakage variable H/F is used, which gives the ratio between the HCAL energy directly
behind the ECAL seed cluster and ECAL energy. It is expected to be small for electron-
induced showers and large for hadron-induced showers.

3In this analysis, only the ID selection is performed in a CiC approach, the isolation and conversion
rejection criteria are applied separately as described.
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The cut values on these variables are determined such that the signal-to-background
ratio (S/B) exceeds a specific value in each category depending on the desired tightness
of the selection. The tight electron selection of this analysis uses the HyperTightl
working point [122]. The constructed constant S/B implies that for categories with
more background contamination like the endcaps or mismeasured tracks, the cuts are
chosen tighter than in purer categories, resulting in a lower efficiency.

As for the muons, in order to reject non-prompt electrons from the decay of hadrons
within a jet, a relative isolation criterion is applied based on the PF isolation variable
as defined in Eq. 5.1 (with p$ instead of p4). The electron is considered to be isolated
if [, < 0.125.

Another potential background consists of electrons from the conversion of prompt
photons in one of the detector layers. This is partly already rejected by the impact
parameter (dp) requirement. In addition, electrons are rejected if at least one expected
hit in the tracker layers before the first valid hit of the reconstructed electron track
is missing. Furthermore, electrons are only accepted if no conversion partner track is
found either close-by with a distance in r® less than 0.02 cm or parallel to the electron
track, i.e. with an angular difference Acotf < 0.02 between the electron and the
partner track.

Loose Electron

Loose electrons as used for a veto in the event selection (see Sec. 5.2.4) are also based
on PF electrons. In the muon channel, loose electrons do not require any further
identification, whereas the requirement of a relaxed ID working point ( Loose) is imposed
in the electron channel. In both cases, a relaxed isolation requirement of I, < 0.2 is
applied.

Trigger Reconstruction and Selection

Electron trigger objects at L1 are built from trigger primitives based on local ECAL-
energy deposits. L1 trigger objects are accepted and used as a seed for the HLT
electron paths if they exceed a configurable Ep threshold. An electron HLT object
is based on an ECAL supercluster built similarly to the offline reconstruction. It is
required to be matched to the L1 object and to two pixel hits compatible with an
electron trajectory coarsely back-propagated from the supercluster. Already at HLT
level, coarse identification and isolation requirements can be applied. Track information
is inferred from a KF fit with relaxed requirements, which is expected to converge also
in case of bremsstrahlung. In this analysis, track-based ID is applied by requiring
Any, < 0.008 and A®,, < 0.07 (0.05) in the barrel (endcap), corresponding to the
TrkldT working point. In addition, calorimeter-based ID at the CaloldVT working
point is required: H/E < 0.05 and 0y, < 0.011 (0.031). Optionally, detector-based
relative isolation criteria are applied (CalolsoT and TrkIsoT working points), defined
by the summed FEr of calorimeter clusters and pr of tracks in a cone around the
candidate, divided by the pr of the electron: ecallso/pr, hcallso/pr and trklso/pr
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are each required to be less than 0.125 (0.075) in the barrel (endcap).

5.1.5 Jets

Due to QCD confinement, quarks and gluons are observed as bunches of collimated
particles called jets (see Sec. 2).

Jet Types

Different input objects can be used for jet construction. In simulation, it is possible
to obtain a complete list of generated stable particles after hadronisation, whose four-
momentum vectors can be used for jet clustering (generated jets). In data, input
objects need to be reconstructed from detector signals. The classical approach is based
on clustering calorimeter objects only (calorimeter jets). This is still partly used for
triggering due to the fast and robust reconstruction. However, for offline analysis,
CMS uses the more advanced PF approach [115] as explained above (PF jets). Those
are clustered from the list of stable PF particles, thereby being conceptually similar
to jets on generator level. The advantage is the use of complementary information of
other detector systems, especially the tracker, which enhances the resolution, and the
consistent description of jet input objects and other objects used for event selection,
avoiding ambiguities.

PF Input Objects

The main constituents of jets are charged hadrons (about 65% of the jet energy, mainly
charged pions), photons (& 25%, mainly from 7° decays) and neutral hadrons (~ 10%).
These are reconstructed after the removal of the detector signatures of already iden-
tified PF leptons. Each remaining track gives rise to a charged hadron. If its track
momentum is compatible with the energies of the linked ECAL and HCAL clusters
within the resolutions, its momentum is redetermined from a resolution-weighted com-
bination of track momentum and cluster energies. If the cluster energies exceed the
track momentum significantly, the charged-hadron momentum is taken from its track
and the excess gives rise to a photon or neutral hadron. If the excess can be attributed
to energy in the ECAL, it gives rise to a photon. Only if it is larger than the ECAL
energy, the remaining excess from the HCAL is assigned to a neutral hadron. Photons
are prioritised over hadrons as they leave on average much more energy in the ECAL.
ECAL and HCAL clusters not linked to any track give also rise to photons and neutral
hadrons, respectively.

Due to semileptonic decays of hadrons, jets may also contain leptons. PF leptons
are used as jet input objects if they are not considered as isolated in the event selection.
Thus, loose muons and electrons as defined above are removed from the input list (a
process called top projection) in order to avoid double-counting.
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Jet Clustering

The input objects are clustered to jets using the anti-kr algorithm [123], which be-
longs to the class of sequential recombination algorithms. First, an effective distance
variable d;; is calculated between all possible pairs of objects 4, j using their corre-
sponding transverse momenta kp, their distance in rapidity-azimuth space, AR;; =
V(i —yj)? + (®; — ®;)? and a configurable radius parameter R:

11 >AR?j
k%, k3,0 R?

(5.2)

dij = mln(

The object pair with the smallest d;; is combined to a pseudo-jet that is fed back
to the list of objects. The procedure is iterated until the smallest d;; is larger than

d; = k% In that case, object 7 is considered a jet and removed from the list of input
z-

objects: This procedure is repeated until all objects are clustered.

In contrast to other sequential recombination algorithms, the anti-kr clustering
leads to regularly-shaped jets resembling a cone of radius R. In this analysis, R = 0.5
is chosen.

Furthermore, the important jet-algorithm requirement of infrared and collinear
(IRC) safety is met, i.e. that the resulting jets are insensitive to the emission of soft
particles and collinear splitting. This is on the one hand theoretically important for
the cancellation of divergences from IRC processes and loop diagrams in perturbative
QCD calculations. It is also convenient from the experimental perspective as other-
wise, the result would become dependent on the spatial detector resolution and the
reconstruction efficiency of low-energetic particles.

Jet-Energy Calibration and Resolution

The measured jet energy differs from the original energy of the underlying stable par-
ticles due to detector effects such as the non-uniform and non-linear response of the
calorimeter, energy loss from particles outside the jet area or undetected neutrinos and
energy gain due to pile-up. Thus, the jet energy needs to be calibrated.

One needs to distinguish between the jet-energy scale (JES), which is defined by
the average response of the measured jet energy with respect to the energy of the
underlying particles, and the jet-energy resolution (JER), which gives the spread of
the response in the Gaussian core region.

The JES calibration is performed in a factorised approach at CMS [124].

First, an offset correction is applied in order to subtract remaining energy con-
tributions from pile-up (charged hadrons associated with pile-up vertices have been
subtracted already before, cf. Sec. 5.1.2) using the jet-area method [125,126]. The
correction is determined for each event and jet separately from the average pile-up
energy density ppy in the event and the area A; of the respective jet. The jet area
refers to the so-called catchment area obtained by reclustering the original jet input
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objects together with a large number of artificially added extremely soft particles. ppy
is determined from a reclustering of the event with the kp algorithm* with radius pa-
rameter R = 0.6, which is able to cluster the diffuse soft particle background from
pile-up and underlying event into jets, covering basically the full y-® space. For each
such kr jet, its density p; is determined from its energy and catchment area. From
all p;, the median is calculated as it is insensitive to the presence of the few hard jets
from the primary interaction. Finally, the median is corrected for the underlying-event
contribution to obtain ppy.

The next JES calibration step is based entirely on simulation and corrects the
energies of the measured jets as a function of pr and 7 to match on average the energies
of the underlying generated particle-level jets. The correction factors for calorimeter
jets are much larger (=~ 2 at 30GeV, decreasing with energy) compared to PF jets
(1.05 to 1.1). The latter ones profit from the excellent tracker resolution and that the
individual particles are already precalibrated, thus minimising the effect of non-linear
calorimeter response.

Finally, the JES is also measured in data and small residual corrections of typically
1 to 3% in the kinematic region relevant for this analysis (see Sec. 5.2.5) are applied
to account for differences with respect to the simulation. These residual corrections
are determined from events in which the pr of one jet can be balanced with another
reference object. This reference object is in a first step just another jet (dijet events)
in a central reference region (|n| < 1.3), relative to which the JES can be measured and
corrected as a function of 7. Subsequently, for the measurement of the absolute JES in
the central reference region as a function of pr, events with a jet-balancing reference
object of excellent resolution like a photon or a Z boson are chosen.

The total JES uncertainty for PF jets in the kinematic region of this analysis
amounts to 1 to 3% depending on pr and |7)|.

Also, the jet-energy resolution (JER) is measured exploiting the pr balance in dijet
and photon-+jet events [20,124]. Typical values for PF jets range from ~ 15% around
30 GeV to ~ 5% at several hundred GeV. It is observed that the resolution in data is
systematically larger than the predicted one, mostly between 5 and 13% depending on
In| (see Tab. 5.1). The jet resolution in simulation is corrected for this difference.

Jet Identification

In order to distinguish real jets from instrumental noise, the jets are required to fulfil
certain quality criteria. They should have at least two constituents, out of which at least
one is charged. The charged-hadronic-energy fraction is required to be > 0, whereas the
neutral-hadronic-energy fraction as well as the charged- and neutral-electromagnetic-
energy fraction should be < 0.99.

“The kr algorithm can be obtained from the anti-kr algorithm (Eq. 5.2) by replacing 71— with
kr ;. ’
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|n| range JER SF

0.0 < |n[ < 0.5 | 1.05 £ 0.06
0.5 < |n| < 1.1 | 1.06 % 0.06
1.1 < |y < 1.7 | 1.10 £ 0.07
1.7 < || < 2.3 | 1.13£0.09
In| > 2.3 1.29 4 0.20

Table 5.1: Data-to-simulation scale factors (SF) for the jet-energy resolution for differ-
ent |n| intervals.

Trigger Reconstruction and Selection

Jets at L1 are built from coarse calorimeter clusters and selected if the measured en-
ergy exceeds a configurable threshold. At HLT, jets are reconstructed as calorimeter
jets during most of 2011 data taking due to their robust and fast algorithms. How-
ever, different online and offline jet reconstruction leads to a non-optimal performance,
especially for the trigger turn-on curve at the cut threshold as shown in Sec. 6.1.3.
Thus, a simplified fast reconstruction of PF jets at HLT has been developed, which is
used at a late stage of 2011 data taking. In both cases, the anti-kr algorithm is used
for jet clustering, but JES corrections are applied only to calorimeter HLT jets. The
performance is discussed in Sec. 6.1.3.

5.1.6 Identification of b-Jets

The identification of jets arising from the hadronisation of b quarks, commonly referred
to as b tagging, is an important tool for the selection of events including top quarks. Tt
is explained in more detail in [127]. It is based on several characteristic properties of
b jets due to the large mass, high fraction of semileptonic decays and long lifetime of
B hadrons (75 & 1.5ps). The first two properties give rise to muons that are less colli-
mated with the jet axis than in case of light-hadron decays and thus have a significant
momentum component transverse to the axis (pi?). This is exploited especially for
b-tagging-performance measurements (cf. Sec. 6.2). The b-tagging algorithms devel-
oped and applied by CMS mainly utilise the long lifetime resulting in a B-hadron flight
distance L in the order of typically a mm to cm before decay®. Thus, measurable quan-
tities include secondary decay vertices (SV) displaced from the primary collision vertex
and large impact parameters (IP) of the tracks of the decay products with respect to
the primary vertex as illustrated in Fig. 5.1 (left).

Robust algorithms used in early CMS analyses are based on either of those quan-
tities, but this analysis exploits the better performance of the Combined Secondary
Vertex (CSV) algorithm that combines multiple SV and track-based variables. The
efficiency is improved by including also events without a successful SV fit, for which

5The mean flight distance is given by < L >= Bvcr, where 3 is the velocity in units of the speed
of light, v = 1/4/1 — 52 = E/m the relativistic Lorentz factor and c¢rp+ = 492 ym [19].
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Figure 5.1: Left: Illustration of an event with one jet displaying a secondary vertex.
L., denotes the flight distance of the B hadron in the transverse plane from the PV to
the SV and dj is the impact parameter of one of the tracks with respect to the primary
vetex. Taken from [128|. Right: The distribution of the CSV discriminator in data
and simulation for different jet types in QCD-multijet events. Taken from [127].

either a pseudo vertex from tracks with large IP significance is constructed or, in case
also this fails, only the track-based variables are used. This SV category (real, pseudo
or none) is also used as one of the discriminating variables. Others, which are related
to the SV properties, include the significance of the flight distance in the transverse
plane L,,, the SV mass, number of tracks at the SV, ratio of the energy of tracks
associated to the SV with respect to all tracks in the jet and the 7 of the SV tracks
with respect to the jet axis. Furthermore, the following track-based-only variables are
taken into account: the number of tracks in the jet, the 3D-IP significance for each
track in the jet, and the 2D-IP significance of the first track that raises the jet mass
above 1.5 GeV (the charm threshold) when summing up tracks starting from the one
with the largest 2D-IP significance. Likelihood ratios are formed from these variables
to create the discriminator. The distribution in data compared to the one in simulation
for QCD-multijet events is shown in Fig. 5.1 (right).

In this analysis, a b jet is considered b tagged if its discriminator value exceeds
0.679. This value refers to the medium working point of the algorithm (CSVM), which
implies that on average about 67% of the b jets in a tt sample are correctly identified,
whereas only about 1.5% of light jets are misidentified as b jets. These efficiency values
are corrected for in a data-driven way as described in Sec. 6.2.

5.1.7 Missing Transverse Energy
The missing transverse momentum Eﬂr}nm is defined as the total-momentum imbalance

in the transverse plane, which is computed from the negative vector sum of the pt of
all PF candidates. Its magnitude ET is referred to as missing transverse energy. It
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is the signature of particles that do not interact in the detector, such as neutrinos in
the case of a tt event. Its reconstruction is very sensitive to mismeasurements, noise,
detector malfunctions etc., which can be misinterpreted as EX. However, this was
studied in detail [129] and EX resolutions between 5 and 10% were found.

Emss is not used for event selection in this analysis, but as input for the kinematic
event reconstruction representing the neutrino momentum (cf. Sec. 7).

5.2 Event Selection

5.2.1 Data Sample

This analysis is based on the full dataset from proton-proton collisions at a centre-
of-mass energy of 7TeV recorded by the CMS detector in 2011. The data declared
as good for analysis by the CMS Data-Quality-Monitoring group [130] corresponds
to an integrated luminosity of L = 5.0 £ 0.1fb~". The precise central value used in
the electron channel is 4.980 fb™!, the one in the muon channel is slightly reduced to
4.955 b~ due to trigger prescales (see below).

The same event selection is also performed on the simulated signal and background
samples presented in Sec. 4.2.

5.2.2 Online Selection: Trigger

As the instantaneous luminosity and running conditions were changing fast during 2011
data taking, both the triggers themselves and their prescales had to be adapted con-
tinuously. The running periods and different trigger menus, which define the deployed
triggers and their prescales, are shown in Tab. 5.2.

In the muon channel, single-isolated-muon triggers were used for data taking as
shown in Tab. 5.3, which require at least one isolated muon-trigger object as defined
in Sec. 5.1.3. The HLT pr thresholds had to be raised from 17 GeV to 24 GeV from
menu 2e33 on. The muon-trigger acceptance ranges up to |n| = 2.4, but from menu
3e33A on, additional cuts on |n| < 2.1 were applied at HLT level. Some of the triggers
are prescaled to a small extent during a limited number of runs, which reduces the
effective luminosity by 0.5% from 4.980 fb™! to 4.955 fb™~!. In simulation, the trigger
with the cuts on 24 GeV and |n| < 2.1 (IsoMu24eta2pl) is applied to all events.

In the electron channel, events were selected online with electron-hadron (EleHad)
cross triggers, which require at least one electron-trigger object with pr > 25 GeV and
In| < 2.5 and at least three central jet-trigger objects with p > 30 GeV and |n| < 2.6 as
defined in Secs. 5.1.4 and 5.1.5. The electron-trigger object is required to be isolated
from menu 1e33v2 on. During most of the run periods, the jet-trigger objects were
based on HLT calorimeter jets, but in the last trigger menu (5e33) they were replaced
by HLT PF jets. To simulated events, the cross trigger with an isolated electron and
calorimeter jets (IsoEle25TriJet) is applied.
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Run Period Run Range Trigger Menu | Int. Lumi. [pb™" |
A 160404 — 163869 9e32 216
A 165088 — 165969 led3vl 136
A 165970 — 166967 le33v2 542
A 167039 — 167913 1.4e33 277
A 170249 — 173198 2e33 831
A 173236 — 173692 3e33A 265
B 175860 — 178380 3e33B 1829
B 178381 — 180252 5e33 885

Table 5.2: Running periods and trigger menus during 2011 data taking. The trigger-
menu names refer to the maximum target instantaneous luminosity (in cm~?s™!) during
its deployment period, including optionally a version or run number. The integrated
luminosity corresponds to the recorded data certified as good during the mentioned
run range.

‘ Channel ‘ Trigger (Nominal Name) Trigger (Abbrev.) ‘ Menu

Analysis Triggers

o HLT IsoMul7? IsoMul7 5e32 - 1.4e33
HLT IsoMu24 IsoMu24 2e33
HLT IsoMu24 eta2pl IsoMu24eta2pl 3e33A - 5e33

e HLT Ele25 CaloldVT TrkIdT Ele25TriJet 5e32, 1le33vl

CentralTri/TriCentralJet30

HLT Ele25 CaloldVT CalolsoT IsoEle25TriJet 1le33v2 - 3e33B
TrkIdT TrklsoT TriCentralJet30
HLT Ele25 CaloldVT_CalolsoT _ IsoEle25TriPFJet | 5e33
TrkIdT TrkIsoT TriCentralPFJet30

Additional Utility Triggers

TrkIdT TrklsoT

v HLT Mul7 TriCentralJet30 Mul7TriJet 5e32, le33vl
HLT IsoMul7_ TriCentralJet30 IsoMul7TriJet le33v2 - 3e33B
HLT IsoMul7_TriCentralPFJet30 IsoMul7TriPFJet | 5e33

€ HLT Ele27 CaloldVT _CalolsoT _ IsoEle27 oed2
TrkIdT TrkIsoT
HLT Ele32 CaloldVT_CalolsoT _ IsoEle32 1e33v2 - 3e33B

(prescaled from
1.4e33 on)

Table 5.3: Triggers used to select events for the tt analysis (fop) and for efficiency
determination (utility triggers, bottom). They are referred to by their abbreviation
in the text. The values in the trigger names refer to the pr [GeV] and optionally |7
thresholds of the triggers. The identification and isolation requirements are explained
in Sec. 5.1.
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For the measurement of trigger and lepton-selection efficiencies (cf. Sec. 6), addi-
tional utility triggers are exploited. These include single-isolated-electron triggers with
pr thresholds of 27 and 32 GeV (partly prescaled) and mostly isolated muon-hadron
(MuHad) cross triggers with a muon pr threshold of 17GeV and jet-trigger objects
identical to the cross triggers in the electron channel.

5.2.3 Data Cleaning and Primary-Vertex Selection

In order to remove events from beam-background processes or with instrumental noise,
two cleaning filters are applied to data only. One of them filters events with anomalous
signals in the HCAL due to instrumental noise in the Hybrid Photo Diodes and Readout
Boxes using timing and pulse-shape information (HB-HE noise filter) [129]. Another
one removes events from beam interactions upstream the detector by requiring the
fraction of tracks with high purity to be greater than 25% in events with at least 10
tracks (beam scraping filter).

Both in data and simulation, events are required to have one well-reconstructed
primary vertex as defined in Sec. 5.1.2.

5.2.4 Lepton Selection
Kinematic Selection

Following the signal topology, events with exactly one tight (i.e. well identified and
isolated) lepton (muon or electron) as defined in Secs. 5.1.3 and 5.1.4 are selected.
Due to the large mass of the top quark, leptons from tt events are expected to have
a larger transverse momentum and to be more central in 7 than leptons from main
background processes like W+jets and QCD multijets. This difference is exploited in
the event selection for background suppression. However, also external constraints like
the trigger thresholds and the uniformity between electron and muon selection, which
is necessary for a combination of the channels, need to be taken into account. As a
result, the lepton is required to fulfil:

pF > 30GeV and |nf] < 2.1 (5.3)
I <0.125
Nf=1

Veto on Additional Loose Leptons
In addition, an event veto against further leptons with looser requirements is applied.

This is intended to reject dileptonic events, in particular from other tt channels or
Z — Ul processes.
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In both decay channels, events with additional loose muons as defined in Sec. 5.1.3
with pr > 10GeV and |n| < 2.5 are rejected. Furthermore, in the muon channel also
additional loose electrons as defined in Sec. 5.1.4 with pr > 15GeV and |n| < 2.5 are
vetoed. In the electron channel, events are rejected if they contain an additional loose
electron with pr > 20 GeV and |n| < 2.5 whose invariant mass in combination with the
selected tight electron lies within +15GeV around the mass of the Z boson (91 GeV).

5.2.5 Jet Selection and b-Jet Identification

Also jets arising from tt events are generally more central and high-energetic than
those originating from the background processes. Also for jets, external constraints
need to be taken into account, such as a reliable reconstruction and resolution, trigger
thresholds and the containment of the jet cones within tracker and ECAL acceptances.
Thus, jets are required to fulfil:

1 > 30 GeV and || < 2.4 (5.4)
Njets Z 4

According to the tt £+ jets topology, events with at least four such jets are selected.

Finally, at least two out of these are required to be identified as b jets by the CSVM
b-tagger as explained in Sec. 5.1.6 in order to suppress remaining background, mainly
from W-jets events, and thereby maximise the signal purity:

NP Jets > 9 (5.5)

5.2.6 Number and Composition of Selected Events

This section gives an overview on the number and composition of selected events, which
is summarised in Tab. 5.4. It is given separately for the muon and the electron decay
channel as well as combined and is further subdivided into selection steps before and
after applying b tagging (pretagged/tagged). In addition, the reconstruction of the tt-
event topology by a kinematic fit, which is explained in detail in Sec. 7, is included in
the tables (kin-rec) because it acts like an additional selection step due to inefficiencies
in the kinematic event reconstruction. These mainly arise from not enough b or light
jets taken into account in the kinematic fit, thereby preventing a successful tt-event
reconstruction (see Sec. 7.2). Note that no additional cuts on the fit quality are made.
The predictions from simulation include the application of pile-up reweighting and
data-driven corrections of trigger and lepton-selection efficiencies, and after b tagging
also of b-tag efficiencies. The derivation of these data-to-simulation scale factors is
detailed in Sec. 6.

Before the b-tagging selection step, 48,062 events are selected in data in the muon
and 43,091 in the electron channel, which adds up to 91,153 events combined. After
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Channel Muon Electron
Selection Step Pretagged Tagged Kin-Rec ‘ Pretagged Tagged Kin-Rec
Event Yield
N(Data) 48,062 11,986 10,766 43,091 10,224 9,076
N(Simulation) 49,176 11,855 10,584 43,731 9,738 8,673
Expected Event Composition

tt (p/e prompt) 0.48 0.80 0.80 0.44 0.79 0.79
tt other 0.08 0.13 0.13 0.07 0.13 0.13
WJets 0.35 0.03 0.03 0.30 0.03 0.03
Z+Jets 0.05 0.01 0.01 0.07 0.01 0.01
QCD <0.01 <0.01 < 0.01 0.08 < 0.01 < 0.01
Single Top 0.03 0.04 0.04 0.03 0.04 0.04
Diboson 0.01 <0.01 < 0.01 0.01 <0.01 < 0.01

Channel Combined

Selection Step | Pretagged Tagged Kin-Rec

Event Yield
N(Data) 91,153 22,210 19,842
N(Simulation) 92,907 21,593 19,257
Expected Event Composition

tt (¢ prompt) 0.46 0.79 0.79

tt other 0.08 0.13 0.13

W-Jets 0.33 0.03 0.03

Z+Jets 0.06 0.01 0.01

QCD 0.04 <0.01 < 0.01

Single Top 0.03 0.04 0.04

Diboson 0.01 <0.01 < 0.01

Table 5.4: Event yield and expected event composition (i.e. fraction of expected events
from one process with respect to all expected events) after the full event selection
without b-tag requirement (pretagged), after b-tag requirement (tagged), and after the
kinematic event reconstruction (kin-rec) for the separate channels (top) and combined
(bottom). The prediction from simulation includes pile-up reweighting, trigger- and
lepton-selection-efficiency scale factors, and after b tagging also b-tag-efficiency scale
factors (cf. Sec. 6).
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b tagging, the event numbers in data amount to 11,986 in the muon, 10,224 in the
electron and 22,210 in the combined channel. The numbers of selected events in sim-
ulation agree with those in data at the 1-2% level before b tagging and within 1%
(muon), 5% (electron) and 3% (combined) after b tagging. Given an uncertainty on
the simulated yields of about 7% before and 9% after b-tagging, the agreement between
data and simulation is found to be good. This uncertainty is dominated by the normal-
isation of the number of simulated events according to Eq. 4.1 due to a 2% luminosity
uncertainty and uncertainties on the theoretical cross sections (mainly 5% from oz).
Furthermore, experimental uncertainties add, mainly a jet-energy-scale uncertainty of
5% and after b-tagging also a b-tag-efficiency uncertainty of 5% (see Sec. 9 for details
on the uncertainty determination).

The kinematic tt-event reconstruction is successful for 10,766 (muon), 9,076 (elec-
tron) and 19,842 (combined) events in data, which are the final numbers of events used
in this analysis. The tt-event-reconstruction efficiency of about 90% shows excellent
agreement between data and prediction on the one hand and the different channels on
the other hand.

The event selection finally results in a high-purity sample of tt events. After b tag-
ging, the expected event composition contains about 92% tt events, adding ¢ + jets
events with prompt decays into one muon or electron (tt u/e prompt, 79%) and tt
events from other decay channels (tt other, 13%) that pass the selection cuts. The
latter originate mostly from the 7+jets channel with the 7 lepton decaying further to
a muon or electron or from the dileptonic decay mode, where one of the leptons is
either not measured or consists of a hadronically decaying 7 lepton. The largest back-
ground consists of single-top-quark events with about 4% (of which 66% stem from the
tW channel, 30% from the t channel and 4% from the s channel). All other background
events like vector-boson production or QCD-multijet events are expected to sum up to
less than 5%. Especially interesting to note is the expected small fraction of W+jets
events after b tagging (3%), which in contrast is predicted to be the most relevant
background before the b-tag requirement (= 30 — 35%). QCD-multijet events are al-
ready efficiently suppressed by requiring an isolated, high-energetic lepton. As can be
seen, the kinematic event reconstruction has almost no influence on the expected event
composition.

Monitoring Distributions after Selection

Figs. 5.2 to 5.11 show monitoring distributions at reconstruction level after the event
selection before and after applying the b-tag requirement, but before kinematic event
reconstruction for both channels. The measured distribution in data (black points) is
compared to the SM prediction from the simulation, which is composed of the stacked
contributions of the separate processes (coloured histograms).

For the data points, the statistical uncertainties according to the Poisson distribu-
tion are shown as error bars (often too small to be visible). For the uncertainty band
of the simulated yields, the uncertainty of the luminosity measurement and of the the-
oretical inclusive tt cross section used to normalise the simulated signal distribution is
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taken into account. The appropriate data-driven corrections mentioned above are ap-
plied to the simulation. Below each distribution, the ratio of observed events in data to
expected events from simulation indicates their level of agreement. The corresponding
error bars refer to the statistical data uncertainty only. In the simulated distributions
in the electron channel, unnatural spikes arise occasionally from fluctuations due to
the limited number of simulated events in the QCD-multijet sample after selection,
combined with large weights.

The presented kinematic variables include the pr, 1 and relative isolation of the
selected lepton (Figs. 5.2 and 5.3 before b tagging; 5.8 and 5.9 after b tagging), the
pr and n of all jets (top row of Figs. 5.4 and 5.5 before b tagging; 5.10 and 5.11 after
b tagging), the pr of the first and second leading jet (same figures, second row), the
jet multiplicity and the EX distribution (same figures, bottom row). In general, a
good agreement is observed. The pr distributions of the jets are observed to be slightly
softer in data, i.e. tend to lower values. This shape difference propagates to the final
differential cross section results related to the pt spectrum of the top quarks and b jets
(cf. Sec. 10). As discussed there, higher-order effects improve the description.

B-tag-related distributions are shown in Figs. 5.6 and 5.7: the b-tag discriminator
of the used CSV algorithm (left) and the b-tag multiplicity (right). As the b-tag
discriminator distribution includes the entries from all selected jets in the event, the tt
sample peaks both at 0 (tendentially no b jet) and at 1 (tendentially a b jet) due to
the two light and two b jets in such an event at leading order. As can be seen, the jets
from background processes tend to lower values, so that cutting at the medium working
point of 0.679 largely suppresses them. This is also reflected in the b-tag multiplicity
distribution, which shows the transition from background-rich 0- and 1-b-tag bins to
the background-suppressed region for at least 2 b tags.
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Figure 5.2: Kinematic muon variables (pr, 7, relative isolation I,..;) after selection
(before b tagging) in the muon channel. The error bars represent the statistical uncer-
tainty of the data. The hatched error band of the simulated distributions corresponds
to the uncertainty of the luminosity measurement and of the theoretical inclusive tt
cross section. Data-driven corrections related to pile-up as well as to lepton-selection
and trigger efficiencies are applied to the simulation.
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Figure 5.3: Kinematic electron variables (pr, n, relative isolation I,;) after selection
(before b tagging) in the electron channel. The error bars represent the statistical uncer-
tainty of the data. The hatched error band of the simulated distributions corresponds
to the uncertainty of the luminosity measurement and of the theoretical inclusive tt
cross section. Data-driven corrections related to pile-up as well as to lepton-selection
and trigger efficiencies are applied to the simulation.
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Figure 5.4: Kinematic jet variables and EM after selection (before b tagging) in the
muon channel. The error bars represent the statistical uncertainty of the data. The
hatched error band of the simulated distributions corresponds to the uncertainty of the
luminosity measurement and of the theoretical inclusive tt cross section. Data-driven
corrections related to pile-up as well as to lepton-selection and trigger efficiencies are
applied to the simulation.
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Figure 5.5: Kinematic jet variables and EM after selection (before b tagging) in the
electron channel. The error bars represent the statistical uncertainty of the data. The
hatched error band of the simulated distributions corresponds to the uncertainty of the
luminosity measurement and of the theoretical inclusive tt cross section. Data-driven
corrections related to pile-up as well as to lepton-selection and trigger efficiencies are
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Figure 5.6: Monitoring distributions for b tagging in the muon channel: CSV discrim-
inator and b-jet multiplicity. The error bars represent the statistical uncertainty of
the data. The hatched error band of the simulated distributions corresponds to the
uncertainty of the luminosity measurement and of the theoretical inclusive tt cross
section. Data-driven corrections related to pile-up as well as to lepton-selection and
trigger efficiencies are applied to the simulation.
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Figure 5.7: Monitoring distributions for b tagging in the electron channel: CSV dis-
criminator and b-jet multiplicity. The error bars represent the statistical uncertainty
of the data. The hatched error band of the simulated distributions corresponds to
the uncertainty of the luminosity measurement and of the theoretical inclusive tt cross
section. Data-driven corrections related to pile-up as well as to lepton-selection and
trigger efficiencies are applied to the simulation.
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Figure 5.8: Kinematic muon variables (pr, 1, relative isolation ,.;) after selection (after
b tagging) in the muon channel. The error bars represent the statistical uncertainty
of the data. The hatched error band of the simulated distributions corresponds to
the uncertainty of the luminosity measurement and of the theoretical inclusive tt cross
section. Data-driven corrections related to pile-up as well as to lepton-selection, trigger
and b-tag efficiencies are applied to the simulation.
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Figure 5.9: Kinematic electron variables (pr, n, relative isolation I,;) after selection
(after b tagging) in the electron channel. The error bars represent the statistical uncer-
tainty of the data. The hatched error band of the simulated distributions corresponds
to the uncertainty of the luminosity measurement and of the theoretical inclusive tt
cross section. Data-driven corrections related to pile-up as well as to lepton-selection,
trigger and b-tag efficiencies are applied to the simulation.
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Figure 5.10: Kinematic jet variables and EXS after selection (after b tagging) in the
muon channel. The error bars represent the statistical uncertainty of the data. The
hatched error band of the simulated distributions corresponds to the uncertainty of the
luminosity measurement and of the theoretical inclusive tt cross section. Data-driven
corrections related to pile-up as well as to lepton-selection, trigger and b-tag efficiencies
are applied to the simulation.
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Figure 5.11: Kinematic jet variables and EX5 after selection (after b tagging) in the
electron channel. The error bars represent the statistical uncertainty of the data. The
hatched error band of the simulated distributions corresponds to the uncertainty of the
luminosity measurement and of the theoretical inclusive tt cross section. Data-driven
corrections related to pile-up as well as to lepton-selection, trigger and b-tag efficiencies
are applied to the simulation.



Chapter 6

Data-Driven Determination of
Efficiencies

The main purpose of applying the signal selection is to reduce background events in
order to obtain a clean signal sample. However, also signal events are cut away by
this procedure. Moreover, also during triggering and reconstruction of the objects or
simply due to limited geometric detector coverage (acceptance) a certain amount of
signal events is lost. The ratio between the number of signal events that remain for
analysis (reconstructed and selected, rec&sel) and the ones that are actually generated
(gen) at the beginning is described by the efficiency:

Nrec&sel

6.1
N (6.1)

€ =

This efficiency can be factorised into the individual subefficiencies eg, corresponding
to each of the n steps S; of the reconstruction and selection process:

Ns,&s;
5] = ——2. 6.2
sil5) = TN, (6.2)
Note that these subefficiencies are relative to the selections S; applied before (denoted
in brackets). The total efficiency reads then:

B _ Ns, Nsys, N &85&..85, 6.3
€= 651 . 652[31] et 65%[51&52&...&5'"71] - : et ) ( . )
Ngen  Ng, Ng &808..85, 1

where Ng,g5,&..&5, = Nrectsel from Eq. 6.1.

For the determination of the production cross section, the exact knowledge of the
efficiency is of great importance (see Sec. 8.1).

The efficiency is determined by applying the whole analysis chain including trigger-
ing, reconstruction and selection to simulated signal events. However, the simulation
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might not describe real data events perfectly, so that its validity needs to be checked
in data and possible imperfections need to be corrected for.

One has to distinguish between the efficiency per object (e.g. lepton or jet) and the
one per event. In the case of selecting exactly one object in the event selection (e.g.
one lepton in this analysis), they are identical. However, in many cases more than one
object is required, e.g. at least 4 jets and at least 2 b-tagged jets in this analysis. In
that case, the event efficiency is a combination of the efficiencies of all objects in the
event.

The efficiency determination in data requires either a clean background-free sample
of events or objects of interest or the exact knowledge of the fraction of objects of
interest with respect to the total number of objects in the sample. In many cases,
these samples come from other processes than tt events. For instance, a pure sample of
leptons () for the determination of lepton-selection and trigger efficiencies is provided
by Z — (¢ events, whereas the determination of b-tag efficiencies is usually done using
di- or multijet events. These events have topologies that differ from tt events. Thus,
the aim of these methods is not to determine absolute efficiencies, but to measure
the ratio between the efficiency in data and the predicted one, which is also called
data-to-simulation scale factor (SF):

SF = Sdata (6.4)

€sim

It is assumed that this SF is largely caused by general imperfections in the detector
modelling and therefore, in contrast to the efficiency itself, valid not only for the process
for which it was determined, but for all processes including the signal and background
ones. Furthermore, by constructing the ratio, systematic uncertainties or possible
biases inherent to the method largely cancel. The SF is applied to all simulated samples
used in this analysis as an event weight as explained in Sec. 4.3.

It is important to study the SF as a function of kinematic and topological variables
of the objects of interest. On the one hand, this assures the validity of transferring
the SF' from the topologically different process used for the efficiency determination
to the signal. And on the other hand, this is especially essential for differential cross
sections that rely on the correct description of the efficiencies as a function of kinematic
variables. For differential cross-section distributions normalised with the inclusive cross
section, the shape of the SF is even the only relevant feature of interest as a flat SF
cancels out completely (cf. Sec. 9). Also, the dependence on run conditions like pile-up
is important to know.

As efficiencies can be regarded as binomial probabilities, their statistical uncertain-
ties can be estimated by binomial errors. However, especially for efficiencies close to
unity or zero and a low number of events, normal binomial errors are known to under-
cover the desired confidence interval of 68% [131]. Thus, the values for the statistical
uncertainties presented here refer to Clopper-Pearson confidence intervals [132], which
guarantee the desired coverage and are therefore more conservative.

In the following, the data-driven determination of lepton-selection and trigger effi-
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ciencies as well as b-tag efficiencies will be presented.

6.1 Lepton-Selection and Trigger Efficiencies

The lepton efficiencies are factorised into three components: lepton-reconstruction, -
selection and -trigger efficiencies. They are determined subsequently with the tag-and-
probe (T&P) method, which is explained below, i.e. as a first step the reconstruction
efficiency, then the selection efficiency for already reconstructed leptons and lastly the
trigger efficiency for already reconstructed and selected leptons:

€¢ = €rec * Eselfrec] * Ctrig[rec&sel] (65)

For the trigger efficiency in the electron channel it has to be considered that an
electron-hadron cross trigger is used. It is assumed that it can be factorised into an
electron and a jet leg. Thus, the electron-leg trigger efficiency is determined like in the
muon channel as a part of the lepton efficiency with the T&P method, whereas the
jet-leg trigger efficiency is determined with a separate method (see Sec. 6.1.3).

6.1.1 Tag-and-Probe Method

The tag-and-probe method is a well-established tool to determine efficiencies. Overviews
on this method are given e.g. in [133,134]. In its general version, it exploits a well-
known correlation between two individually reconstructed objects. This correlation
ensures that the precise identification of one of the objects using stringent selection
criteria (called tag) automatically and unambiguously reveals the identity of the sec-
ond object (called probe) without having imposed any requirements to be tested on
the latter. Thus, this method is supposed to provide an almost background free and
unbiased sample of objects that can be used for subsequent efficiency determination.

For the lepton-reconstruction, -selection and -trigger efficiencies, leptons from a
resonance decaying into a dilepton final state, such as J/) or Z, can be utilised as one
lepton ¢ is uniquely correlated with the other one via their invariant mass m®. For
this analysis, Z-boson events are chosen as their topology is more similar to the one
of tt events due to the larger mass of the Z boson. But still, leptons from inclusive
dileptonic Z-boson decays have a softer pr distribution and are less central due to the
lower mass compared to the top quark. Furthermore, there is less hadronic activity
close to the lepton in such events due to generally lower jet multiplicities on the one
hand and the absence of a near b jet from the top-quark decay on the other hand.
The latter might influence especially the isolation efficiency. Thus, the dependence of
the SEF on the kinematic variables pr and 7 and the distance AR (¢, jet) between the
lepton and the closest jet will be studied in detail to ensure the applicability of these
results to tt events.

One well identified and isolated tag lepton is selected using the same tight criteria
as for the analysis (see Sec. 5.1) in order to reduce background from multijet events



72

Data-Driven Determination of Efficiencies

and misreconstructed leptons. In order to avoid a bias on the probe lepton, the tag is
demanded to have fired the trigger (the leptonic part of it in case of a cross trigger),
which is technically implemented by matching the offline muons to the HLT trigger
objects using AR < 0.2 as criterion. An oppositely-charged lepton candidate (requiring
only very loose identification criteria; e.g. a PF lepton, see Sec. 5.1) is accepted as a
probe lepton if the combined invariant mass of the two leptons lies within a narrow
interval of £15 GeV around the Z-boson mass of 91 GeV (see Fig. 6.1). This sample of
probe leptons can then be used to determine the efficiency for a certain selection relative
to another one by counting the number of events that pass the selection of interest
relative to the one applied before according to Eq. 6.2. If also the probe lepton fulfils
the tight tag requirement, the event can be used twice by exchanging tag and probe.
It has been checked that an alternative method using a fit to the resonance including a
Voigtan! signal term and an exponential background term instead of simply counting
event numbers yields comparable results. The background contribution obtained from
the fit is found to be negligible due to the stringent tag selection and choice of the
mass window (see Fig. 6.1). This justifies the use of the simpler cut-and-count method.
Variations of the considered resonance-mass window (10 GeV or +20 GeV instead of
+15GeV around the Z-boson mass of 91 GeV) affect the results by maximally half a
percent.

This procedure is applied to both data and the simulated Z-+jets sample as listed
in Sec. 4.2 in order to determine the SF.
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Figure 6.1: The distribution of probe electrons in data as a function of the invariant
mass of probe and corresponding tag electron m® in the Z-boson resonance window.
The probe electrons are shown after basic reconstruction as PF electrons (rec) and after
passing additional identification and isolation selection (rec&sel). The counting region
is indicated and the data is fitted with a Voigtan signal + exponential background
(BG) term. The latter is almost zero (<1%).

If not denoted otherwise, the following results are obtained in the phase space of
this analysis, i.e. p7 > 30GeV and |nf| < 2.1. The simulation is reweighted in order
to match the expected PU distribution in data. For this study, all PF leptons were

LConvolution of a Breit-Wigner resonance distribution with a Gaussian resolution term.
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taken into account. However, in case jet information is needed like for the calculation
of the distance AR between the lepton and the closest jet, a preselection of I, < 0.2
has to be applied to the lepton in order to have a clean jet definition using the PF top
projections (see Sec. 5.1.5) consistent with the procedure of the analysis. However, the
vast majority of events is included even after this preselection, so that the difference of
the efficiency with or without preselection is only a few percent and much less for the
SE. Also, cross checks were made using different lepton-jet cleaning approaches like top
projections with a relaxed lepton isolation cut of I, < 1 or, alternatively, removing
jets closer than AR = 0.3 from the event. The thus obtained SF agrees well with the
one from the standard procedure.

6.1.2 Muon Channel
Muon-Reconstruction Efficiency

The reconstruction efficiency has been extensively studied during the first run periods
of CMS, e.g. in the course of the inclusive W*- and Z-boson cross-section measure-
ments [133], and those results are shortly presented here. The determination of the
efficiency for the reconstruction of a muon in the inner-tracking region has been per-
formed with good-quality stand-alone muons as probe muons. Vice-versa, the recon-
struction efficiency for the tracks in the muon chamber has been studied using loose
tracker muons as probes, i.e. well-reconstructed tracks that are only loosely-matched
to muon-track segments. The efficiencies in data were found to be (99.1 + 0.4)% for
the inner-tracking part and (96.4 + 0.5)% for the muon-chamber component and are
well described by simulation with a SF consistent with unity. As the basic muon re-
construction is not process-dependent, the results of that measurement are considered
applicable to this analysis as well. the muon reconstruction.

Muon-Selection Efficiency

The selection efficiency is defined relative to probe muons that are reconstructed as
global and tracker muons. All the selection requirements listed in Sec. 5.1.3 are tested
here, i.e. identification criteria (ID) regarding track quality and properties as well as
the relative-isolation criterion (iso). In fact, the different parts of the selection can be
evaluated separately with a factorising approach in order to learn more about their
individual impact on the overall selection efficiency:

€sel[rec] = €ID[rec] * €iso[rec&ID] (66)

For the online selection of the events, the same triggers are used as for the analysis,
i.e. IsoMul7 or IsoMu24(eta2p1) for data depending on the run range and IsoMu24eta2pl
for the simulation (see Tab. 5.3), which are demanded to be fired by the tag muon.

The average overall muon-selection efficiency is measured to be (87.92 +0.02)% in
data. It is well modelled by the simulation with an average SF of 0.9831 4+ 0.0003. The
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SF is flat within 1 to 2% as a function of all variables studied here. This can be seen
from Fig. 6.2, which shows the overall selection efficiency and the corresponding scale
factor as a function of pr and 7 of the muon, the number of primary vertices (Npy)
in the event and the distance AR between the muon and the closest jet. Note that a
preselection of I,..; < 0.2 is applied for the latter as jets are not well defined outside this
region as explained above. The same plots separately for the factorised components
(ID and iso) are shown in App. B.

A strong efficiency dependence on pr is observed with an efficiency of ~ 80% around
30 GeV, which rises up to a plateau of ~ 95%, which is reached around 60 GeV. This
behaviour is caused by the fact that the isolation criterion is defined relative to the pr
of the muon, so that at low pr the fraction of muons with a low relative isolation is
larger, given an approximately constant amount of additional momentum in the cone
around the muon. In contrast, the identification efficiency (cf. App. B) is observed to
be flat in pr. The SF tends to slightly lower values at low pr, but the deviation is only
at the percent level.

The selection efficiency as a function of 7 is quite constant with only slightly lower
values in the central and outer region compared to the intermediate |n|. Also the SF
does not show any dependence on n with fluctuations around its mean at the percent
level.

The selection efficiency strongly depends on Npy in the event, which is highly
correlated with the number of PU interactions. It drops by 20% from low Npy to
Npy = 20 as PU introduces additional particles that increase the value of I,.,. The
general behaviour is well reproduced by the simulation, with the SF being 1 to 2%
lower at high Npy compared to the one at low Npy. It becomes obvious that it is
absolutely vital for the simulation to match the PU distribution in data as described
in Sec. 4.3.

For a small distance AR between the muon and the jet, the efficiency drops signi-
ficantly due to the isolation cut, which is well described by the simulation. Cross-checks
using a different lepton-jet cleaning arrive at the same conclusion.

Muon-Trigger Efficiency

The trigger efficiency is defined relative to probe muons that pass the offline selection.
The tag muon is defined as in the previous step and the probes are tested if they have
fired the trigger using the same online-offline matching method as for the tag muon
described above. Thus, effectively the combined L1+HLT trigger efficiency is tested.
The efficiency is determined for the single-muon triggers that are used in this analysis,
i.e. IsoMul7(24)(eta2pl) depending on the run range for data and IsoMu24eta2pl for
the simulation (see Tab. 5.3). It is reminded that the numbers indicate the pr and
|n| trigger thresholds and that there is an absolute detector-based isolation criterion
applied at trigger level (see Sec. 5.1.3, 5.2.2).

Fig. 6.3 shows the trigger efficiencies and the corresponding scale factors as a func-
tion of the same quantities as for the selection efficiency, averaged over the full run
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Figure 6.2: The muon-selection efficiency measured in data and the simulation with
corresponding SF as a function of pr (top left) and n (top right) of the muon, the
number of primary vertices Npy in the event (bottom left) and the distance between
the muon and the closest jet (minimum AR(pu, jet), bottom right). A preselection of
I..; < 0.2 is applied to the AR distribution.
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Figure 6.3: The muon-trigger efficiencies measured in data and the simulation with
corresponding SF as a function of pr (top left) and n (top right) of the muon, the
number of primary vertices Npy in the event (bottom left) and the distance between
the muon and the closest jet (minimum AR(u, jet), bottom right).
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range. The average efficiency is measured to be (87.27 +0.02)% in data with an av-
erage SF of basically unity (0.9992 4+ 0.0004). However, as discussed below, the SF is
observed to be strongly n dependent.

From the trigger efficiency as a function of pr, it can be seen that the offline cut of
30 GeV is sufficiently high above the trigger thresholds to avoid turn-on effects?, which
are difficult to model. The efficiency even decreases from 88% at 30 GeV to about 83%
between 100 and 200 GeV. Such an effect is not observed for non-isolated single-muon
triggers. It is introduced due to the subtleties of different online and offline isolation
criteria (absolute detector-based isolation vs. relative PF isolation). As this efficiency
is measured on events having passed already the I,; offline selection and as the absolute
isolation is the relative one multiplied with pr, the fraction of muons with a high value
of absolute isolation is larger at high pr than at low pr. But it can be seen that the
efficiency is well-described by the simulation with a SF' that is flat in p at the percent
level.

The efficiency is observed to be highly dependent on 1 with about 90% in the central
region and 80% in the outer part around |n| = 2.1. The general trend is also described
by the simulation, but it overestimates the data in the barrel and overlap regions up to
In| = 1.2 and underestimates it in the endcap part. The difference between the SF of
these regions is up to 10%. In order to investigate this effect, one has to consider that
the data efficiency is averaged over a lot of run periods with different trigger menus (see
Sec. 5.2.2). On the one hand, different triggers are used depending on the run range,
but even for the same trigger, there are different versions with changes in the trigger
algorithms from one menu to another. Either improved algorithms were implemented
or changes to reduce the trigger rate were necessary with increasing instantaneous
luminosity. These modifications are reflected in a change of the trigger efficiency,
which can be seen from Fig. 7?7, where different run ranges are compared. Whereas the
central region is hardly affected, there are substantial changes in the overlap and endcap
regions. For instance, improvements in the L1-trigger algorithm related to CSC track
finding and the quality criteria of the global muon trigger lead to an efficiency increase
in the endcap region from the 5e32 to the 1e33 menu. In contrast, the introduction of
muon-track-quality cuts at L2 for 0.9 < |n| < 1.5 starting from the 2e33 menu leads
to an efficiency drop especially in the overlap region. Moreover, a sophistication in
the merging of L1 trigger muon objects coming from different muon chamber systems
(RPC vs. DT/CSC), which is needed for the pr determination of the L1 trigger muon,
results in an efficiency increase from the 3e33A to the 3e33B menu, but this is mainly
compensated by a decrease due to the higher PU in the 2011B run range.

The trigger version used in the simulation is similar to the one from the 3e33A menu.
However, although the agreement is better when comparing the simulated efficiency to
the efficiency in data for this trigger menu, residual differences remain.

Due to the isolation requirement of the trigger, which differs from the offline one, the
efficiency depends on Npy. The isolation criterion also introduces a slight dependence

2Trigger turn-on effects refer to the smearing of the threshold step function when the efficiency is
shown as a function of variables of the offline objects. They arise from differences between online and
offline object definitions.
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on the distance between the muon and the closest jet. The SEF as a function of these
two variables is flat up to variations at the percent level.

Muon Trigger Efficiency
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Figure 6.4: The muon-trigger efficiencies for different 2011 run ranges as a function
of n. The different periods are according to the changing trigger menus deployed for
data taking (see Tab. 5.2). The colours correspond to the different triggers used. The
black marker corresponds to the average over the whole run range (the same as shown
in Fig. 6.3, top right).

Final Efficiency Scale Factors in the Muon Channel

As the muon-trigger and selection efficiencies were obtained in a factorised approach,
they can be combined by multiplication, i.e. by taking all probe leptons before any trig-
ger and lepton selection as denominator and the leptons that pass these requirements
as the numerator. The combined average efficiency scale factor including selection- and
trigger-efficiency scale factors is measured as 0.9824 4+ 0.0004. As the trigger-efficiency
scale factor is highly n dependent, this is also valid for the combined scale factor. Thus,
the scale factor is parametrised as a function of 7 in the bins as shown in Fig. 6.3 (top
right) and applied as event weight to the simulation. The deviations from a flat SF in
other distributions are observed to be small and are taken into account as systematic
uncertainties (see Sec. 9.2.4).
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6.1.3 Electron Channel
Electron-Reconstruction Efficiency

As in the muon channel, the reconstruction efficiency has been studied for the inclusive
W=- and Z-boson cross-section measurements [133]. It has been determined relative
to probes made of ECAL superclusters with Et > 20 GeV that are required to fulfil
loose shower-shape and isolation criteria uncorrelated with the reconstruction efficiency.
It was then tested, for how many of these probe clusters the reconstruction of GSF
electron tracks is successful. An efficiency of (98.6+0.5)% and (96.24+0.8)% is measured
for the barrel and the endcap region, respectively, which is well reproduced by the
simulation with a SF compatible with one.

Trigger for the Determination of Electron-Selection and -Trigger Efficiency

In the electron channel, the electron-hadron (EleHad) cross triggers Ele25TriJet and
IsoEle25TriJet are used in this analysis, which select online one electron with Ep >
25 GeV (isolated from menu le33v2 on) and at least three jets with pr > 30 GeV
(see Sec. 5.2.2). In simulated events, the version for isolated electrons is used. The
use of a cross trigger makes the determination of the selection and trigger efficiencies
more complicated. On the one hand, now also the efficiency of the hadronic part of the
cross trigger needs to be determined. And on the other hand, also the determination
of the efficiency of the leptonic part of the trigger and the electron-selection efficiency
is complicated by the additional jets. There are two possible approaches:

Either suitable single-electron control triggers can be used. Ideally, this would be
one with the same properties and threshold as the electron leg of the cross trigger, but
unfortunately such is not available. But there are similar triggers with the same online
ID and isolation requirements®, but a slightly higher p threshold of 27 or 32 GeV:
IsoEle27(32). However, after 894 pb™', starting from menu 1.4e33, these are highly
prescaled (by an average factor of 11 during menu 1.4e33 and typically a factor of 40
to 50 later) or missing completely, resulting in only 975 pb~" total effective luminosity.

A second approach is to use the subtrigger filter corresponding to the electron
leg of the cross trigger itself. This has the advantage that the trigger in question
is directly used, so that there is no problem with deviating properties or thresholds.
Furthermore, the trigger is unprescaled for the whole run range*. But on the other
hand, the additional triggering on jets also reduces the number of events available
for efficiency determination as Z+jets events are rare, resulting in increased statistical
uncertainties. However, electron-jet cleaning on trigger level is performed for only one
electron, so that additional electrons are also regarded as trigger jets. Thus, in case of
events with Z bosons decaying to two electrons, the IsoEle25TriJet trigger effectively

3This only refers to the isolated version; there are no suitable non-isolated single-electron control
triggers available.

4But due to technical reasons, the subtrigger information corresponding to the electron leg is not
available for trigger menu 5e32, i.e. the first 216 pb~".
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behaves as an IsoEle25DiJet trigger selecting also events with only two additional jets.
Another difference compared to single-electron triggers is a slightly higher level of PU
for triggered events as jets from additional interactions are not removed at HLT level
and increase the trigger probability of the jet trigger.

It needs to be checked that no bias is introduced by these effects. Therefore, both
approaches are studied and compared in the following for the first run ranges during
which the single-electron triggers are not yet highly prescaled. By this, the second
approach can be validated with the first one and is subsequently applied to the whole
data set.

Electron-Selection Efficiency

The selection efficiency is defined relative to probe electrons that are reconstructed as
PF electrons. All the selection requirements listed in Sec. 5.1.4 are tested here, i.e.
identification (dy cut and CiC ID), isolation and conversion-rejection criteria. Like
for the muons, the different parts of the selection can be evaluated separately with a
factorising approach:

€sellrec] = €dp[rec] * €IDcic[rec&dy] = Ciso[rec&do&IDcic] * €conv.rej.[rec&do&IDc;c&isol (67)

Electron-Selection Efficiency
Method Data |%)] SF
Single-Electron Trigger | 70.8 0.1 | 0.977 £ 0.001
EleHad Trigger 68.0+ 0.5 | 0.973 £ 0.007

Table 6.1: A comparison of the electron-selection efficiency and its corresponding SF
as obtained with single-electron and EleHad triggers for the early run range defined by
the trigger menus 1e33v2 and 1.4e33.

First, both methods (i.e. either using single-electron or EleHad triggers for online
selection) are applied to the early run range defined by the trigger menus 1e33v2 and
1.4e33 (=~ 800 pb~'). During this range, the IsoEle25 subtrigger information is already
available on the one hand and the single-electron trigger is not yet (or only weakly)
prescaled on the other hand. This facilitates the comparison of the two approaches
under similar conditions, especially with respect to PU. The tag electron is required
to have fired the trigger or, in the case of the cross trigger, the electron leg of it. As
shown in Tab. 6.1, the average selection efficiency obtained using the cross trigger is
about 3% lower than the one obtained with the single-electron trigger, probably due to
the slight shift towards higher PU as explained above. However, this difference is well
described by the simulation. Thus, the SFs differ by only 0.4%, which is well within the
uncertainties, validating that both methods can be used alternatively. In the following,
the results obtained with the unprescaled IsoEle25TriJet for the full available dataset
are presented.
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The average overall electron-selection efficiency is measured to be (62.0 + 0.2)%
in data. Most inefficiencies come from the isolation and the conversion-rejection re-
quirements as shown in Tab. 6.2, which displays the different components of the over-
all selection efficiency. It is well modelled by the simulation with an overall SF of
0.974 + 0.004.

Selection Step Data Efficiency [%)] SF

dy 97.30 £ 0.07 0.9935 £ 0.0008
[D¢ic 95.33 £ 0.09 0.987 £ 0.001
Isolation 84.4+£0.2 0.992 + 0.002
Conv. Rej. 79.1£0.2 1.001 £ 0.003
Overall Selection 62.0 £0.2 0.974 £ 0.004

Table 6.2: The factorised components of the average selection efficiency and their
corresponding SFs as obtained with the T&P method using the IsoEle25TriJet trigger
for the full available dataset.

Fig. 6.5 shows the overall selection efficiency and the corresponding scale factor as
a function of pr and 7 of the electron, the number of primary vertices Npy in the event
and the distance AR between the electron and the closest jet. Also here a preselection
of I.; < 0.2 is applied for the latter in order to have well-defined jets using the PF top
projection as explained above. The same plots separately for the different efficiency
components are shown in App. B. The general trend of the pr dependence is similar to
the one of the muons, being dominated by the [,. cut: The efficiency increases with
pr up to a plateau at 80 GeV. Within the barrel region, it rises by about 5% from the
central part to || = 1.5, before it drops by 15% in the endcaps, which is dominated
by the conversion-rejection efficiency due to the high track density in that region. The
decrease of the efficiency with Npy is mainly due to the isolation efficiency and also
due to the conversion-rejection efficiency. The isolation criterion leads to a decrease
of the efficiency at small AR (e, jet). The SF is flat within about +2% as a function
of all variables studied here. The statistical fluctuations are larger than for the muons
due to less triggered events.

Electron-Trigger Efficiency

It is assumed that the electron and hadron leg of the (Iso)Ele25TriJet cross trigger
are independent of each other, so that the efficiency of the cross trigger can be fac-
torised into an electron and a hadron component. This assumption is challenged by the
fact that an electron might be identified as a jet (enhanced by the incomplete online
electron-jet cleaning of only one electron as described above) and vice-versa. However,
it will be shown that the effect is small. On the one hand, the determination of the
trigger efficiency of the electron leg is verified with single-electron triggers, which are
independent of jet triggers. And on the other hand, the determination of the jet-leg
efficiency is performed on events passing the tt selection of exactly one tight lepton
(even vetoing the presence of looser ones), for which the lepton-jet cleaning is done
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Figure 6.5: The electron-selection efficiency obtained with the IsoEle25TriJet cross
trigger in data and the simulation with corresponding SF as a function of pr (top
left) and n (top right) of the electron, the number of primary vertices Npy in the event
(bottom left) and the distance between the electron and the closest jet (minimum AR(e,
jet), bottom right). A preselection of I.,; < 0.2 is applied to the AR distribution.
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appropriately. Moreover, the latter is also studied using muon-jet cross triggers, for
which the correlation between the lepton and the jet components are almost negligible.

Electron-Trigger Efficiency - Electron Leg

Electron-Trigger Efficiency
Method Data [%] SF
Single-Electron Trigger | 96.63 4 0.05 | 0.9956 4 0.0006
EleHad Trigger 96.9 + 0.3 0.997 £ 0.003

Table 6.3: A comparison of the electron-trigger efficiency and its corresponding SF as
obtained with single-electron and EleHad triggers for the early run range defined by
the trigger menus 1le33v2 and 1.4e33.

The trigger efficiency of the electron leg is defined relative to tight electrons that
pass the requirements of the offline selection. The tag electron is defined as in the
previous section and the probes are tested if they have fired the single-electron trigger
or, in the case of the cross trigger, the electron subtrigger leg.

As for the selection efficiency, the two methods (single-electron trigger IsoEle32
vs. electron subtrigger leg of the cross trigger IsoEle25TriJet) are first applied to the
early run range defined by the trigger menus 1e33v2 and 1.4e33 for which they can
be compared under similar, unprescaled conditions. Only the isolated version of the
cross trigger (from menu 1e33v2 on) is taken into account as the single-electron trigger
has the same isolation requirements. Moreover, to ensure the comparability of triggers
with different pr thresholds ranging from 25 to 32 GeV, the results are compared for
pr > 37GeV in order to be at least 5 GeV above the trigger threshold to be consistent
with the tt-event selection. As demonstrated in Tab. 6.3, a remarkable agreement
between the two methods at the permille level is found, both for the efficiency and for
the SF, which confirms that both can be used alternatively.

Fig. 6.6 shows the electron-trigger efficiency determined with the cross trigger
IsoEle25TriJet and the corresponding scale factor for the full available dataset (i.e.
from menu 1e33v2 on) as a function of the same quantities as for the selection effi-
ciency. The average efficiency is measured to be (96.1 + 0.1)% in data. Only slight
dependences on the shown quantities are seen as 30 GeV seems to be sufficiently high
above the trigger threshold and the ID and isolation requirements on trigger level are
sufficiently loose with respect to the offline selection. Thus, there is also hardly any
dependence on PU observed. The simulation describes the data well with SFs close to
one that deviate by typically 1% from the average value of 0.993 £ 0.001.

Due to technical reasons, the subtrigger information is only stored from menu
1e33v1 on. Thus, for the determination of the efficiency of the non-isolated version
of the trigger (Ele25), which is used up to run 165970, the number of events available
for the efficiency determination is very low leading to large uncertainties. Therefore,
another approach is followed: the difference between the Ele25 and IsoEle25 subtrigger
legs is studied in data for runs 165970 —167913, during which both Ele25TriJet (already
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Figure 6.6: The trigger efficiency for the electron leg of the IsoEle25TriJet cross trigger
measured in data and the simulation with corresponding SF as a function of pr (top
left) and n (top right) of the electron, the number of primary vertices Npy in the
event, (bottom left) and the distance between the electron and the closest jet (minimum
AR(e, jet), bottom right).
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prescaled) and IsoEle25TriJet are present in the trigger menu. The relative efficiency
e(IsoEle25TriJet wrt. Ele25TriJet) can be measured using the ratio of the number of
events after the full pre-tagged tt selection that fire IsoEle25TriJet and Ele25TriJet.
The ratio is flat as a function of all variables but the relative isolation. Thus, an I,
dependent parametrisation is obtained by fitting a 2nd order polynomial:

e(IsoEle25TriJet wrt. Ele25TriJet) = 0.997 4+ 0.05 - I — 3 - 12, (6.8)

This is used to correct the obtained SF (which so far only describes the difference
between data and the simulation for IsoEle25) for the fact that the efficiency in data
is slightly higher for early run ranges using Ele25, taking the exact luminosity weights
into account (however, the overall effect is less than a permille).

Electron-Trigger Efficiency - Jet Leg

In addition to the electron leg of the cross trigger, the hadronic part needs to be studied.
This is done using events recorded by a single-lepton reference trigger, which fulfil the
pre-tagged £ + jets tt-event selection. Subsequently, the jet-leg efficiency is determined
as the fraction of these events that fire also the lepton-hadron (LepHad) cross trigger:

pre—tagged
o SingleLep& LepH ad
€(Jet Leg) = ro—tagaed (6.9)
SingleLep

This approach is valid if the single-lepton trigger is at least as tight and has at
least the pr threshold as the lepton leg of the cross trigger because in this case, the
lepton-leg efficiency cancels.

Again, suitable single-electron reference triggers are IsoEle27(32), but as mentioned
above, this trigger is highly prescaled or even missing after 1 fb~!. An alternative is
to perform the same study using muon-hadron cross triggers (Iso)Mul7TriJet with the
same jet trigger requirements as the electron-hadron cross trigger. In that case, the
signal triggers of the muon channel IsoMul7(24)(eta2pl) can be used as suitable un-
prescaled control triggers throughout the whole run range. For 1 fb™', i.e. for the range
during which both channels have approximately unprescaled single-lepton triggers, it
has been checked that the efficiencies and SFs in the different channels agree well with
maximally 1% difference. Thus, for the full run range, the efficiency is determined
using the jet leg of the muon cross trigger.

The method used here measures the effective event efficiency of the trijet trigger®,
which depends on the pr of all jets in the event. To parametrise the efficiency as
a function of only one variable, the pr of the softest jet in the event is chosen in
the following. The efficiency also strongly depends on the total number of jets in
the event as for more than 3 jets the probability increases that at least 3 jets fulfil
the trigger requirement. This can be seen from Fig. 6.7 (fop left), which shows the

5In contrast to the trigger efficiency per jet.



86

Data-Driven Determination of Efficiencies

effective event efficiency in data for events with 3, 4 and 5 offline jets as a function
of the 3rd, 4th and 5th offline jet pr, respectively. Note that the offline jets in this
analysis are reconstructed as PF jets, whereas for the largest part of 2011 data taking,
the trigger jets are built from calorimeter information only (see Sec. 5.1.5, 5.2.2). In
combination with an offline pr cut identical to the trigger threshold, this causes a
pronounced efficiency turn-on curve for events with 3 jets as a function of the 3rd jet
pr, with efficiencies of 67 to 85% between 30 and 40 GeV, reaching a plateau of about
99% at 60 GeV. However, the effect is strongly mitigated in the case of 4 or more jets,
which is relevant for this analysis: For events with 4 jets, only the range of a 4th jet pr
between 30 and 40 GeV differs by a few percent from unity (= 97% efficiency in data).
For events with 5 jets and more, the efficiency is hardly distinguishable from one.

Comparing this efficiency determined in data to the simulation (Fig. 6.7, top right,
for Nj.; = 4), one has to take into account that the event composition is a mixture of
mainly tt and W+jets events at this step of the selection before b tagging (see Tab. 5.4).
For the same pr of the softest jet, the pr of the harder jets tend to be lower in W-jets
events than in tt events as jet production is dominated by higher-order radiation for
W-tjets, whereas it comes from the heavy top-quark decay in the case of tt events.
Thus, the expected effective event efficiency is higher for tt events. In the following,
the data is compared to a combination of both samples according to their predicted
event composition. It can be seen that the general behaviour of the efficiency in data
is well described by the simulation, but at low prt the prediction overestimates the
efficiency. From Fig. 6.7 (bottom left), which shows the efficiency for events with 4 jets
and 30 < pr(4th jet) < 40 GeV as a function of the 4th jet 7, one can see that this
discrepancy increases with increasing |n|. The bottom right plot displays the efficiency
for 4 jet events as a function of Npy. As PU is not corrected for at trigger level,
it effectively decreases the trigger threshold, resulting in an increase of the efficiency.
This is well reproduced by the simulation.

In order to steepen the jet turn-on curve, which is partly due to the difference
between calorimeter jets online and PF jets offline, PF jets have been also introduced at
trigger level during the last period of 2011B data taking (trigger menu 5e33). Fig. 6.8
shows a comparison of the efficiency for the 2011A run range and the first part of
2011B (menu 3e33), during which online calorimeter jets were used, and the second
part of 2011B (5e33) with online PF jets. Whereas an efficiency increase from 2011A to
2011B 3e33 can be observed, which is expected due to higher PU as explained above,
there is a significant drop in the first pr bin when going from 3e33 to 5e33, both for
Njet=3 and 4 (top row). This is contrary to the expectation of an improved turn-on
curve due to online PF jets. However, for pr > 40 GeV, the efficiency is higher for
online PF jets. It seems that the turn-on curve is indeed steeper, but shifted to higher
pr. This is probably due to not- applied jet-energy corrections in case of online PF
jets as mentioned in Sec. 5.1.5. It can be also seen in Fig. 6.8 (bottom left) that this
efficiency drop becomes particularly pronounced for outer |n| regions where the need
for PF energy corrections is largest [124]. The behaviour is improved for the 2012 data
taking after implementing online PF-jet-energy corrections.
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Figure 6.7: The jet-leg trigger efficiencies determined with muon (cross) triggers for the
full run range. Top left: The efficiency measured in data for events with 3, 4 or 5 jets as
a function of the pr corresponding to the jet with lowest pr in the event (i.e. 3rd, 4th,
5th jet, respectively). The other figures show the efficiency for events with 4 jets as a
function of the pr (top right) and n (bottom left, cut on 30 < pr(4th jet) < 40 GeV)
of the 4th jet and the number of PV (bottom right). For these, the data efficiency is
compared to tt and W-jets simulations and a combination of both according to their
event composition. Note that the jet quantities quoted here refer to offline PF jets.
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Figure 6.8: The jet-leg trigger efficiency determined with the muon trigger for different
run ranges with online calorimeter jets (2011A, 2011B 3e33) and online PF jets (2011B
5e33). The figures show the efficiency dependence on the pr of the 3rd jet for events
with 3 jets (top left), on the pr of the 4th jet for events with 4 jets (top right) and on
n of the 4th jet for events with 4 jets with 30 < pr(4th jet) < 40 GeV (bottom left).
Note that the jet quantities quoted here refer to offline PF jets.
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Final Efficiency Scale Factors in the Electron Channel

The combined average efficiency scale factor including electron-selection and electron-
leg-trigger efficiency scale factors is measured as 0.968+0.004. As no significant depen-
dence on pr and 7 is observed, this flat SF' is applied as event weight to the simulation.
For the fraction of the data that uses a non-isolated-electron trigger (Ele25), the effi-
ciency difference is taken into account as a function of I,.; (see Eq. 6.8). The SF for
the jet-leg efficiency is observed to be consistent with unity except for events with 4
jets in the pr bin between 30 and 40 GeV. Thus, only for that range a SF is applied,
which is done separately for the central (|| < 1.4) and the outer region (|n| > 1.4) to
account for its n dependence.

6.2 B-Tagging Efficiency

Also the b-tag efficiency needs to be studied in data in order to correct for imperfections
in the simulation using a SF. This becomes especially relevant for this analysis because
at least 2 b-tagged jets are required, which increases the inefficiency and therefore the
dependence on a correct description.

Several methods have been developed by the CMS b-tagging group to determine
the b-tag efficiency and SF in a data-driven way, either using tt or di- or multijet
events [127]. For this analysis, only the latter is considered in order to avoid possible
correlations between the b-tag efficiency obtained from tt events with the tt cross
section, which is the quantity under study in this analysis. A review of these methods
and results is given in the following.

Four independent methods using multijet events to determine the b-tag efficiency
are employed [127]. Three of them exploit a fit to distributions of a variable discrim-
inating b jets from light and c jets in order to determine the number of b jets in the
sample. This is performed before and after applying b tagging, with the ratio giving
the efficiency. In two cases the variable is related to the kinematic properties of muons
arising from semileptonic B-hadron decays (cf. Sec. 5.1.5), namely the component of
the muon momentum transverse to the jet axis, pj¢, or the three dimensional impact
parameter (IP3D). Both tend to be larger for b jets compared to other flavours. Al-
ternatively, an independent reference lifetime tagger (LT) is used, which combines the
impact-parameter information of all tracks in a jet. The fourth method solves a set of 8
equations (System 8) relating the weakly-correlated efficiencies of independent tagging

rel

criteria (including the tagger under study, pif* and another lifetime tagger) to the event
numbers before and after applying the taggers.

The pie and System-8 methods are only sensitive at low pr up to 120 GeV, the
IP3D method at high pr and the LT method over the full range up to 670 GeV. The
SFs obtained from these different methods are in good agreement with each other.
Fig. 6.9 (top) shows the combination as a function of pr of the tagged jet for the CSVM
algorithm. Only a slight pr dependence in the range of interest (30 to about 200 GeV)
between SF=0.94 and 0.96 with uncertainties of 2-3% is observed. The average b-tag
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SF in the phase space of tt events amounts to 0.95 4= 0.03. This is in good agreement
with the value obtained from the b-tag SF measurement directly on tt events, giving
0.97 £ 0.04.

Also the mistag rate, i.e. the b-tagging efficiency of light jets, is measured in
data [127]. Negative discriminator values of the tagger, which are rare in case of
b jets, are used to measure a negative tagging rate, which is related to the mistag rate.
The mistag SF as a function of pr is shown in Fig. 6.9 (bottom). It is found to be
typically about 1.1 £0.1.
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Figure 6.9: The data-to-simulation SF for the b-tag efficiency of b jets (top, labelled
b-tag SF) and light jets (bottom, labelled misid. SF) using the CSVM tagger. The
b-tag SF' is a combination of the four methods explained in the text. The hatched area
represents the combination and its overall uncertainty in each bin separately. The line
is a fit to this; its error bars are taken from the uncertainties from the combination in
each bin and are scaled and attached to the slightly different central value. The mistag
SF is also fitted (solid line) and the dashed curve indicates the envelope of the overall
statistical and systematic uncertainties. Taken from [127].

These SEs are applied to this analysis. However, as they give the b-tag efficiency
SF per jet and this analysis selects events with at least two b-tagged jets, they need to
be converted to an event SF. Eq. 6.10 shows how the efficiencies for single b, ¢ or light
(1) jets (e, €. or ¢) can be converted to b-tagging event efficiencies €>op_sq9s. This is
achieved by subtracting from unity the efficiency that no jet (1°* row) and one jet (one
b jet: 2% row, one c jet: 3 row, one 1 jet: 4" row) is b tagged:
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This efficiency depends on the number of b, ¢ and 1 jets (IV,, N, N;) in the specific
event. €, €, and ¢, are parametrised as a function of pr and |n|.

In a first step, the simulated €, sim, €csim and € qm, are determined from the tt
sample after the pre-tagged tt-event selection. Subsequently, in order to obtain the
event-efficiency scale factor SF>op_1q4s, the event efficiency e>op_t44s is calculated once
from these uncorrected single-jet efficiencies from the simulation ¢; 4, and once from
the data-corrected single-jet efficiencies using the per-jet scale factors SF;, and the
ratio is taken:

622b7tags(SF1i : 6i,sim)

€>2b—tags (ei,sim)

(6.11)

SFZQb—tags =

The measured per-jet SF for b jets is assumed to be applicable also to c-jets.

SF>op_tags 1s calculated for each simulated event sepa_rately and used as a weight
for this event. The average SI' per event is found to be SF'>9p_t09s = 0.92 £ 0.05.



Chapter 7

Reconstruction of Kinematic
Top-Quark Quantities

This analysis is intended to measure differential cross sections in kinematic variables
of the top-quark decay products (charged lepton, b jets), the top quark itself and the
tt-pair system (see Tab. 1.1).

The kinematic quantities of the lepton and the b jets are direct observables in the
detector. In contrast, to obtain the kinematic quantities of the top quark and the tt
system, a complete reconstruction of the tt-event topology as illustrated in Fig. 7.1 is
needed: The measured leptons and jets need to be correctly assigned to the underlying
particles from the tt decay and unmeasured quantities need to be recovered. In the
¢ + jets decay channel, the longitudinal momentum of the neutrino, represented by 7,
constitutes such an unmeasured quantity (assuming that the transverse components are
represented by ER) and without additional jets from higher-order QCD radiation,
there are four jets in the final state that need to be assigned. Two of them arise from
b quarks of the top-quark decays and the other two from the hadronically decaying W
boson. Moreover, in about 1/3 of the selected events, additional jets with pp > 30 GeV
are expected to be present, which need to be distinguished from the jets of the top-
quark decay.

7.1 Kinematic Fit

As a tool for the event reconstruction, a constrained kinematic fit is used. Besides the
desired tt-event reconstruction including the estimation of the neutrino 7, it provides
the additional advantage of potentially improving the resolutions of the input objects
(in case the right jet assignment is found). Details on the concept of the kinematic
fit can be found in [136]. A common implementation in the CMS Top-Quark-Analysis
Framework is used [137]. It was configured and adapted to this analysis by [135]. A
short overview is given in the following.

The kinematic fit varies the kinematic parameters x; (i.e. pr, n and ®) of the

92



Reconstruction of Kinematic Top-Quark Quantities

93

Figure 7.1: Illustration of a tt event and the constraints in the kinematic fit. Taken
from [135].

measured input objects (lepton, EXZ and jets; more details below) according to their
estimated resolutions in order to fulfil certain constraints. This is implemented by the
minimisation of a x? function, which is composed of two expressions:

=Y - (‘Ti, it T xi,meas)2 - .
(@) =Y = +2) " A fi(7) (7.1)
i=1 i k=1 )
;(% consgaints

The first term, y2, reflects the changes of the n object kinematics with respect to the
initially measured values done by the fitting routine, normalised to their resolutions
0z, The second term represents the m constraints fi, which are introduced using
Lagrangian multipliers \,. x? is minimised with respect to x;, i+ and Ay using an

iterative linearisation approach.

In this analysis, the measured four-momentum vectors of the selected muon or
electron and the selected high-pr jets are given as initial values to the kinematic fit
(neglecting jet masses). The initial neutrino-four-momentum vector is constructed from
the missing transverse momentum assuming n = 0. Thus, the actually unmeasured
neutrino 7 is technically treated as measured, but assigned with basically infinite, i.e.
very large, resolution. Consequently, de facto the fit determines 1 by means of the
constraints and no contribution to y? is obtained due to this term.

For this analysis, three constraints are used as illustrated in Fig. 7.1. The invariant
mass of lepton and neutrino (m®) on the one hand and of the two light quarks (m97)
on the other hand are constrained to reproduce the mass of the W boson of 80.4 GeV.
Furthermore, the reconstructed top-quark masses of the leptonic and hadronic decay
branch are required to be equal. Thus, the kinematic fit has 2 degrees of freedom (3
constraints minus 1 unmeasured parameter).

The object resolutions used in the kinematic fit are derived from the tt simula-
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tion using the same jet and lepton definitions as in the analysis. They are obtained
by comparing the kinematics of the reconstructed jets, charged leptons and E& to
the underlying generated partons, charged leptons and neutrinos, respectively. Light
(including ¢) jets and b jets are treated separately. Only the cores of the residuum
distributions (i.e. the difference between the generated and reconstructed quantity) are
considered and fitted by a Gaussian. The resolutions are parametrised in different |7
intervals as a function of pr. For all quantities except the muon pr, the functional form
f corresponds to the standard calorimeter resolution parametrisation using a constant
term with parameter C', a stochastic term with parameter S and a noise term with
parameter N [19]:

f(pT):\/Cz—l—I?—TQ%—g—; (7.2)

For the pr resolutions, f corresponds to the relative resolution %’ whereas for the
n and ¢ resolutions, f is taken to describe the absolute resolutions o, and 0.

In contrast, the relative muon pr resolution is dominated by the tracker, which is
therefore parametrised linearly in pr [19]:

f(pr)=A+ B pr (7.3)

The actual parameter values used in this analysis can be found in [138]. The jet
resolutions are scaled in order to match the ones measured in data as explained in
Sec. 5.1.5. In general, the resolutions related to the charged leptons are superior to
those of the jets, B or the chosen very large neutrino-n resolution. Thus, mostly jet
and neutrino momenta are varied in the fit.

There are different possibilities of how to assign the measured jets to the underlying
quarks. In order to keep the number of permutations at an acceptable level, only the
four or, in case of events with additional hard jets, maximally five leading jets are
considered in the kinematic event reconstruction. Furthermore, only b-tagged jets are
considered as b quarks in the hypothesis and only non-b-tagged jets are considered as
light quarks. Hence, the maximum number of total permutations amounts to four for
four jets as input (2! from the exchange of the b quarks multiplied with 2! from the
exchange of the light quarks), and twelve for five input jets (2! related to b quarks,
3! related to light quarks). In fact, it reduces to two and six relevant permutations,
respectively, as the top-quark kinematics are invariant under exchange of the two light
quarks from the hadronic W-boson decay. For every possible permutation, Eq. 7.1 is
minimised, and the one with the lowest corresponding x? (in the following referred to
as best combination) is selected for further analysis.

After the reconstruction of the tt-event topology, kinematic quantities related to
the top quark and the tt system can be derived by summing up the reconstructed
four-momentum vectors of the corresponding jets and leptons according to the best
combination of the kinematic fit. The kinematic quantities of the top-quark decay
products are taken from their adjusted four-momentum vectors after the kinematic
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fit for a consistent treatment with the top-quark quantities and to profit from the
improved resolution (at least for the correct permutation).

7.2 Performance of the Kinematic Event Reconstruc-
tion

As can be seen from Tab. 5.4, the events pass the kinematic fit routine in about 90%
of the cases, consistently in data and simulation and in both channels. Most of the
discarded events have less than two b jets or less than two light jets among the leading
four or five jets that are given to the fit routine, thereby preventing a successful tt-
event reconstruction. The efficiency for passing the fit is similar for all simulated
samples, thereby leaving the event composition unaffected. Only a small fraction of
the discarded events is due to a failed fit convergence.

7.2.1 Jet Assignment
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Figure 7.2: Performance of the kinematic fit regarding the jet assignment of the best
combination for simulated tt signal events in the combined £+ jets channel: the fraction
of events for different jet permutations obtained from jet-parton matching as described
in the text. The last column corresponds to cases where the jet-parton matching is not
successful.

The performance of the kinematic fit regarding the jet assignment of the best com-
bination is studied in simulation for £+ jets tt events. The generated partons from the
top-quark decay are matched to the closest reconstructed and selected jet in n®. In
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order to avoid ambiguities, i.e. possible mismatching to a jet originating from another
parton, the distance AR(jet, parton) is required to be less than 0.3 and additionally,
no other reconstructed jet is allowed within this distance. Otherwise, the parton is
considered not matched.

As one can see from Fig. 7.21, after event selection and kinematic event reconstruc-
tion, the correct jet-parton assignment (ok) is obtained in about 28% of all events.
The main combinatorial background is the permutation of the two b jets (bb), which
occurs in about 10% of all cases. Other potential permutations involving the exchange
of a b jet from the leptonic or hadronic decay branch with a light jet (blepg, bhadq)
or the permutation of three or four jets (bbglep, bbghad, bbgq) are suppressed to 4% by
exploiting the b-tag information in the jet assignment. In about 3% of all events, at
least one jet from the tt decay is not among the five leading jets handed to the fitting
routine (jmis), but among the remaining jets passing the event selection. In about 4%
of all cases, the fit chooses an additional jet instead of a jet from a top-quark decay
product out of the five leading jets (wrongj).

In about 51% of the cases, the jet-parton matching is not successful (nomatch).
On the one hand, it might be still possible that the right combination is found by
the fit and only the matching fails either due to an ambiguous assignment when two
jets are near-by or due to AR(jet, parton) > 0.3. But on the other hand, also not
or misreconstructed jets are possible reasons, in the case of which no correct tt-event
reconstruction is possible. This includes situations in which jets from the tt decay
are merged, split or simply fail the selection criteria, i.e. are either out of acceptance
(failing pr or n requirements) or fail the jet-identification requirements. Looking at
the residuum or y? distributions of the unmatched cases (see below) suggests that they
contain contributions from both correct permutations and misreconstructed events.

7.2.2 x? and Probability Distributions

The distribution of x? and the corresponding x? probability? (for two degrees of free-
dom) of the selected best combination are shown in Fig. 7.3 for data and simulation.

Their agreement is found to be very good. For probability values above about
0.4, the probability distribution exhibits the flat behaviour expected for Gaussian-
distributed parameters. A potential bias from the selection of the best combination
towards higher values is not observed. However, the distribution is seen to increase
for low probability values, which can be mainly explained by contamination from com-
binatorial and other backgrounds. Fig. 7.4 shows the distributions separately for the
dominating permutations (ok, bb, noMatch) and for all permutations as obtained from
the tt simulation. The distributions are normalised to unity to facilitate the comparison
of their shapes. It can be seen that the unmatched cases and, to a lower extent, also

!From now on, the figures and numbers will be shown for the combined ¢ + jets channel. For
important distributions and those with possible channel-specific differences, the separate channels are
shown in the appendix.

2The x? probability for a given value 3 is defined as the probability to observe events with x? > y2.
Thus, larger x? values correspond to lower probabilities.
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Figure 7.3: x? (left) and corresponding probability (right) distribution in data and sim-
ulation for the combined ¢+ jets channel. Shown uncertainties and applied corrections
are the same as detailed in Sec. 5.2.6.

the permutations with exchanged b jets tend to larger x? and correspondingly lower
probability values, mainly in the first bin around 0, than the correct permutations.
This shows that a large part of the unmatched cases consists of badly reconstructed
events.

For future developments of this analysis, it is envisaged to introduce a cut on the
probability in order to reduce such backgrounds. As shown below, this would enhance
the resolution. In the scope of this first analysis of differential tt cross sections, however,
a cut is not performed to avoid an increase in complexity and a decrease of the number
of selected events.

7.2.3 Comparison between Reconstructed and Generated Quan-
tities

Figs. 7.5 and 7.6 display the residuum distributions for simulated events, i.e. the dif-
ference between a quantity as reconstructed by the kinematic fit and the underlying
generated quantity (rec-gen). For pr and mass quantities, the relative residuum (rec-
gen)/gen is shown. Note that the generated quantities are defined at parton level for
the top-quark and tt quantities, which require the tt-event reconstruction, and at par-
ticle level for the leptons and b jets, which are directly measurable in the detector (see
Sec. 8.1.3). In case there is both an object and its corresponding antiobject in the event
like for the top quarks and b jets, the distributions include both entries. In this case,
the assignment between the reconstructed and generated object is done as follows: For
the top quarks, the lepton-charge information is used, as assigned by the kinematic
fit. For the directly measurable b jets, however, it is advantageous not to rely on the
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Figure 7.4: Distribution of x? (left) and corresponding probability (right) for simulated
tt signal events in the combined £+ jets channel, separately for the dominating permu-
tations (ok, bb, noMatch) and for all permutations. The distributions are normalised
to unity.

assignment information from the kinematic fit to avoid the permutations of swapped
b jets. Thus, the two reconstructed b jets identified as coming from the top-quark de-
cay by the kinematic fit (b,..) are paired with the generated b jets (bye,) by minimising
the sum AR(brec,, bgen;) + AR(Drecy, bgen,) for the two possible pairs (i, j = 1,2; 7 # j).
Generated jets are identified as b jets by requiring them to include a B hadron from
the decay of one of the top quarks.

The residuum is calculated separately for each bin of the generated quantity of the
final differential cross-section distributions (for the choice of binning see Sec. 8.2.4). As
an example, the residua of two representative bins are shown for each quantity next
to each other. Besides the distribution for all events, it is also displayed separately for
the three most important permutations (ok, bb, noMatch).

The shape including all permutations differs significantly for the different quantities.
Whereas it is similar to a Gaussian peak around 0 for the well measured lepton quanti-
ties, which are hardly affected by the jet permutations, there are large tails and partly
asymmetric distributions with pronounced shoulders for the quantities reconstructed
by the kinematic fit. However, a closer look reveals that for the right permutations, a
pronounced peak around 0 is also maintained for these quantities. Thus, the tails and
the asymmetric contributions mostly originate from the wrong permutations and the
unmatched cases. However, it is interesting to note that the unmatched cases exhibit
also a second component, which seems to peak around 0. This confirms the assumption
made above that the unmatched cases consist of both correct permutations, for which
the jets just cannot be matched unambiguously to the underlying partons, and cases
in which the reconstruction of jets fails and therefore no correct reconstruction of the
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tt event is possible.

Due to the largely non-Gaussian shapes, it is not possible to quote values for the
resolution, when defined as the Gaussian standard deviation of the residuum distribu-
tions. However, the spread of these distributions directly affects the migration of events
from one bin of the quantity into another one. Measures to quantify this migration
such as the response matrix, purity and stability are defined and presented later in
Sec. 8.2.1.

7.3 Reconstructed Kinematic Distributions

The event yields (i.e. the number of reconstructed and selected events) for the combined
¢ + jets channel as a function of the tt and top-quark quantities are shown in Fig. 7.7,
the ones as a function of the lepton and b-jet quantities in Fig. 7.8.

In general, the distributions in data and simulation agree well. However, as already
observed in the basic monitoring distributions before the kinematic reconstruction of
the tt event in Sec. 5.2.6, the pr distributions, mainly of the b jets and top quarks, are
observed to be softer in data than predicted, i.e. they tend to lower pr values. This
propagates to the final differential cross-section distributions, which are discussed in
Sec. 10.
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Figure 7.5: The residuum distributions (relative to the generated value in case of pr
and mass quantities) in the combined channel for the tt and top-quark quantities at
parton level for the dominating permutations. This is shown for two selected bins of
the generated quantity according to the final binning.
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Figure 7.7: Event yields as a function of reconstructed quantities of the tt system and
the top quarks in data and simulation for the combined channel. First row: invariant
mass of the tt system; second row: transverse momentum (left) and rapidity (right)
of the tt system; third row: transverse momentum (left) and rapidity (right) of the
top quarks. Shown uncertainties and applied corrections are the same as detailed in
Sec. 5.2.6.
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Figure 7.8: Event yields as a function of reconstructed lepton (first row: p%, n*) and
b-jet (second row: p%., n°) quantities in data and simulation for the combined channel.
Shown uncertainties and applied corrections are the same as detailed in Sec. 5.2.6.



Chapter 8

Cross-Section Definition and
Unfolding

Yield distributions as shown in Sec. 7.3 can be used already for a first data-to-simulation
comparison in order to judge the validity of the model used in simulation and possibly
find hints of physics beyond the standard model. In fact, this is one of the most robust
ways to do so as migration corrections of the data are avoided by folding the simulation
instead. However, it thus requires a full detector simulation interfaced to the model
of interest, which is time-consuming and only accessible to the collaboration of the
respective experiment. Thus, in order to enable a direct comparison of the measurement
to theoretical predictions without detector simulation, to facilitate comparison between
different experiments and to better display the underlying physics corrected for detector
effects, cross sections are calculated from the yield distributions.

The emphasis of this analysis is laid on differential tt cross sections as a function of
kinematic quantities of the tt system, the top quarks and the top-quark decay products
(lepton and b jets) as defined in Sec. 7.3. They are background subtracted and unfolded
in a regularised way to correct for bin migrations and efficiencies. The cross sections
are both measured in the visible phase space within the detector acceptance as well as
extrapolated to the full phase space. The distributions of the directly measurable lepton
and b-jet quantities are corrected back to particle level and the reconstructed quantities
related to the top quarks and the tt system to parton level. As the main aim is the
measurement of the distribution shapes (as opposed to their absolute normalisation),
the differential cross sections are presented normalised to unity. By this, normalisation
uncertainties correlated across all kinematic regions of the measurement largely cancel.
In addition, also the inclusive cross section for the full phase space and corrected for
the branching ratio is measured as a cross check.

8.1 Cross-Section Definition

For simplicity, the tt-cross-section calculation is explained first for only one measure-
ment interval, which corresponds to the inclusive cross section, before generalising to

104
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the case of differential cross sections.

The cross section for inclusive tt production is given by

(Ndata - NBG) . fsig

e-L-BR ’ (8.1)

O =

where Ngata and Npg refer to the number of selected data and non-tt background
events, respectively, f*% to the signal fraction to correct for background from other tt
channels, € to the efficiency to correct for detector effects, L to the integrated luminosity
and BR to the branching ratio.

For differential cross sections, the cross section is measured as a function of a certain
quantity X that is divided into a limited number n4;,, of measurement intervals X;.
For each of them, the cross section is determined separately and divided by its bin
width Ax,. Furthermore, in addition to the efficiency, detector effects also lead to
migration between the measurement intervals, which needs to be corrected for. This is
done by generalising the efficiency to the detector response matrix A, which is used for
unfolding. As a result, the differential cross section for bin X; (before normalisation)
is given by

do Y00 A" [(Naatay — Naay) - £7] (8.2)
dX; Ax,-L-BR ‘

Note that the direct inversion of the response matrix is only shown for illustration.
In fact, a regularised unfolding approach is used as presented in Sec. 8.2.

Finally, the differential cross-section distributions are normalised to unity using the
inclusive cross section o in the same phase space, which is obtained as the sum over all
bins of the corresponding differential cross-section distribution including under- and
overflow bins:

do 1 do
dX;  Yhrne dE Ny dX,

j=1 dX;

% (8.3)

Due to the normalisation, cross section terms that are the same for all bins like L,
BR or flat correction factors cancel.

In the following, each component of the cross-section equations above is discussed
in detail.

8.1.1 Event Yield: Ny,

The event yield Ngaia corresponds to the number of events in data, which is obtained
by counting the selected events after the full selection including b tagging and the
kinematic fit (CutéCount experiment). For differential cross sections, the yield is sub-
divided into bins of the measured quantity X according to the result of the kinematic
fit (see Sec. 7.3).
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8.1.2 Background Removal: Ngg and f5%9

Due to the tight event selection requiring at least two b tags, the expected amount
of non-tt background events Npg is very low, at the level of 8% (see Sec. 5.2.6). The
largest fraction of it is expected to originate from single-top events, which is a rare
process with a much lower cross section than tt production and a similar signature.
Thus, a determination of this background from data is not feasible. As the background
level is expected to be so low and control distributions show a good agreement between
data and simulation (cf. Sec. 5.2.6), Npg, is estimated directly from the background
simulations.

From the remaining tt events, only the ones originating from prompt leptonic W-
boson decays into one muon or electron (plus corresponding neutrino) are considered
signal and are used for the determination of the cross section. The other tt events
mainly derive from the 7-+jets channel, in which one of the W bosons decays into a
7 lepton as intermediate step before the 7 lepton in turn decays further to a muon
or electron, or from the 74+muon/electron channel with hadronic decay of the 7 lep-
ton. These events have different kinematic distributions compared to the ones with a
prompt lepton. For instance, the 7-+jets channel results in a lower pr of the final-state
lepton due to energy carried away by the additional neutrinos. Thus, these events are
considered background and only the fraction of tt events that are prompt-lepton decays
is used:

N (tt signal)

sig _ _ /.
/ N(tt signal) + N(tt other)

(8.4)

In contrast to a simple background subtraction of the expected other tt events, the
application of the signal fraction f*9 avoids the use of the inclusive tt cross section,
i.e. of the quantity that is intended to be measured.

8.1.3 Correction for Detector Effects: ¢ and A

Detector corrections are applied to take into account that only a fraction of the signal
events produced in the collisions is observed, and possibly in another bin than originally
generated. This is described for one bin by the efficiency € introduced in Sec. 6 or, more
generally in case of more bins, by the response matrix A given by:

N . .
A — gen,j—rec,i . 35

Y Nyen,;j (8:5)

Ngen,j—srec,i denotes the number of events that are generated in bin j and reconstructed’
in bin ¢, whereas N, ; gives the total number of events generated in bin j. From this,

the efficiency for a generated bin j is obtained as the sum over the entries in column
7, i.e. over all reconstructed bins:

!For simplicity, in this section the term “reconstructed” refers to the full event reconstruction and
selection, which is not further distinguished here.
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Ngen Jj—rec,t
22T,

The efficiency or response matrix is estimated from the simulation and data-driven
corrections are taken into account by applying the derived scale factors as event weights
as described in Sec. 6. How the response matrix is used to unfold the data in a

regularised way is described in Sec. 8.2.

Phase-Space Definition and Object-Evolution Level

At this point, one has to decide to which phase space and object-evolution level (as
explained in Sec. 4.1) one intends to correct back, i.e. how the denominator Ny, ; is
defined. This determines the point at which theory and the measured cross section
meet and are compared.

On the one hand, the cross section can be either extrapolated to the full phase
space (full PS) or be restricted to the visible phase space (vis. PS) defined by the
geometric and kinematic limitations in 7 and pr due to the incomplete detector or
trigger coverage. The efficiencies? of these two cases are related via the acceptance A:

vis. PS
EfullPS o Nrec . Ngen . Nrec (8 7)
o fullPS full PS vis. PS :
Ngen Ngen Ngen
v .
A ¢Vis. PS

To determine the number of events in the visible phase space, NV ;’;fL PS phase-space cuts
at generator level are performed.

On the other hand, one also needs to define the object-evolution level (parton or
particle level, see Sec. 4.1) to which one would like to correct back. This affects the dif-
ferential distributions of generated kinematic quantities Ny, ;, but also the acceptance
cuts.

Depending on the choice of phase space and object-evolution level, different de-
grees of extrapolation are needed, i.e. the measured cross section might include certain
corrections deduced from a specific model. Three different categories are used in this
analysis:

Visible Phase Space at Particle Level

The least model-dependent version of an experimental cross-section measurement is
restricted to the visible phase space and to the last level of object evolution before
the measurement in the detector, which is the particle level. However, as no obvious
definition for top quarks at particle level exist as they need to be reconstructed from

2For simplicity, only the efficiency for one bin is quoted here, but it applies also to the general case
with several bins and the response matrix.
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their decay products, this category is only well-defined for cross sections as a function
of kinematic quantities of the final-state objects like leptons and jets.

For this level, generated stable leptons after radiation coming from a real W-boson
decay are considered, along with generated jets, i.e. clustered from generated stable
particles after radiation and hadronisation. For the jet clustering, stable leptons (in-
cluding 7 leptons) from a real W boson are excluded. In order to also avoid clustering
of photons radiated off leptons into a jet containing only this photon itself, only gen-
erated jets with a minimum distance of AR(jet, lepton) > 0.4 are taken into account.
The phase-space cuts for the generated leptons and jets correspond to the lepton and
jet selection at reconstruction level:

e generated lepton: pT > 30GeV and |nf| < 2.1
Ny=1

e generated jets: I > 30 GeV and || < 2.4
Nijets > 4, out of which Ny jers > 2

Generated jets are identified as b jets by a B hadron from a b quark from the decay
of one of the top quarks, which is contained in the jet. If the same B hadron can be
matched to more than one generated jet, the one with the highest pr is considered as
generated b jet. The efficiency of this identification procedure is about 99%.

Visible Phase Space at Parton Level

Measurements in this category are corrected for detector and hadronisation effects
back to parton level. This allows for the definition of top-quark and tt quantities, but
introduces some dependence on the hadronisation model. The exact correction level is
defined at the point of the top-quark decay, i.e. top quarks are considered after their
final state radiation.

The phase space is still restricted to the visible detector region, but the phase-space
cuts, whose values are the same as above, are now imposed on the leptons and quarks
at parton level directly after the top-quark decay.

Fully Extrapolated Phase Space at Parton Level

Presenting the parton-level top-quark and tt cross sections extrapolated to the full
phase space allows for a direct and fast comparison to a variety of theory calculations
from perturbative QCD that are not available for the visible phase space.

The efficiencies in the respective visible phase space for each generated bin, ejv-is' S,

are presented in Figs. 8.1 to 8.5 (top row) for each distribution, as well as the corre-
sponding acceptances A; in case an extrapolation to the full phase space is performed.
The average efficiency for the visible phase space at parton level amounts to 31% for
the muon, 25% for the electron and 28% for the combined ¢ + jets channel, the corre-
sponding average acceptance to 22% in all channels.
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8.1.4 Luminosity and Branching Ratio

Finally, the cross section is calculated using the integrated luminosity L as measured by
CMS [139] and the branching ratio for each ¢+ jets decay channel of BR = 0.146 [19].
However, both cancels again in the case of normalised differential cross sections.

8.1.5 Combination of Electron and Muon Channels

The combination of the electron and muon channel is done at the level of the yields,
i.e. Ngata 18 added for the two channels to obtain combined event numbers. The same
applies to Npg. An average tt signal fraction and efficiency or response matrix is
calculated from the simulation after combining the simulated events with individual
data-driven corrections for the different channels. For the calculation of the absolute
inclusive cross section, the average effective luminosity recorded by the different triggers
is taken (however, the recorded-luminosity difference between the channels is only 0.5%)
and the double branching ratio is used.

8.2 Migration and Unfolding

The differential distributions are subject to bin migrations, i.e. events that are actually
produced in bin X, ; might be measured in another bin XTeC,Z-?’. This is on the one hand
due to the limited instrumental resolution of the variable X. But it can also result from
kinematic changes induced by radiation and hadronisation effects if corrections from
particle level back to parton level are applied. Thus, in the latter case, dependencies
on the hadronisation model are introduced. As migrations can alter the distributions
significantly, especially in the case of large slopes, they need to be corrected for.

Migrations are dealt with in the following way: At first, they are studied in terms
of the migration matrix and the quantities purity and stability as determined from the
simulation. The binning of the differential variables is chosen such that migration is
limited to a reasonable amount as defined below. Subsequently, a regularised unfolding
approach using the global-correlation coefficient as a criterion for the regularisation
level |140] is used to correct for the remaining migration effects. An introduction to
the topics of migration and unfolding can be found in [140-142].

8.2.1 Description of Migration

The response matrix A defined above (see Eq. 8.5) includes all detector effects, i.e.
both efficiency and migration. If only migration effects are intended to be studied, it
is useful to define the migration matriz M by factorising the efficiencies out. This can
be achieved either by normalising the columns of A to 1 or, equivalently, by modifying

3Distributions of the generated and the reconstructed quantity are supposed to have the same bin
boundaries and consequently also bin numbers in this analysis.
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the denominator of Eq. 8.5 such that it includes only the number of events Nyep, j—rec s
which are generated in bin j and demanded to be reconstructed in any of the bins
(denoted by x), i.e. not to be lost due to inefficiencies:

N,

gen,j—rec,i
N+ . (8- 8)
gen,j—rec,*

Mij -

Stability s; and purity p; are measures of migration out of and into a bin ¢, respec-
tively:

Ngen,i—)rec,i

S — —F—————
Ngen,i%rec,*

N . )
gen,i—rec,i

Ngen,*—)rec,i

Stability describes the fraction of all the events generated in one bin (and not lost
due to inefficiencies) that are also reconstructed in the same bin. It is equivalent to
the diagonals of the migration matrix, M;;. On the contrary, purity gives the fraction
of all the events reconstructed in one bin that have been also generated in the same
bin. Without migration effects, purity and stability would equal 1.

The migration matrix, stability and purity (along with efficiency and acceptance
as already discussed above) are shown in Figs. 8.1 to 8.5 for all distributions of the
combined channel in the final binning. It can be seen that migration effects are very
limited for the directly measurable lepton and b-jet quantities: non-diagonal elements
in the migration matrix are at a low level due to a high resolution (see Sec. 7.2.3),
leading to high values of stability and purity. In contrast, in case of the reconstructed
top-quark and tt quantities with a low resolution and large effects due to background
from wrong permutations, significant non-diagonal elements in the migration matrix
and correspondingly low values for stability and purity are observed despite a coarser
binning. In fact, the final binning is mainly chosen according to the migration level
observed here (see Sec. 8.2.4).

8.2.2 Covariance and Correlation
As correlations between the different bins of a differential distribution play a crucial role
in the unfolding, a short introduction on their description is given here (cf. e.g. [140]).

If bins of a differential distribution represented by a vector Y are correlated with
each other, their uncertainties (or better: variances) need to be generalised to the
covariance matrix cov given by

covij = E[(Y: — E[Yi])(Y; — E[Y;])], (8.10)

where E[]| denotes the expectation value. The diagonal elements include the variances,
i.e. the squared uncertainties of the respective bins: covy = var; = 02.



Cross-Section Definition and Unfolding 111

Correlation coefficients with values ranging from -1 (completely anti-correlated)
to +1 (completely correlated) with 0 denoting statistical independence can be deduced
as

COVy; COVyj
4/ COVjj * COVjj (SZ . (Sj ‘

To extend the correlation between two bins to a measure that gives the total amount
of correlation between one bin Y; and all other bins, the concept of the global-correlation
coefficient p; is defined [143]. It gives the maximum correlation between Y; and every
possible linear combination of all other bins and can be obtained as

Pij = (8.11)

pi= \/1 ~ (cov)y ~1(cov—1)m-' (8.12)

Its value ranges from 0 (uncorrelated with all other bins) to 1 (completely correlated
with at least one linear combination of the other bins).

Finally, to take the global-correlation coefficients of all bins into consideration, the
root of the mean squared (RMS) global correlation is calculated:

(8.13)

8.2.3 Regularised-Unfolding Technique

The transformation of the original true distribution given by the vector Z to the mea-
sured distribution Ny, (without background contribution) via the response matrix
reads:

—

A7 = Ny,. (8.14)

The aim of unfolding is to obtain the true distribution from the measured one,
i.e. to solve Eq. 8.14 for &, given the response matrix from the simulation. However,
inversion problems are generally ill-posed and unstable [140]. Due to limited resolu-
tion, a measurement with a detector, i.e. mathematically the application of the response
matrix, always involves a smearing of the original distribution, i.e. that peaks and high-
frequency components are suppressed. The inversion needs to recover them. However,
inevitable statistical fluctuations in the measurement can be mistaken as indications
of such high-frequency structures of the true distribution and therefore introduce large
unphysical oscillations. Thus, using a direct inversion of A leads to a large statisti-
cal variance of the solution and negative correlations between neighbouring bins. In
order to suppress those, the solution needs to be regularised, i.e. a-priori constraints
regarding the smoothness of the solution are introduced. Technically, this is performed
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by rearranging and solving Eq. 8.14 in a minimum-x? sense (x%) under inclusion of a

penalty or reqularisation term (Reg):

X2, = (AT — Nsig)Tcov;Vl_ (AZ — Ny,) +7(C2)T(CZ) = min. (8.15)
N s1g , a,—/
27 Reg(Z)
XA(x)

covy is the covariance matrix of the measured vector with the squared statistical
uncertainties as diagonal elements only. C is a matrix that defines the type of the
smoothness condition, whereas the regularisation parameter 7 steers the relative weight
of this condition with respect to x%.

In this analysis, the selection of C and the way how Eq. 8.15 is actually solved
using Singular Value Decomposition (SVD) follows the method as detailed in [142]
and implemented in the software package TSVDUNFOLD [144]|. However, deviating
from there, the optimisation of 7 is based on the minimum-global-correlation method
proposed in [140] and implemented by [145]. A short summary is given in the following.

First, instead of solving Eq. 8.15 directly for Z, the vector composed of

w]' = xj/Ngen,ja (816)

i.e. relative to the simulated true distribution, is used:

o, = (Al — ]\t,ig)Tcovil_ (A" — Nsig) + T(CUT)T(CE)) = min. (8.17)
519 , %,—/
4 () fieg()

The response matrix is modified accordingly to A’, which now includes the raw sim-
ulated event numbers instead of probabilities: A;j = Nyen,jsreci- Lhis assists the
regularisation as the approximate smoothness of the solution without fluctuations is
already assumed from the simulation and factorised out. It is assured that a possibly
introduced bias towards the generated input distribution is small (see Sec. 8.2.5). After
finding the mathematical solution for «w by means of SVD, the desired distribution 7
is retrieved from this according to Eq. 8.16.

To obtain a criterion for “smoothness” for the regularisation term, the matrix C is
chosen as

-1 1 0
1 -2 1 0
C— (8.18)
0 1 -2 1
0 1 -1

In this way, Ci7 is the discrete second derivative* of the solution w0, and its euclidian

4Assuming unity bin width to be precise, but any deviation therefrom is absorbed in the optimi-
sation of the regularisation parameter 7.
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norm (Cw)T(Cw) is a scalar measure for the global curvature of .

The regularisation parameter 7 needs to be chosen carefully: 7 = 0 means no reg-
ularisation at all, leaving the large negative correlations between neighbouring bins of
the original solution (under-smoothing). On the other hand, a very large 7 dampens
not only the oscillations induced by statistical fluctuations, but also possibly the fine
structure of the distribution itself (over-smoothing). This leads to large positive corre-
lations and a bias of the solution towards the underlying smoothness condition. Thus,
the optimal 7 can be found by demanding the correlations to be small. It is chosen
such that the RMS global-correlation coefficient p (see Eq. 8.13) is minimised for each
distribution. The correlation matrices needed for this calculation are obtained via error
propagation using pseudo-experiments as explained in Sec. 9.1. They are shown for
the normalised final results in App. A. Note, however, that for the calculation of p,
the correlation matrices before normalisation are taken (the normalisation can affect
the correlations, which is, however, not related to the regularisation). A scan of p
as a function of 7 is shown in Figs. 8.1 to 8.5 (bottom row). It can be seen that for
quantities that are not heavily affected by migration (especially the lepton quantities),
the global correlation is already very low for small values of 7 and the minimum is
relatively shallow. In contrast, for quantities that are subject to substantial migration,
the global correlation in the unregularised case is much higher and can be significantly
reduced by choosing an optimum 7. The chosen 7 is indicated in the figure.

8.2.4 Choice of Binning

In general, it is desirable to choose the measurement intervals as small as possible in
order to maximise the gain of differential information and resolve the structure of the
distributions as finely as possible. However, a trade-off needs to be found regarding the
increasing statistical uncertainty (even without migration) and the increasing amount
of bin migration when reducing the bin width. Despite the minimum-global-correlation
condition for regularisation, the bin correlations, statistical uncertainties and a possible
bias of the unfolded result can be large if migrations are too strong. Thus, for a good
unfolding performance, stability and purity are required to stay at a level of typically
40 to 50% or above and to evolve approximately smoothly over the full range of the
distributions (Figs. 8.1 to 8.5, top row). Additionally, it is required that the migration
into the bins, which are not the next neighbours, are suppressed at the level of a few
to maximally 15% (Figs. 8.1 to 8.5, middle row).

These constraints assure that the statistical uncertainties of the unfolded results
remain below typically 5% (and hence below the systematic uncertainties, see Sec. 9.4)
and the maximum bin correlations before normalisation typically below 40%. To distri-
butions that are not limited by migrations like the lepton and partly the b-jet quantities,
the constraint of a statistical uncertainty below the systematic one is directly applied.
Finally, it is required that the systematic-uncertainty distributions as displayed in
Sec. 9.4 do not show significant spikes in any of the bins as this would indicate a sta-
tistical deficit in the simulated sample (and hence in the response matrix) that is used
to assess that uncertainty. In rare cases like in peripheral regions, the requirements are
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exceptionally allowed to be softened to enable a measurement there.

8.2.5 Unfolding Closure and Stability Tests

As explained above, regularisation introduces an a-priori assumption regarding the
unfolded solution. In this analysis, the curvature of «, i.e. of the unfolded result
relative to the simulated true distribution (cf. Eq. 8.16), is constrained. However,
the minimum-global-correlation condition for the determination of the regularisation
parameter and the limitation of migration by the choice of binning are expected to
keep a possible bias towards the input model at a low level. Several closure tests are
performed to verify that the unfolding applied here produces consistent results and that
the introduced bias is negligible. Note that these tests here only investigate effects due
to the unfolding technique itself, especially the regularisation, and do not address the
question whether the underlying detector and hadronisation models used to construct
the response matrix are correct. The latter is studied separately and is finally taken
into account as systematic uncertainties as described in Sec. 9. The tests presented
here are done in the full phase space at parton level.

First, an unfolding closure test is performed on simulated events. For the unfolding,
the same setup as in the real data analysis is used: the standard tt MADGRAPH sample
is taken to construct the response matrix and the denominator in «, which serves
as curvature reference for the regularisation. Moreover, also all other analysis steps
including binning, background removal, normalisation, decay-channel combination etc.
follow the same procedure as in the real data analysis. Only the input data that is
unfolded is not from real collisions, but taken from reconstructed simulated events
scaled to the standard luminosity of this analysis.

In a first step, it is verified that the unfolded reconstructed distribution of the stan-
dard MADGRAPH tt simulation reproduces the underlying generated true distribution.
The agreement is found to be better than a permille.

Subsequently, distributions with shapes that are significantly different from the
standard tt simulation are unfolded and compared to their underlying generated true
distributions. Two qualitatively different shape distortions are studied. On the one
hand, the shape of the distribution is altered globally by reweighting the m'* distribu-
tion such that it becomes either softer (i.e. tends to lower m' values) or harder (i.e.
tends to higher m' values). Alternatively, the distribution is only locally distorted by
adding a simulated Z’ signal to the SM prediction, thereby testing the sensitivity of
the unfolding to narrow, delta-pulse-like resonances.

The weights for the global-shape distortion are calculated for each simulated event
k as a function of the generated m™ [in GeV]:

Wprerk = 1 £ (Mt — 350) - 0.015
N (8.19)

Wnorm,k = Wprel k N
> i1 Wprel,i



120 Cross-Section Definition and Unfolding

The preliminary weights w,,.; are normalised (wyem,) such that the total number of
events in the sample /N stays unchanged. Applying the plus sign in the equation results
in a harder spectrum, the minus sign in a softer one.

The distorted generated spectrum is compared to the original one in Fig. 8.6 after
normalisation. Due to correlations of m'* with other quantities, the reweighting also
changes other distributions, especially p%. and moderately also y™, which is also shown.
It should be noted that these shape distortions are extreme examples significantly
larger than the observed differences between the measured and the standard simulated
distributions (cf. final results presented in Sec. 10). The data points in these figures
correspond to the reconstructed reweighted distributions after unfolding with statistical
uncertainties corresponding to the standard luminosity of this analysis (5 fb™'). Thus,
they are expected to match with the respective reweighted generated distribution. It
can be seen that despite the extreme shape distortions, the agreement is very good
and no visible bias is introduced. Residual deviations are well within the statistical
uncertainties.

A completely different shape distortion is introduced by the presence of a narrow
resonance-like signal. To simulate this, a hypothetical leptophobic topcolour Z' sig-
nal [60] with a mass of 750 GeV and 1.2% width (much less than the m' reconstruction
resolution) as simulated by MADGRAPH is added to the standard tt sample. To study
the dependence of the unfolding on the strength of such a resonance signal, the pre-
dicted cross section of 3.2pb is varied with applied factors ranging from 0.03 to 4.
Fig. 8.7 shows the originally generated tt distribution used in the unfolding setup,
the combined generated distribution of tt +Z' (magenta line) and the reconstructed
combined tt +7Z’ distribution after unfolding for Z' cross sections of 3.2 pb (top) and
4 % 3.2pb (bottom). The m* spectrum (left) exhibits the resonance most prominently.
The generated normalised cross section in the bin including the simulated 7’ mass
(650 < m"[GeV] < 800), is enhanced by about 25% and 100% for a Z' cross section
of 3.2pb and 4 x 3.2pb, respectively. But also the p& spectrum (right) is affected by
such an additional signal.

It can be seen that the unfolding reproduces the originally generated distributions
including an additional Z’. The bias, i.e. the difference between the unfolded and
the generated tt +Z’ cross section in this bin, is very small as displayed in Fig 8.8:
Only 2% for a normalised cross section enhancement of 25% in this bin and 6% for an
enhancement of 100%. It should be emphasised again that these are extreme examples
and the observed difference between real data and SM predictions is much less, thereby
justifying the assumption of a negligible bias. Furthermore, note that this analysis
is intended and therefore optimised to measure the tt cross section and not to set
limits on resonance signals, which would require e.g. other signal efficiencies due to
different topologies. A dedicated CMS analysis for resonance searches can be found
elsewhere [146]. However, it is reassuring to note that such signals would manifest
themselves as clear deviations of the measured normalised differential cross section
from the SM tt prediction.

Besides the closure tests on simulated events, further tests are performed on real
data to study the stability of the unfolding. For one test, the measured distribution in
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Figure 8.6: Unfolding closure test with a reweighted m' spectrum: Softer (top left)
and harder (top right) m'* spectrum. Further variables that change during the mt*
reweighting in a correlated way include p%. (middle row) and y* (bottom row). The orig-
inally simulated tt distribution used in the unfolding setup (red line), the reweighted
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sections for the combined ¢ + jets channel.
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Figure 8.7: Unfolding closure test with an additional Z’ signal for the m® (left) and
pt variable (right). The top row uses the nominal Z’ cross section of 3.2 pb predicted
by [60], the bottom row a cross-section value of 4 x 3.2 pb. The originally generated tt
distribution used in the unfolding setup (red line), the combined generated distribution
of tt +Z' (magenta line) and the reconstructed and unfolded combined tt +Z' distribu-
tion (points) are compared. The shown distributions are normalised differential cross
sections for the combined ¢ + jets channel.



Cross-Section Definition and Unfolding 123

'O\€| T T ‘ T T T ‘ T T T ‘ \:
= OE Bin incl. 750 GeV Z'
5 o 650<m_[GeV]<800 1
=~ B it ]
Tl g e E
TIN ¢ 1
gL -2 ° ]
N r ]
o - i
= -3 7
- r ]
= ¥ ° ]
= -Ar .
s E -
g S -
m r i
r o
O, T

1 1.2 1.4 1.6 1.8 2

(tt+2)
gen

tt

gen

Figure 8.8: The unfolding bias in the presence of a resonance, defined as the relative
difference between the unfolded and generated normalised differential cross section in
the bin including the 7’ with a simulated mass of 750 GeV. It is shown as a function of
the cross-section enhancement given by the ratio of the generated normalised differen-
tial cross section with Z’ to the one without. The corresponding Z’ cross sections are
from left to right: 0.03, 0.1, 0.25, 0.5, 1, 2 and 4 times the nominal cross section of
3.2 pb.

data is unfolded in a regularised way and folded again with the simulated response ma-
trix. The difference with respect to the original measurement is found to be negligible
for all distributions, proving the stability and consistency of the regularisation.

Another test involves the reweighting of the simulation (both generated and re-
constructed distributions) such that the generated distribution matches the measured
cross section from data after a first unfolding step. Subsequently, further iterations of
unfolding the original data are performed using the reweighted simulated distributions
as new input for the unfolding setup, i.e. for the construction of the response matrix
and as denominator of w in Eq. 8.16. The difference between the iterations is typically
below the percent level and converges fast to 0. Even for top-quark pr, which turns
out to be the distribution, for which the deviation between the measured and predicted
cross section is largest (cf. Sec. 10), the iteration change is typically at the percent
level and thus well within the statistical uncertainties. This can be seen from Fig. 8.9,
which shows the generated and the unfolded cross section after 1, 2 and 3 iterations
(left) and the ratio between subsequent iterations (right).

To conclude, the chosen binning and level of regularisation lead to stable and con-
sistent unfolded results with negligible bias towards the input model. Thus, no bias
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Figure 8.9: Unfolding stability test on data using different unfolding iterations for the
pY normalised differential cross section in the u-jets channel. Left: comparison of the
originally generated distribution used in the unfolding setup for iteration 1, and the un-
folded measured data after 1, 2 and 3 unfolding iterations, which are subsequently used
in the unfolding setup of the next iteration, respectively. Right: the corresponding ratio
between subsequent iterations. The error bars correspond to statistical uncertainties.

corrections need to be applied.



Chapter 9

Uncertainties

The individual quantities used to calculate the cross sections (Eq. 8.1, 8.2) are not
known perfectly. It is important to estimate their uncertainties in order to know
the precision of the measurement when comparing to other experimental results or
theoretical models.

Uncertainties can either be of statistical nature, originate from limited precision
in the correction for detector effects or arise from theoretical uncertainties in the un-
folding, acceptance extrapolation and background determination. They have different
effects on absolute and normalised cross sections because the uncertainties common
to all bins of the measurement (i.e. normalisation uncertainties concerning luminosity,
flat scale factors etc.) cancel for the normalised case, or at least reduce significantly.
Thus, only uncertainties uncorrelated between the bins, which affect only the shape of
the differential distributions, remain.

The systematic uncertainties are generally determined by up and down variations
of the uncertainty-afflicted quantity by one standard deviation or other conventional
amounts. Subsequently, the shift is propagated to the cross section (in some cases by
repeating the whole analysis chain) and the difference to the central value is considered
as the systematic uncertainty of the cross section. In case the uncertainty values
for the up and down variations differ, the uncertainty is symmetrised to the mean
value. This procedure is done separately for each uncertainty source and the individual
contributions are finally added in quadrature. The uncertainties of the normalised
differential distributions are determined separately for each bin from the difference
between the normalised shifted and normalised central value.

The uncertainties taken into account are discussed in the following. An overview is
given in Tab. 9.1 and Figs. 9.1 and 9.2.

9.1 Statistical Uncertainty

The statistical uncertainty of the event yield is given by the Poissonian standard devi-
ation v/ Ngata- For the inclusive cross section, it is propagated to the final result using
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simple Gaussian error propagation as approximation. For the reconstructed differential
distributions, the squared statistical uncertainties of all bins (i.e. the variances) consti-
tute the diagonal elements of the measured covariance matrix cov Ny (see Sec. 8.2.2).
As each bin is measured independently, no off-diagonal elements are present. The co-
variance matrix of the unfolded result covz is determined by error propagation using
pseudo-experiments. The measured yield distribution Nsig is overlaid with random
noise according to its statistical uncertainty. Each altered distribution is unfolded
again and the differential cross section is recalculated. From a sample of 1000 of such
pseudo-experiments, the covariance matrix for each differential cross-section distribu-
tion is obtained according to Eq. 8.10. It includes non-zero off-diagonal entries because
the elements of the unfolded distributions are correlated with each other due to lim-
ited resolution and migration. The statistical correlation matrices for each distribution
after normalisation are given in App. A (they are related to the covariance matrices
via Eq. 8.11). For the graphical presentation of the differential cross-section distri-
butions, the square root of the diagonal covariance elements are taken as statistical
uncertainties.

9.2 Experimental Systematic Uncertainties

9.2.1 Luminosity

The uncertainty of the luminosity measurement is determined to be 2.2%, which is
dominated by scan-to-scan variations of the Van-der-Meer calibration and afterglow ef-
fects [89]. For the normalised differential cross sections, the luminosity cancels largely.
Only a small fraction remains due to subtracting the luminosity-scaled simulated back-
ground events from data.

9.2.2 Pile-Up

As explained in Sec. 4.3, the pile-up (PU) model estimates the mean number of PU
interactions to be about 9.5 events for 2011 data. An uncertainty of 8% is assigned
to cover the uncertainties related to the inelastic proton-proton cross-section, the in-
stantaneous luminosity, the PYTHIA PU-model and the reweighting process [147]. Such
variations lead to new PU distributions in data and consequently new event weights,
which are applied to the simulation. Also the lepton-efficiency scale factors are redeter-
mined using the new event weights, which mitigates the influence of the PU uncertainty
on the lepton selection as in all cases the efficiencies are scaled to the data.

9.2.3 Jet Energy

As at least four jets are required in this analysis, the uncertainties related to the jet
energy (both scale and resolution, see Sec. 5.1.5) have a large influence on the selection
efficiency.
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Jet-Energy Scale

To estimate the effect of the jet-energy scale (JES) uncertainty, the reconstructed jet
energy in the simulation is shifted by its uncertainty of typically 1 to 3% depending
on pr and |n| (see Sec. 5.1.5). This shift is also propagated to the measurement of the
missing transverse energy.

Jet-Energy Resolution

As mentioned in Sec. 5.1.5, the jet-energy resolution (JER) in simulation is corrected
using the |n|-dependent data-to-simulation scale factor displayed in Tab. 5.1. The anal-
ysis is repeated with scale factors shifted according to their uncertainties of typically 5
to 8%. This shift affects both the selection efficiency and the resolutions used for the
kinematic fit.

9.2.4 'Trigger, Lepton-Selection and B-Tagging Efficiencies

The trigger, lepton-selection and b-tagging efficiencies from the simulation are corrected
using data-to-simulation scale factors (SFs), which are partly parametrised as a function
of kinematic variables as presented in Sec. 6.

For the determination of normalisation uncertainties, which are dominant for ab-
solute cross sections, the efficiency SFs are varied in the same direction (up or down)
within their uncertainties simultaneously in all kinematic regions. Such a correlated
treatment of the variations across all bins yields the most conservative estimate for
the uncertainty of the inclusive cross section. In contrast, it has hardly any effect on
normalised cross sections as it mostly cancels in the ratio. In cases in which it is not
guaranteed that all parts of the SF uncertainty are completely correlated in all kine-
matic regions, this might underestimate the uncertainty on the normalised differential
cross sections.

Thus, for a conservative estimate, the effect of additional SF shape uncertainties
is determined. The SF distribution is divided into two pr or |n| bins and the SF is
shifted up in one bin and simultaneously down in the other one, and vice-versa. The
bins are chosen such that they are divided by the median of the respective distribution
in the phase space of the selection (55 GeV (65 GeV) for the lepton (b-jet) pr dis-
tributions, 0.7 for lepton and b-jet |n| distributions). Other divisions such as one bin
containing one quarter of the events or bin divisions according to the detector geometry
(barrel /endcap) are found to yield similar results.

The normalisation variation as well as the pp- and |n|-dependent shape variations
are performed individually and their maximum is taken as final uncertainty to avoid
double-counting.
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Trigger and Lepton-Selection Efficiencies - Muon Channel

The uncertainties on the muon-selection and trigger efficiencies arise from almost neg-
ligible statistical tag-and-probe uncertainties, systematic method uncertainties (reso-
nance fit or cut-based count, Z-boson mass-window definition) and dominantly from
about 1%-level deviations from a flat SF in case the SF is not parametrised like for the
n-dependent trigger efficiency (cf. Sec. 6.1.2). Thus, uncertainties in both normalisa-
tion and shape are conservatively assessed by SF variations of +1%.

Trigger and Lepton-Selection Efficiencies - Electron Channel

The statistical uncertainties and deviations from a flat SF for the selection and trigger
efficiencies are observed to be larger in the electron than in the muon channel (cf.

Sec. 6.1.3). Both normalisation and shape uncertainties are conservatively assessed by
+2% SF variations.

For the efficiency of the jet part of the trigger, a SF is only applied to events with
4 jets and pr(4th jet) between 30 and 40 GeV. For those, a 1% variation is performed
as systematic uncertainty mainly to account for the difference between the efficiencies
determined with the muon- and electron-hadron cross triggers. In order to determine a
shape uncertainty as a function of |n| of the 4th jet, the SF of the two |n| bins (divided
by |n|=1.4) is shifted up and down in opposite directions by 0.5%.

B-Tagging Efficiency

The b-tagging efficiency scale factor per jet is determined as a function of b-jet pr (see
Sec. 6.2). For the determination of the normalisation uncertainty, the SF is varied by
its uncertainty of 2-3%. As a part of this uncertainty might be uncorrelated across the
bins, additional shape variations are performed with half of this uncertainty.

In addition, the mistag rate is varied according to its uncertainty (see Sec. 6.2),
which has only a small effect on the cross sections.

9.3 Systematic Modelling Uncertainties

The estimation of modelling uncertainties largely follows the general approach in the
CMS Top-Quark-Physics Analysis Group as presented in [107] and summarised in the
following.

9.3.1 Signal Modelling: Hard-Scattering Scale (> and Match-
ing Threshold

The uncertainty on the modelling of the kinematics of the tt signal process is evaluated
by varying the hard-scattering scale Q?. As explained in Sec. 4.2, this comprises the
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renormalisation and factorisation scale. The initial parton-shower evolution scale is
varied by the same factor in a correlated way. Furthermore, the effect of additional jet
production in MADGRAPH is studied by varying the matching threshold between jet
production at matrix-element level and in parton showering (see Secs. 4.1.2 and 4.2).
Thus, both variations cover uncertainties on initial- and final-state radiation modelling.
Both Q and the matching threshold are varied up and down by the conventional factor
of two and 0.5 with respect to their nominal values, respectively. Dedicated simulated
samples generated with these variations are used (see Tab. 4.1).

9.3.2 Background Modelling and Normalisation

As the background is estimated from simulated samples, model uncertainties also apply
to them. Thus, the variation of the Q? scale and matching threshold is also studied
for W- and Z-boson events. These two samples are varied simultaneously. This allows
for associating both a shape and normalisation uncertainty. For single-top events, only
(Q*-scale variations are considered (as POWHEG is used as a generator, no matching
threshold is applied). For the other minor background contributions of diboson and
QCD-multijet events, the uncertainty is assessed by varying the background normali-
sations by £30% and £50%, respectively.

9.3.3 Hadronisation Model

The difference in kinematic distributions of jets at parton and particle level can, to a
large extent, be attributed to the hadronisation process. For the distributions mea-
sured at parton level, the unfolding procedure corrects for this effect via the response
matrix. Since those corrections are determined from simulated tt events, a dependence
on the hadronisation model of the simulation can be present, which differs e.g. between
PYTHIA and HERWIG as explained in Sec. 4.1.3. To evaluate the size of this uncertainty,
cross-section distributions obtained by unfolding the background-subtracted data with
response matrices from POWHEG -+ PYTHIA are compared to those obtained by unfold-
ing with response matrices from MCQNLO + HERWIG. The difference is taken as the
hadronisation uncertainty, assuming that differences between POWHEG and MCQNLO
in describing tt production, which are formally beyond NLO accuracy, are negligible.
Since PYTHIA and HERWIG include different parton-showering techniques, there is pos-
sibly some unavoidable overlap with the hard-scattering-scale (Q*) and the matching-
threshold uncertainty, making this a rather conservative estimate. As the inclusive
cross section does not rely on unfolding, this uncertainty is not taken into account for
it.

9.3.4 Parton-Distribution Functions

For the simulation of the tt signal with MADGRAPH, the LO CTEQ6L1 parton-
distribution-function (PDF) set is used. The impact of PDF-model uncertainties on
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the measurement, including «, variations, is evaluated following the PDF4LHC pre-
scription [148].

As a first step, the PDF uncertainties are determined for the predicted tt cross
sections using the MCQNLO event generator (the recommended PDF error sets are
only available at NLO). This is performed separately for the three NLO PDF-error
sets CT10 [149], MSTW2008 [46] and NNPDF2.1 [150]. For each set, each of the
corresponding PDF parameters is varied within its uncertainty and the effect on the
predicted cross-section distributions (for normalised cross sections after normalisation)
is evaluated by PDF reweighting as described in [148]. These individual uncertainties of
each parameter are added in quadrature. Subsequently, the envelope of the individual
uncertainty bands of the three considered PDF sets is determined. From the ratio
of the upper and lower envelope to the central value, event weights are calculated as
a function of each measured kinematic quantity. These weights are used to vary the
corresponding distribution of the MADGRAPH tt-signal simulation and the analysis is
repeated.

9.3.5 Top-Quark Mass

The predicted kinematic distributions of the produced top quarks and their decay
products, and hence the acceptance and unfolding, depend on the exact value of the
top-quark mass. To evaluate the uncertainty due to the assumed top-quark mass of
172.5GeV in the simulation, the analysis is repeated using tt MC samples with top-
quark masses of 161.5 GeV and 184.5 GeV. To take into account that the latest combi-
nation of the top-quark-mass measurement already achieves a precision of 0.9 GeV [21],
the uncertainty is linearly rescaled by a factor of 0.9/Am,, with Am; being the differ-
ence between m; in the samples with varied and central top-quark mass.

9.4 Typical Values and Distributions of the Uncer-
tainties

In Tab. 9.1, relative values for the various sources of uncertainties are given, both for
the normalised differential cross-section distributions and the absolute inclusive cross
section in the combined channel. The values for the top-quark and tt quantities are
given for the full phase space at parton level (for the visible phase space similar numbers
are obtained), the values for the lepton and b-jet quantities for the visible phase space
at particle level. For the differential cross sections, the table quotes the median of
the uncertainties, which vary from bin to bin, as a representative value. The exact
uncertainty dependence on all differential quantities is shown for the statistical, total
systematic and total uncertainty in Figs. 9.1 and 9.2. As can be seen, the uncertainties
tend to be larger for peripheral bins.

The table indicates that the model uncertainties, especially related to the Q2 scale
and matching threshold for both tt signal and V+jets background, are the dominant
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Uncertainties |%]

Normalised Differential Cross Sections Incl.
Unc. Source mtt  pit yt P yt P nt i n? O
Luminosity <0.b <05 <05 <05 <0.b5]| <05 <05 <05 <0.5 2.5
PU <0.5 1.0 <05 <05 <0.5 0.5 <05 <05 <05 1.0
JES 3.5 4.5 0.5 1.5 0.5 ] <05 <0.5 2.0 0.5 5.5
JER 1.0 2.0 0.5 0.5 0.5 ] <05 <05 <05 <05 | <05
Lep.&Trig. Eff. 0.5 <0.5 <0.5 1.0 <05 1.5 0.5 <0.5 <0.5 1.5
B-Tag&Mistag Eff 1.5 <05 1.0 1.0 1.0 | <0.5 <0.5 2.0 1.0 5.0
Q7 (tv) 25 40 15 20 20| 15 20 10 10| 40
Match. (tt) 5.5 1.5 2.0 2.5 2.5 1.5 2.0 1.0 1.0 1.5
Q? (V+Jets) 3.0 3.0 2.0 2.0 2.0 1.0 1.5 1.0 1.5 2.0

Match. (V+Jets) 4.5 5.0 3.0 2.0 1.5 1.5 3.0 1.0 1.5 0.5
Q? (Single Top) <0.5 <0.5 05 <05 <05] <05 <05 <05 <05/ <05
Diboson&QCD <0.b <05 <05 <05 <05] <05 <05 <05 <05 | <05
Top-Quark Mass 0.5 <05 <05 <05 <05 <05 <05 <05 <05 1.0

PDF 0.5 <0.5 1.0 <0.5 05| <05 <05 <05 0.5 1.0
Hadronisation 1.5 3.5 1.0 1.0 1.0 1.5 1.0 25 <05]| n/a
Total Systematic 9.5 9.5 5.0 4.5 4.5 3.5 4.5 4.5 3.0 9.5
Statistical 55 4.0 3.5 2.5 3.0 2.5 2.5 2.0 2.0 1.0

Table 9.1: List of relative uncertainties for the combined normalised differential cross
sections and the absolute inclusive cross section. The quoted values refer to the uncer-
tainty median of the respective distributions, rounded to half an integer. The values
for the tt and top-quark quantities are given for the full phase space at parton level
(for the visible phase space similar numbers are obtained), the values for the lepton
and b-jet quantities for the visible phase space at particle level.

uncertainties for normalised differential cross sections. However, a part of this is at-
tributed to the limited number of events of the dedicated simulated samples' that are
used to evaluate these uncertainties, which introduces statistical fluctuations. These
are also clearly visible in Figs. 9.1 and 9.2 for the systematic-uncertainty distributions.
All uncertainties not affecting the shape of a distribution largely cancel. Thus, many
uncertainties that are dominant for the inclusive cross section play only a minor role
for the normalised differential cross sections. This is for example the case for the b-
tagging efficiency and luminosity uncertainties and partly also for the JES uncertainty.
However, the latter strongly depends on the type of quantity. It is negligible for the
(pseudo-)rapidity quantities and the lepton pr, but highly relevant for pf and m' as
the JES variations change the shapes of their distributions. Also other systematic
variations can have different effects on different distributions. The total systematic
uncertainty amounts to typically 3 to 5%, except for the pt% and m'® distributions with
typically about 10%, similar to the inclusive cross section.

The statistical uncertainty is already at a level well below the systematic uncer-

IThe simulated samples for the Q?-scale and matching-threshold variations have only about 12%
(4%) of the generated events of the central sample for W+jets (Z+jets), cf. Tab. 4.1.



132 Uncertainties

tainties for the inclusive cross section (< 1%). However, due to the splitting into many
measurement intervals and the unfolding, it amounts to typically 2 to 5% for the dif-
ferential cross sections. For the lepton quantities, which are not strongly affected by
migration, it is the limiting factor preventing a finer binning (see Sec. 8.2.4). However,
for some of the quantities, whose binning is limited by migration such as pt of the tt
system and m', the statistical uncertainty is already lower than the systematic one,
like for the inclusive cross section. Thus, decreasing the systematic uncertainties is
required for the improvement of the precision.

However, already now the measurement achieves an overall precision in the order
of typically 4 to 11%.
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Figure 9.1: Distributions of statistical, total systematic and total uncertainty for the
combined normalised cross sections as a function of the tt and top-quark quantities
extrapolated to the full phase space at parton level.
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Chapter 10

Results - tt Production Cross Section

In this section, the results for the tt-production cross sections are presented. They
include normalised differential cross sections as a function of kinematic quantities of
the tt system, the top quarks and top-quark decay products (b jets and lepton), which
are published in [6], as well as the inclusive tt cross section.

10.1 Normalised Differential Cross Sections

The measured normalised differential cross sections % . j—; are presented for the com-
bined ¢ + jets channel. For reference, the results of the individual muon-jets and
electron-+jets channel are included in App. E. They agree well with each other and
with the combined channel for all kinematic quantities. The results are compared to
various model predictions as well as to the results in the dilepton channel and those of

the ATLAS experiment.

For the kinematic quantities m®, pt and y* of the tt system and p and 3 of the
top quarks, the results are obtained at parton level as the top quark decays before
hadronisation as explained in Sec. 8.1.3. They are shown both restricted to the visible
phase space in Fig. 10.1 and extrapolated to the full phase space in Fig. 10.2. The
latter facilitates the comparison to model predictions not available in the visible phase
space. The distributions for top-quark quantities include entries for both the top and
the antitop quark in the event. For the ptTE and pY distributions in the full phase space,
the measurement is also shown after a variable transformation to %CZ#‘% in Fig. 10.3. As
dp% = 2prdpr, this transformation eliminates the contribution from the phase-space

term proportional to pr, which forces the %CZ#‘T distribution to zero at pr = 0.

For the kinematic quantities of the top-quark decay products, the cross sections are
obtained in the visible phase space at particle level. This avoids model dependencies
induced by extrapolations to non-measured regions and to the parton level. The differ-
ential variables include the charged-lepton quantities p and n* and the b-jet quantities
p% and 7n°. The latter refer to both the b and anti-b jet collected in one distribution.
They are shown in Fig. 10.4.

135
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The data points are shown with error bars corresponding to the statistical (inner
bars) and total (outer bars) uncertainties. A detailed table with the results including
their uncertainties and correlation matrices is given in App. A.

The measurements are compared to theory predictions in the same phase space
and at the same object-evolution level (parton or particle level). For all distribu-
tions, predictions from the Monte-Carlo event generators MADGRAPH -+ PYTHIA
with CTEQ6L1 LO PDF, MCQNLO + HERWIG and POWHEG + PYTHIA, both with
CTEQ6M NLO PDF, are shown, as introduced in Sec. 4. Whereas the MADGRAPH
sample has also been used to derive the efficiency and migration corrections in this anal-
ysis, the predictions from MC@QNLO and POWHEG provide a completely independent
data-to-theory comparison. In the extrapolated phase space, the measurement of m'®
is additionally compared to an NLO-+NNLL QCD prediction [42], and the ones of p
and y* to an approximate NNLO prediction [43,44], all using MSTW2008 NNLO PDF
(see Sec. 2.2.1). For other distributions, no theoretical calculations to this perturbative
order are available. For the MC@NLO predictions, an uncertainty band corresponding
to PDF, Q%scale and top-quark-mass variations is attached [151]. Below each cross-
section distribution, theory-to-data ratios are shown to facilitate the comparisons. The
error bars correspond to the statistical (inner bars) and total (outer bars) uncertainty
of the measurement.

The theory curves are presented in the same binning as the measurement to enable a
direct comparison. To illustrate the continuous behaviour of the prediction, a smooth
curve according to MADGRAPH with much finer binning is overlaid. To keep the
same vertical data-to-theory deviation for both the smooth and the binned curve,
horizontal bin-centre corrections are applied, i.e. the data point in each bin is displayed
at the horizontal position at which the smooth MADGRAPH curve intersects the binned
one [152|. As this position is determined with respect to a specific theory, the bin-
centre-corrected data can only be compared to one smooth curve at the same time.

10.1.1 Discussion
Distributions of tt-System and Top-Quark Quantities

The tt and top-quark quantities are measured both in the visible (Fig. 10.1) and full
(Fig. 10.2) phase space, which affects the shapes of the distributions. As can be seen,
the phase-space restriction leads to harder pr and m'® spectra and more central rapidity
distributions as the low-pr and high-|n| leptons and jets are not considered. However,
the general trend of the distributions and the data-to-theory agreement is the same
in both cases. The following discussion will focus on the full phase space, for which
approximate NNLO calculations are available for the top-quark distributions.

The invariant mass of the tt system m'® is a measure for the centre-of-mass energy
V/§ of the partonic collision (at leading order, mt® equals \/E) The m'® distribution
is measured starting from about twice the top-quark mass (345 GeV), which is the
production threshold for real tt pairs. Production below this threshold would be due to
the finite decay width of the top quark (about 1 GeV) and is therefore highly suppressed.
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Figure 10.1: Normalised differential cross sections for the tt (top and middle row) and
top-quark (bottom row) quantities (left: pr or invariant mass, right: y) in the visible
phase space at parton level, compared to MADGRAPH, MCQNLO and POWHEG

predictions.

centre corrections are applied to the data points.

A smooth curve is added for MADGRAPH, wrt. which horizontal bin-
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Figure 10.2: Normalised differential cross sections for the tt (top and middle row) and
top-quark (bottom row) quantities (left: pr or invariant mass, right: y) in the full
phase space at parton level, compared to MADGRAPH, MC@QNLO, POWHEG and for
ph and y* also approx. NNLO predictions. A smooth curve is added for MADGRAPH,
wrt. which horizontal bin-centre corrections are applied to the data points.
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pY (right) in the full phase space at parton level.

As the detector and kinematic-reconstruction resolution are much larger than these
effects (see Fig. 7.5), this measurement is not sensitive to it. Moreover, the top-quark
decay width is set to 0 in the MADGRAPH event generator, which is used for the
unfolding. The cross section decreases by more than two orders of magnitude up to the
last measured bin, which includes events up to 1600 GeV. Very few events are found
above this value due to the fast decrease of the spectrum and an efficiency drop due to
jet merging arising from highly boosted top quarks [153]. It can be seen that already
the last shown bin suffers from large statistical and systematic uncertainties, adding
up to more than 20% (compared to about 10% at lower m'). The SM predictions
agree well with the measurement, in particular MADGRAPH, which is found to be a
bit softer than MC@NLO and POWHEG. Thus, no indications of heavy resonances or
other new physics effects that have the potential to show up most prominently in the
invariant-mass distribution are observed.

The transverse-momentum distribution of the tt system ptTf is sensitive to higher-
order effects as it balances the pr of additionally radiated partons (at leading order,
the tt system would be at rest in transverse direction). The measurement is performed
up to ptTE = 300 GeV, beyond which both the uncertainties and resolutions increase too
much. The distribution decreases from its maximum in the first bin by a factor of 50

to the last bin. In addition to £-9% in Fig. 10.2, the measurement is also shown after a
1 do

~—Z; in Fig. 10.3. A good agreement is observed between
dptt

variable transformation to

the measurement and the prediTctions. It is in particular notable that radiation is well-
described irrespective of the different techniques applied by MADGRAPH + PYTHIA,
MC@NLO + HERWIG and POWHEG + PYTHIA. One can conclude that a significant
fraction of tt events is accompanied by hard-parton emission with a pp between 10
and several 100 GeV, e.g. to a larger extent than Z-boson production, which exhibits



140 Results - tt Production Cross Section

a softer pZ spectrum (as measured in [154]). This is due to the high energy scale of tt
production in combination with predominantly gluons in the initial state, which have
a larger colour factor than quarks.

The top-quark pr reflects the pr of the top quarks in the tt rest frame, convoluted
with the pr of the tt system. The latter is discussed above, and the first is determined
by the total-momentum magnitude of the top quarks (given by /§/4 — m? at leading
order) and the scattering angle in the tt rest frame. The distribution increases from
low pr to its maximum in the second bin (60 GeV < pr < 100 GeV), before it falls
again. Again, to eliminate the contribution from the phase-space term proportional to

pr, which forces the lddT‘{ distribution to zero at pt = 0, the ldd‘t’g distribution is shown
o T g Pr

in Fig. 10.3, which decreases monotonically. The available number of events allows a
measurement up to 400 GeV. Beyond this, both the spectrum falls off too steeply and
the efficiency as well as the reconstruction resolution decrease due to jet merging at
such highly-boosted top quarks. Compared to the predictions of the Monte-Carlo event
generators, the distribution in data is observed to be significantly softer. This trend
was consistently already observed at the level of the reconstructed yield distributions
after the kinematic fit (see Fig. 7.7). However, the approximate NNLO calculation
largely improves the description and is in good agreement with the data. This suggests
that the deviations of the event generators are due to missing higher-order corrections
and can hence be described within the SM.

The rapidity distributions are related to the momentum component in the direction
along the beam (see Sec. 2.2.1). The y'* distribution represents the longitudinal boost
of the tt system due to the different proton-momentum fractions z of the colliding
partons: 3" = 1/2 -1In(21/x) (see Eq. 2.5). It exhibits a pronounced maximum
at zero and falls off symmetrically to both sides. The measurements are performed
up to absolute rapidity values of 2.5, beyond which almost no events are selected
because of the falling distribution and decreasing acceptance due to the |n| cuts for
the lepton and jets. The observed distribution indicates that tt production is very
central, in contrast to e.g. Z-boson production, which exhibits a much flatter rapidity
distribution [154]. This is mainly due to the large top-quark mass, which leads to the
requirement of a large proton-momentum fraction of both initial partons, preventing a
strong boost along the beam (the maximum possible y™ at 7 TeV amounts to 3 as shown
in Sec. 2.2.1). Another reason is the dominance of the gluon-gluon-fusion production
mechanism with symmetric PDFs in both initial protons over the quark-antiquark
annihilation with asymmetric PDFs (quarks mainly from valence quarks with typically
large = and antiquarks from the sea partons with small x). In general, due to the
PDF dependence, y'* is especially sensitive to the underlying PDF sets, in particular
for gluon PDFs at high x. The measured distribution is observed to be slightly more
central than the predictions. As the MADGRAPH prediction is as well a bit more
central than the other ones, it agrees slightly better with the measurement. However,
the achieved sensitivity makes it difficult to draw reliable conclusions.

The y* distribution is a convolution of the y* distribution with the one of the
rapidity of the top quarks in the tt rest frame. Thus, it is slightly broader than the y*
distribution. The MADGRAPH and approximate NNLO predictions are slightly more
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central than MCQ@QNLO and POWHEG, but all are consistent with each other and the
measurement within uncertainties.

Distributions of Decay-Product Quantities
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Figure 10.4: Normalised differential cross sections for the lepton (top row) and b-jet
(bottom row) quantities (left: pr, right: n) in the visible phase space at particle
level, compared to MADGRAPH, MC@NLO and POWHEG predictions. A smooth curve
is added for MADGRAPH, wrt. which horizontal bin-centre corrections are applied to
the data points.

The kinematic distributions of the final decay products of the top quarks (shown in
Fig. 10.4 in the visible phase space at particle level) are convolutions of the distributions
of the top quarks with the ones of the decay products in the top-quark rest frames.

Their ranges are limited by the phase-space acceptance except for the upper ranges
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of the pr distributions, which are limited by a lack of measured events at higher pr. At
the given integrated luminosity, measurements can be performed up to p% = 200 GeV
and p% = 400 GeV. The first pr bin (30 to 35 GeV for the leptons, 30 to 60 GeV for the
b-jets) is the one with the highest measured and predicted cross section. Towards higher
pr, the cross section is monotonically decreasing as predicted. The pr distributions
in data tend to be slightly softer than predicted by all event generators, although the
achieved sensitivity makes it difficult to judge reliably, especially in case of the leptons.
This effect is consistently visible at the level of control plots after the basic selection
(Fig. 5.4, 5.5) and in the yield distributions after the kinematic fit (Fig. 7.8). As
discussed above, a similar trend is observed for the pr distribution of the top quark,
which probably propagates to the distributions of the decay products. For the pk
distribution, an approximate NNLO prediction is found to significantly improve the
description of the data, but such is unfortunately not available for distributions of the
decay products.

The n distributions exhibit a maximum at 0 and fall off symmetrically to both
sides. It indicates that the top-quark decay products are very central due to the
central production of the top quarks as shown above. These distributions are generally
well-reproduced by the predictions.

10.1.2 Comparison to Other Measurements
Normalised Differential tt Cross Sections in the Dilepton Channel at CMS

Complementary to these measurements in the £+ jets channel, the same analysis is also
performed in the dilepton channel (ee, up and ep) for the same dataset at CMS [6,7].
As explained in Sec. 2.2.2, the event signature is on the one hand very clean, so that
a high-purity tt sample can be already obtained by requiring only one b-tagged jet.
Thus, despite a 6 times lower branching ratio, the selected number of events is only
1.5 times lower compared to the ¢ + jets channel. However, the two neutrinos from
the W-boson decays lead to a less constrained kinematic system of equations compared
to the £ + jets channel, requiring a channel-optimised reconstruction of the kinematic
event topology. It also results in generally lower resolutions, which make the choice of
larger bins necessary, applying the same criteria as in this analysis.

Fig. 10.5 shows a comparison between the two channels. For this, the ¢ 4 jets
analysis is redone in the wider bins of the dilepton analysis. Due to the different final
states and phase space, a comparison is only possible for top-quark and tt quantities
extrapolated to the full phase space. It can be seen that the results are consistent with
each other. In particular, the measurement of a softer p% spectrum compared to the
predictions by the MC generators up to NLO (MADGRAPH, MC@NLO and POWHEG)
and an improved description by the approx. NNLO calculation is observed in both
channels. Due to less migration and more selected events, this analysis is more precise.
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Figure 10.5: Comparison of normalised differential cross sections in the £+ jets (black
points) and dilepton 6] (blue squares) channel for the tt and top-quark quantities in
the full phase space at parton level.

Normalised Differential tt Cross Sections for tt Quantities at ATLAS

The ATLAS collaboration presents a measurement of normalised differential cross
sections for the quantities m', p% and y' of the tt system in the ¢ + jets channel
for 2.05 fb™* at /s = 7TeV [155]. In contrast to this analysis, only one b-tagged
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jet is minimally required in the event selection and MCQ@NLO is used to extract the
simulation-based migration and efficiency corrections. Direct matrix inversion without
regularisation is applied for unfolding. Wider bins than in this analysis are chosen.
Fig. 10.6 shows a comparison between this analysis (CMS) and the ATLAS measure-
ment, with this analysis redone in the bins of the ATLAS analysis. A good agreement
is observed. This analysis exhibits smaller statistical and systematic uncertainties than
the ATLAS measurement.
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Figure 10.6: Comparison of normalised differential cross sections in the ¢+ jets channel
measured by CMS (black points) and ATLAS [155] (green squares) for the tt quan-
tities in the full phase space at parton level. For the ATLAS measurement, the last
shown bin of the m' distribution extends up to 2700 GeV (in contrast to 2500 GeV

for this analysis), and the one of the pf distribution up to 1100 GeV (in contrast to
300 GeV), thereby complicating a direct comparison in those bins.

Differential tt Cross Sections in pp Collisions at 1.8 or 1.96 TeV at the Teva-
tron

The Tevatron experiments CDE and DO present measurements of differential tt cross
sections in pp collisions at /s =1.8 or 1.96 TeV for the p%. and m'™ distributions.
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Due to the different initial state and centre-of-mass energy, the distributions differ
from the ones measured in this analysis. This allows for an independent cross check
of tt kinematics in another energy regime and via another dominating production
mechanism (qq).

After an early measurement of the differential cross section as a function of pt. with
only 106 pb™* at /s =1.8 TeV by CDF [1], DO measures this distribution on a larger
dataset corresponding to 1 fb™' at /s =1.96 TeV [2]. A good agreement is observed
with all considered SM predictions (NLO and approx. NNLO calculations, MCQNLO,
PYTHIA, ALPGEN). The achieved sensitivity does not yet allow for a discrimination
between the different models. Also, the differential cross section as a function of m' as
measured by the CDF collaboration with 2.7 fb™! at /s =1.96 TeV shows no deviation
from the SM prediction according to PYTHIA 6 [3].

10.2 Inclusive Cross Section

Whereas the focus of this analysis is laid on the measurement of normalised differential
cross sections, the measurement of the inclusive tt cross section within the same analysis
framework is also presented. On the one hand, it is used for the normalisation of the
differential cross sections, and on the other hand, it represents a cross check that can
be compared to other measurements.

The inclusive cross section is calculated from all events after event selection includ-
ing b tagging and kinematic event reconstruction using a cut-based counting method
as explained in Sec. 8.1. It should be noted that one inclusive event yield number with
corresponding inclusive efficiency is used for the values presented here. This agrees well
with the integrals over the differential distributions before normalisation. The mea-
surement is extrapolated to the full phase space and all decay channels, facilitating the
comparison to other results. The following cross sections are obtained for the different
channels:

B+ jets: 174.5 + 1.8 (stat.) £ 15.8 (syst.) £ 4.2 (lumi.) pb
e -+ jets: 180.6 £ 2.0 (stat.) + 17.1 (syst.) + 4.3 (lumi.) pb
¢ + jets combined: 177.3 £ 1.4 (stat.) + 16.3 (syst.) + 4.3 (lumi.) pb

10.2.1 Comparison to Other Results

The obtained result is in good agreement with the theory prediction of 172.0%5 pb at
NNLO-+NNLL (using m; = 173.3 GeV and MSTW2008 NNLO PDF, including hard-
scattering-scale, PDF and top-quark-mass uncertainties) [41].

It can be also compared to the published CMS result in the same channel (combined
(+jets) of 158.1£2.1 (stat.) £10.2 (syst.) £3.5 (lumi.) pb [156], which uses a subset of
2.3 fb~! of the data of this analysis. It should be noted that the analysis strategies are
optimised in completely different ways. The derivation of the inclusive cross section
does not demand such a high signal purity as this analysis. In contrast, the published
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CMS analysis includes background-dominated low-jet and low-b-tag multiplicity bins
(obtained with another b tagger than in this analysis) in a likelihood fit to determine
parameters such as the background normalisation, b-tag efficiency and jet-energy scale
in-situ from data. As peculiarity of such a multi-dimensional fit, the result of the
fitted combined channel does not need to envelope the results of fits to the separate
channels, which amount to 164.2 +2.8 (stat.) £ 10.1 (syst.) = 3.6 (lumi.) pb for p+jets
and 160.6 + 3.2 (stat.) & 11.2 (syst.) £ 3.5 (lumi.) pb for e+jets. Due to the different
approaches, the difference between this and the published analysis can be explained
by uncorrelated systematic uncertainties, e.g. related to the b-tagging efficiency and
background contributions.

ATLAS measures a cross section of 179.0 £ 9.8 (stat.-+syst.) £6.6 (lumi.) pb in the
{+jets channel with 0.7 fb™" [157], which is in good agreement with this measurement.

It should be emphasised again that the magnitude of the inclusive cross section does
not have any effect on the normalised differential cross sections presented in Sec. 10.1
as it cancels in the ratio, such that only the shapes of the kinematic distributions are
measured.

A summary and outlook of the differential tt-cross-section analysis is given in
Sec. 15.



Chapter 11

Basics of Silicon Detectors

11.1 Introduction to Silicon Detectors at the HL-LHC

High-resolution silicon (Si) detectors provide precise and efficient track and vertex
reconstruction for all major LHC experiments (and beyond). This constitutes the basis
of particle-momentum and -direction determination, pile-up mitigation, particle-flow
reconstruction techniques, b-jet identification etc. This is vital for each particle-physics
analysis as demonstrated by the top-quark cross-section measurement presented in the
last sections. For that analysis, for instance, the secondary-vertex reconstruction is
especially important as at least two b tags are required.

Due to this importance of the silicon tracking detectors, their performance and
reliability has to be maintained over the whole lifetime of the experiments. Radiation
damage presents a challenge for this. This is especially true for trackers at the high-
luminosity upgrade of the LHC (HL-LHC) [8]. Fig. 11.1 shows the expected fluences for
the CMS tracker as a function of radius with respect to the beam line. For the innermost
pixel layer at radii of about 4-5 cm (which is especially important for secondary-vertex
reconstruction), maximum particle fluences of (1-2)-10'® cm~2 are predicted after the
envisaged 3000 fb~', which is an order of magnitude higher than expected for the
present CMS pixel system. In the inner part (up to radii of 40-60cm), the radiation
is dominated by charged hadrons from the primary interactions, whereas neutrons,
mainly backscattered from secondary interactions in the calorimeters, dominate in the
outer part.

The introduction of radiation-induced defects in the Si bulk leads to a change of
the effective doping concentration, an increase in leakage current and the trapping of
signal charge carriers. The latter effect is expected to be the limiting factor at HL-
LHC fluences, leading to a large degradation of the signal. As the noise increases
simultaneously, especially due to increasing leakage current, the signal-to-noise ratio is
challenged from both sides, potentially rendering the detectors inoperable.

In this second part of the thesis (Sec. 11 to 14), the novel effect of radiation-induced
charge multiplication in silicon detectors is studied as an option to overcome the signal
degradation due to trapping.

147
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Figure 11.1: Expected equivalent fluence as a function of radius with respect to the
beam line for the CMS tracker at the HL-LHC after a luminosity of 3000 fb~'. The
charged, neutral and total hadron fluence is shown. It is displayed both for z = 0
(barrel region) and z = 250 cm (end caps). Taken from [164].

A detailed introduction and motivation to this topic is given already in Sec. 1. The
CMS silicon tracker is described in Sec. 3.2.1. More background information on silicon
detectors and radiation damage can be found in [158-163], on which the following
sections are based. This thesis carries on a previous work of the author [9]. Parts of
Secs. 11 to 13 are reproduced from there.

11.2 Overview of Silicon Detectors in Particle Physics

Semiconductor detectors act as solid-state ionisation chambers as illustrated in Fig. 11.2.
An incident ionising particle liberates electron-hole (e-h) pairs inside the semiconductor
bulk. The average number of e-h pairs is the absorbed energy F,;s divided by the mean
ionisation energy E;. The charge carriers move under the influence of an applied elec-
tric field to the respective electrodes. This induces a measurable current in the external
electric circuit, which is typically amplified, shaped and read out electronically.

In energy-spectroscopy measurements, the particle is stopped inside the detector,
so that the signal is proportional to its initial energy. In high-energy tracking experi-
ments, the particle traverses a detector with finely segmented electrodes (strip or pixel
detectors), which yields a high-resolution position information (o, ~ 10 pm). Multiple
layers of detectors make a track reconstruction possible. For testing purposes, e.g. in
this work, also simple, large-area pad detectors are used instead of segmented devices.

The signal-to-noise ratio (SNR) is considered the figure-of-merit of a detector. It
determines the detection efficiency of a traversing particle at a given noise occupancy
(fake rate). Moreover, it has a large influence on the spatial resolution if charge sharing
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Figure 11.2: Principle of a semiconductor detector. Taken from [167] and modified.

between pixels or strips is exploited with clustering algorithms [165,166]. In that case,
the resolution p/+/12 for binary readout is improved, depending on the SNR. (the pitch
p refers to the distance between the segments). The signal of a minimum-ionising
particle is mainly determined by the thickness of the sensitive detector region and the
charge-collection efficiency (CCE) of the detector. For minimising the noise, a low
capacitance and low quiescent detector current are required.

Compared to other detectors like gas ionisation chambers, the advantages of semi-
conductors are the low mean ionisation energy (3.6eV for Si, >30€eV for gas) and the
large density, which result in a high number of created charge carriers per traversed
distance (MPV'a 73 e-h pairs/um in 300 gm Si for a minimum-ionising particle [19],
see Sec. 11.4.1). Thus, only a small thickness of about 100-300 um is required for a
sufficiently large signal (MPV = 22ke in units of elementary charge e, corresponding
to 3.5 fC, for 300 pm). This and the large mobility of charge carriers in semiconductors
lead to short charge-collection times (tc ~1-10ns) and consequently a fast readout.

Silicon in particular is a very suitable material and is widely used in semiconductor
industries, so that the detector manufacturers can profit from the highly developed
technologies and the great experience gained from mass-market production. This en-
sures also low costs of Si detectors compared to competing semiconductor materials.

However, the resistivity of commercially available Si material is limited to about
20 kQem [19], which would lead to a much too high detector current and hence noise.
The solution is to use Si diode structures with large sensitive detector regions depleted
from free charge carriers. This is established by a reverse-biased p-n junction.

! Most probable value of the deposited charge.



150 Basics of Silicon Detectors

11.3 Electric Properties of Silicon Diodes

11.3.1 Intrinsic and Extrinsic Semiconductors

Semiconductors are characterised by their forbidden energy gap between valence band
and conduction band (E, = 1.12eV for Si at room temperature). In intrinsic Si, only
few electrons are thermally excited from the valence into the conduction band at room
temperature, so that there are only few free charge carriers. The large benefit of semi-
conductors is the possibility of tailoring the conductivity by deliberately introducing
impurities into the Si lattice. This procedure is called doping. If a Si atom is replaced
by a so-called shallow donor with five valence electrons such as phosphorus (P) or
antimony (Sb), four of these will form the covalent bonding with the neighbouring Si
atoms. The remaining electron is only loosely bound (& 45 meV ionisation energy for
P), so that it can be easily excited into the conduction band at room temperature. In
this way, both a positively charged P ion and a free negative charge carrier are created.
Hence, the material is called n-type. In a similar manner, p-type material with free
positive charge carriers (holes) can be produced by adding shallow acceptors with only
three valence electrons, e.g. boron (B).

11.3.2 p-n Junction
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Figure 11.3: Sketch of the formation of a p-n junction. Left: An n-type and p-type
semiconductor separately with their respective energy band diagrams. Right: The p-n
junction with the space-charge region (SCR). Taken from [168].

Fig. 11.3 shows a separated p-type and n-type material with their respective energy
band diagrams (left). If these two materials are joined together (right), there will be
a charge-carrier-concentration gradient due to the different doping types. As a result,
the free electrons from the n-side in the junction region will diffuse to the p-side and
recombine, and vice versa for the holes from the p-side. The non-mobile positively
ionised donors, however, are left on the n-side and the negatively ionised acceptors on
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qO(U+Ubi)

Figure 11.4: Schematic figure of a one-sided abrupt p*-n junction (taken from [163,
168]): space-charge density (top), electric-field distribution (middle), electron potential
energy (bottom).

the p-side. An electric field builds up, which acts against the diffusion. Eventually, an
equilibrium between the diffusion current and the drift current is reached. In this way, a
bipolar space-charge region (SCR) depleted from free charge carriers is formed around
the junction. The potential difference is called built-in voltage U,; and corresponds
to the difference between the fermi level EFr? on the n-side (Er,) and the one on the
p-side (Ep,). The electric-field strength £ and the electric potential ® can be obtained
from solving Poisson’s equation. For Si detectors, one usually uses a one-sided abrupt
pt-n junction, where the p™ denotes that the p-side is much more heavily doped than
the n-side (or vice versa for n*-p junctions) as sketched in Fig. 11.4 (top). It follows
from charge neutrality that in this case, the depleted region of thickness W extends
much further into the less heavily doped n-side of the diode. If one assumes the free
charge-carrier density to be zero, Poisson’s equation® reads

d*®(x) _ Pl _

€Neff
—_— 11.1
dx? €€o eey ( )

where N.¢y = Np— Ny is the effective doping concentration, i.e. the difference between

2The Fermi level Er is the energy level with occupation probability 1/2 in thermal equilibrium.

3For simplicity, only the one-dimensional case is considered. It represents a good approximation
far away from the edges of p* implantations, i.e. in particular for pad diodes. Close to the edges of
strip or pixel implantations, however, the field lines bend and the field strength is enhanced. In this
case, more-dimensional calculations are needed.
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the ionised donor and acceptor concentration in the n-type space-charge region, eej the
dielectric constant (e = 11.9 for Si) and e the elementary charge.

By integrating Eq. 11.1 with the boundary condition E(z = W) = —£(z = W) =
0, one obtains an expression for the electric-field distribution. For a homogeneous
space-charge density p.;, the field develops linearly inside the space-charge region from
its maximum absolute value at z =0 to 0 at « = W (see Fig. 11.4, middle):

eNeff

E(z) = (x — W), 0<z<Wand W <d. (11.2)

€€p

A second integration with the boundary condition ®(x = W) = 0 gives a parabolic
behaviour of the potential:

1 €Neff

O(x) = (x — W), 0<z<Wand W <d. (11.3)

2 €€
Fig. 11.4 (bottom) shows the corresponding electron potential energy —e®. For no
applied external bias voltage, ®(x = 0) corresponds to Up;. In the case of an applied
reverse bias voltage U, one has to set ®(z = 0) = Uy, + U, so that the width of the
space-charge region as a function of U is given by

2
W(U) = D U+U), W<d (11.4)
€ |Neyyl

The electric field and the development of the space-charge region play a paramount
role for detector operation. Moreover, high-field values constitute the condition for
charge multiplication, which is the subject under study in this thesis (see Sec. 11.4.4).
Thus, it is instructive to consider the dependence of the field distribution, its maxi-
mum value and the space-charge width on the applied bias voltage U, effective doping
concentration N,y and thickness d.

As one can see from Fig. 11.5 (left), the space-charge region extends further into
the detector with increasing reverse bias voltage (W o v/U), until the back contact
is reached and the detector is fully depleted. Until that point, the maximum value of
the electric field at the junction increases as F,,,, X VU. The voltage necessary for
a full depletion of the whole detector depth is called depletion voltage Ugep. With the
approximation Uge, > Uy, =~ 0.5V, which will be always assumed in the following, the
following relation between Uy, |Nes| and d is obtained:

(&
Ujey = —— | N ¢|d>. 11.5
dep 2660\ £1l (11.5)

If the applied voltage is larger than the depletion voltage (overdepletion), the part of

U that exceeds Uy, creates a homogeneous field £ = —(Ui%c’ﬂ in addition to the field

E(z)|w=q from Eq. 11.2:

E(z) = é [Udep (%‘” - 1> - U] U U, (11.6)
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Figure 11.5: Sketch of the dependence of the electric-field distribution E(z) on the
applied bias voltage U (left), the effective doping concentration N.;; (middle) and the
thickness d for two different voltages (right). For simplicity, the polarity of the electric
field is ignored and only its absolute value is shown.

Fig. 11.5 (middle) shows the dependence of the field distribution on N.ss: Its slope
depends linearly on N.¢r. Thus, its maximum develops as Fy,., o< y/Nesp and the
depletion width as W oc 1/4/N.ss. The depletion voltage depends linearly on N.y;.

In Fig. 11.5 (right), the field dependence on the thickness is illustrated for two
different regimes: Up to full depletion of the thinner detector (maximally U = Ugep 2
in the example), the electric field is independent of thickness. However, due to the
thickness-dependent term E o 1/d for the overdepleted case (see Eq. 11.6), the field
increases for decreasing detector thickness once overdepletion is reached (shown for
U = Ujep1 = 4Ugep2). The depletion voltage depends quadratically on the thickness
(see Eq. 11.5).

11.3.3 Capacitance

As the depletion layer exhibits an insulating behaviour, effectively separating the elec-
trodes, a diode acts as a capacitor. Its capacitance C' is an important detector param-
eter since it highly influences the noise (see Sec. 11.4.5) and can be used to determine
the depletion voltage.

The capacitance is defined as the incremental change of the depletion-layer charge
d@ on each side of the junction upon an incremental change of the applied voltage dU:

_dd
AU’
For abrupt junctions, the space charge () can be written ) = e|N.sf|AW, where A

denotes the effective area of the diode. Hence, its incremental change is given by
dQ = e|Ngsr|AdW . Together with the derivative of Eq. 11.4, this gives

C (11.7)
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dQ  dQ dw eeoe| Neyy| A
_dQ_ d@ AW, _ < U, . 11.
C=90 " awdu 2U Wy U Uley (11.8)

This results in the following capacitance-voltage (CV) characteristic: For U < Ugep,
the capacitance decreases as C' o« 1/ VU. If the applied voltage exceeds the depletion
voltage, C reaches a constant final value

A
Cend = 66057 (119)

which is also called the end capacitance or geometrical capacitance since it is only
dependent on the detector geometry and not on the voltage. Due to this specific CV
characteristic, it is possible to obtain the depletion voltage from the kink in the doubly
logarithmic CV plot.

11.3.4 Reverse Current

The reverse current or leakage current I,.., denotes the current of a reverse-biased
diode. It is an important detector parameter as well because it has also a large effect
on the noise and the power consumption of a detector.

In an ideal diode, the reverse current is only determined by diffusion of charge
carriers from the non-depleted region into the space-charge zone (saturation current
Is ~pA). However, in real diodes, the dominant contribution comes from charge car-
riers thermally generated by process- and radiation-induced defects near the middle
of the band gap (see Sec. 12.4) and interface or surface states. The latter are ne-
glected in the following and only the bulk generation current is taken into account.
As it arises from defects in the depleted volume, I, < W VU for U < Ugep and
it saturates if the applied reverse bias is larger than the depletion voltage. Further-
more, it is determined by the generation life time 7,, whose reciprocal is a measure for
the temperature-dependent probability of e-h pair generation. Eventually, the reverse
current can be written

en;W(U)A

Ire'u ~ [bulk = 4, (1110)
Tg

where n; is the intrinsic charge-carrier concentration.

As it is a thermal process, the reverse current is strongly temperature dependent:

T\? E 11
Loo(T) = Lew(Tr) - [ — i 1) F N 11.11
rev( ) Tev( R) (TR) exp( 2kB |:T TR:|) ) ( )

where kp is Boltzmann’s constant, T a reference temperature and F,.rr an effective
band gap energy found to be 1.21eV [169]. I,., doubles for every temperature increase
by 7°C.
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11.4 Signal and Noise

11.4.1 Charge Creation

Charged particles create e-h pairs along their paths. The mean energy loss absorbed
in the material as a function of! 3v is described by the Bethe-Bloch equation (see

e.g. [19]).
At low [, particles are highly ionising. Thus, particles that are stopped in the

material such as « particles from radioactive sources lead to densely ionised regions at
the end of their path (Bragg peak).

A minimum of the energy loss is reached around fvy = 3. Beyond this point, for
a wide range of energies, the energy loss is increasing only slightly. Such particles,
which are the ones typically measured in high-energy tracking detectors, are referred
to as minimum ionising (MIP). The actual energy loss per event, however, is subject
to large fluctuations. This is typically described by a Landau distribution with a
pronounced tail towards higher energy loss. Thus, the most-probable value (MPV) of
the distribution is lower than its mean.

Also photons can create free charge carriers due to different mechanisms depending
on their energy. Infrared and visible light with energies just slightly larger than the
band gap can be absorbed by electrons in the valence band and excite them to the
conduction band (possibly with the help of phonons). The absorption of photons in Si
and thus also the generated charge carrier density n(z) is given by

N,_ z
n(x) = )\Ah exp <_X> : (11.12)

where N,_j; is the number of created e-h pairs, A; the illuminated area and \ the
attenuation length of light in Si.

Higher-energy photons can create fast electrons (which in turn ionise the material)
via the photo effect (X rays in the keV range), Compton effect or ete™ pair creation

(7 rays).
More information on the absorption and depth profile of deposited charge for the
radiation used in this thesis is given in Sec. 13.5.1.

11.4.2 Signal Formation and Charge Collection

If an electric field F is applied, the liberated electrons and holes drift with velocity
Uar, , (E) to the positive and negative electrode, respectively. The drift of a charge ¢ at
position 7 induces a current in the circuit of a readout electrode 7, which is given by
the Shockley-Ramo theorem [170,171] as

43 is the velocity in units of the speed of light, v = 1/4/1 — 32 = E/m the relativistic Lorentz
factor.
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Li(t) = qia (E(F(1))) - Esu(7(1)). (11.13)

E(7(t)) is the electric field at point 7 and E;,,(7(t)) the so-called weighting field of the
i'" electrode at the same point. The weighting field is defined as the negative gradient
of the weighting potential ®; (), which can be obtained as a solution of Laplace’s
equation A®;,,(7) = 0 using a unit potential at the i"* electrode and 0 at the other
electrodes.

Large differences are observed for different electrode geometries (see Fig. 11.6). A
pad detector has a linear weighting potential with the field simply given by the inverse
detector thickness 1/d. Thus, in the case of a pad detector, on which the following
discussion focuses, the induced current of N, ,(t) electrons or holes simplifies to

eN.,(t
I(t) = Rertl)

Var, , (1), (11.14)

The weighting potential under strips and, even more pronounced, under pixels,
however, strongly peaks in the vicinity of the segmented electrode. That means that
charge drifting in that region induces more current than charge drifting with the same
velocity far away from the segments.
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Figure 11.6: The weighting potential for different electrode geometries (a pad detector
and strips and pixels of different pitches) as a function of the detector depth under
the centre of the readout electrode (solid lines). For the strips and pixels, also the
weighting potential beneath the neighbouring electrodes is shown (dashed lines). Taken
from [172].

Drift Velocity

The drift velocity above is only an implicit function of time. In reality, it is a function of
the electric field that in turn depends on the position of the charge inside the detector:
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var (E (z(t))). Hence, the trajectory z(t) of the particle must be known, which can be
obtained via the solution of its inverse ¢(z):

dzx £ 1
o )= | ——da 11.1
w= = w=[ - v, (11.15)

with zy being the position where the charge carrier has been created. The charge-
collection time after which electrons and holes reach their respective electrode is ob-
tained by tc, = t(d) and t¢, = t(0), respectively.

The drift velocity is due to different scattering mechanisms (impurities, phonons
etc.) a non-trivial function of the electric field. For low-field values, the velocity
depends linearly on the field via the low-field mobility po: ve = poE. For high-
field values around 4 - 104 V/cm, the velocity saturates: vg, = vgqy = const. Usually,
parametrisations interpolate between the low-field and the high-field regime [173].

For Si at room temperature, the low-field mobility of electrons (ug . = 1605 c¢m?/Vs)
is about three times higher than the one of holes (ug, = 486cm?/Vs) [173]. The
saturation velocities, however, are close to each other with ve . = 1.1 - 10" cm/s and
Vsatn = 0.8 - 107 cm/s.

Charge-Collection Efficiency

In practice, one is usually not so much interested in the instantaneous current, but
rather in the collected charge Q°, i.e. the integrated current:

Q:/Otce [e(t)dtJr/OtCh [h(t)dt:/d%;(x))dxqt/o—wdx. (11.16)

After the second equal sign, the integration variable dt has been substituted by %,
assuming that all e-h pairs have been created at position zy at t = 0.

The charge-collection efficiency

ccp - £ (11.17)

Qo’
is defined as the ratio between collected charge () and deposited charge )y = eNy. If the
number of charge carriers remains constant during the drift, i.e. N.(¢) = N, (t) = No,
it follows from Eq. 11.16 that the collected charge is the same as the deposited one,
giving CCE = 1. However, the number of charge carriers can decrease or increase with
time due to trapping and charge-multiplication effects, as explained in the following.

5Note that the collected charge is not limited to the charge actually arriving at the electrodes, but
it refers to the total integrated current induced by the drifting charge carriers.



158 Basics of Silicon Detectors

11.4.3 Trapping

Charge carriers can be trapped by defects with energy levels in the silicon band gap
during their drift. The decrease of N, ; can be described by a charge-carrier lifetime
called effective trapping time 7oyy,

dt
dN,, = —N.,, , (11.18)

Teffe,h

If 7.4¢ is constant, i.e. does not depend on time or, alternatively, on the position
inside the detector, the solution of the differential equation reads

Non(t) = No, , exp (— ! ) (11.19)

Teffe,h
The loss of charge carriers during their drift leads to a lower induced current and
collected charge if the detrapping of charge carriers is slower than the integration time.
In this case, the CCE becomes less than unity.

Trapping becomes especially relevant after strong irradiation due to the introduc-
tion of defects acting as trapping centres, which is described in more detail in Sec. 12.4.

11.4.4 Charge Multiplication

Under the influence of high electric fields, charge carriers can gain so much energy
that they are able to create further e-h pairs by impact ionisation. As the newly
created charge carriers might ionise again and so forth, such a process is also called an
avalanche effect and can lead to a large multiplication of the original numbers of charge
carriers Ny (charge multiplication, CM). Such internal amplification mechanisms are
well-known in gaseous detectors, but are also exploited in certain Si devices, such as
avalanche photodiodes (APD) or silicon photomultipliers (SiPM). The occurrence in
highly-irradiated silicon-tracking detectors, however, is a novel effect and is studied
in this thesis. Overviews on the properties of impact ionisation can be found e.g.
in [158,174].

The probability for an electron or hole to create an additional e-h pair by ionisation
per unit distance is given by the ionisation coefficients a.,(E), respectively. They are
a strong function of the electric field (see Fig. 11.7). If one considers for simplicity
the situation that only one carrier type multiplies (as is the case in Si at low fields as
discussed below), the change of the number of charge carriers N is given by

dN = Nadz. (11.20)
Thus, the multiplication factor (also called gain) M = N/Nj is obtained as

M (z0) = exp (/d@(E(x))dx) , (11.21)

xo
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It depends on the location zy where the charge carrier is injected. A generalisation for
both charge carriers contributing to multiplication (for electron injection at xzy = 0)
leads to [158]:

M = ! . (11.22)

1= Jifac(B(@)) exp (= [ (ae( E@)) - an(B(x))ds’) da

The behaviour is qualitatively different. In the case of multiplication of only one carrier
type (Eq. 11.21), M remains finite for a finite field value, although it obviously can
become very large. In this case, the multiplied charge is proportional to the deposited
charge. In contrast, if both carriers multiply, M can become infinite for a finite field
value if the denominator of Eq. 11.22 becomes zero, i.e. for ad = 1 in the simplified case
of « = a, = «;, and a constant field. This situation is called junction breakdown. If
quenching is provided, some devices such as single-photon APDs or SiPMs can operate
in this regime, which is also called Geiger mode.
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Figure 11.7: The ionisation coefficients for electrons and holes «. ,(E) and their ratio
k = ap/a. at room temperature as a function of electric field £ according to [175].

aen(E) are typically parametrised by the Chynoweth expression [176]:

E

Experimentally obtained values for A.; and B.j vary significantly among different
groups [175-179|. In the following, the values measured at room temperature by [175]
are taken as a reference (see Fig. 11.7). For increasing temperatures, the ionisation co-
efficients are found to decrease. Recent results also hint at a decrease of the coefficients
after heavy radiation [180] (but no parametrisation is provided).

Qen(E) = Aepexp (—@) (11.23)

It is important to note that the electron ionisation coefficient o, is much larger
than «y,, although the difference decreases with increasing electric-field value: the ratio
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k = ap/a. rises from 0.02 at 1.5 - 10° V/cm to 0.09 at 2.5 - 105V /cm. Thus, for low
fields, the assumption of only electrons multiplying is a good approximation.

If the onset of CM is defined by the condition of 10% more charge carriers at the
end of a 10 pum or 1 pm thick multiplication region (M = 1.1), it follows from Eq. 11.21
that (homogeneous) a values of 10? or 10° cm™! are needed, respectively. For electron
multiplication, this corresponds to electric fields of 1.4 - 10°V/em or 1.8 - 10° V/cm,
respectively. The corresponding hole multiplication sets in only at the higher fields of
2.0-10°V/cm or 2.6 - 10° V/cm, respectively.

CM in irradiated sensors can be beneficial if it increases the signal and thus po-
tentially compensates trapping. However, it can also increase the noise as discussed
below.

11.4.5 Detector Readout and Noise

When measuring MIPs, the signal in the order of 10ke needs external amplification.
Thus, the detector is readout using a charge-sensitive, i.e. current-integrating, pream-
plifier.

Inherent to each measurement is background noise, which is defined as the root
mean square (RMS) of the measured charge in absence of a signal. It is typically given
in units of equivalent noise charge (ENC). Noise can arise from various sources in the
sensor or readout chain. It originates mainly from fluctuations of the sensor current
due to the discrete nature of charge emission (shot or current noise) and fluctuations
of the velocity of charge carriers in resistors (thermal or voltage noise). The current
spectral density of shot noise is given by ii’sh = 2el,.,, the voltage spectral density of
thermal noise by efmh = 4kgT R. It turns out that the voltage noise is highly influenced
by the detector capacitance Cy when propagated to the amplifier output.

To determine the final noise of a detector-readout system, one needs to fold the
spectral densities with the frequency-dependent transfer function of the system. To
enhance the SNR, the signal after the preamplifier is usually shaped with a differenti-
ating capacitance-resistor (CR) circuit followed by a chain of RC integrators. As the
first one acts as a high-pass and the second one as a low-pass, tailored for the signal
frequencies, the signal is filtered against the background noise. However, also other
constraints such as the duration of the shaped signal have to be taken into account.
This is especially relevant for the LHC with a designed 25ns bunch-crossing time in
order to avoid signal pileup. The noise of a sensor-readout system can be written

Onoise = \/O-gh + Uéd + Uzes = \/aITﬂ}TP + (b + TECCOQ + O-T‘26$7 (1124)
p
where a, b and ¢ are readout-specific parameters, 7, is the peaking time of the shaped
signal and o,.s are residual noise sources, which are usually not dominant. The shot
noise increases and o¢, decreases for increasing 7,. Thus, for detectors at the LHC with
7, in the order of the bunch crossing time, o¢, is by far the dominant contribution for
unirradiated detectors with low I,.,.
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Typical noise values are about 200-300 e for pixel and 1000 e for strip detectors at
the LHC [73,76,162|. The latter exhibit more noise due to the larger cell size, which
increases both the current and capacitance. Pad detectors show even more noise due to
their size. At such low pixel noise levels, the pixel readout threshold (typically about
3000 e) is usually determined by other effects such as signal cross talk in the readout
chip [181].

Due to irradiation, the current increases strongly (see Sec. 12.4.1). However, the
shot noise can be controlled by cooling down to about -10°C at the LHC due to the
strong temperature dependence (see Eq. 11.11), so that the total noise increase is only
moderate at LHC fluences |76, 162].

11.4.6 Spectrum Broadening and Noise in the Charge-Multi-
plication Regime

In the CM regime, the discrimination between signal and noise can be complicated
due to different mechanisms: statistical fluctuations in the multiplication process, the
multiplication of the leakage current or an increased rate of microdischarges. Thus, it
has to be studied in detail whether the beneficial effect of an increasing signal is not
compensated by these adverse effects.

Firstly, the signal spectrum can be broadened (independently of the broadening
due to a possible background noise increase) as M is only the average multiplication.
Due to the stochastic nature of CM, the multiplication factor M undergoes statistical
fluctuations described by the excess noise factor [174,182,183]

M2 M2
For electron injection, F'(M) is given approximately by
1
F(M) :k]\/[—l—(Q—M)(l—k). (11.26)

If only electrons multiply (k = 0), which is valid for low fields just above the CM
threshold, F' increases from 1 at M = 1 to only 2 at large values of M. For k > 0,
however, F' increases steeply with M, e.g. F' = M for k = 1.

Moreover, the shot noise is expected to increase because not only the signal is
multiplied, but also the bulk leakage current I,..,(M') = M’ ey pr—1. Here, Ly =1 is
the current without CM and M’ a multiplication factor that might be different from
M for the signal. It should be noted that the shot noise in the CM regime cannot
be obtained by inserting this multiplied leakage current into Eq. 11.24, which would
give og,(M') VM'. Instead, the whole current noise spectrum is multiplied, leading
to ogn(M') o< M’. Moreover, an excess noise factor F' = F(M’) due to statistical
fluctuations of M’ also applies here and further enhances the noise. Thus, it is finally
given by
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osn(M') = ogp =1 M'NF' = \) al,e, 7, M F. (11.27)

The total noise is the sum of this multiplication-dependent shot noise and other
noise contributions o’ which are not influenced by CM, such as o¢,. Thus, the

noise

mean SNR can be expressed as

Q Q _ MQu , (11.28)

SNR = = = —
Tnoise \/USh(M ) + O noise \/Ugh,MleMIQF/ + 0/2

noise

where ) and Qy/—; is the mean collected charge with and without CM, respectively.
Thus, it depends on the relative size of the different terms whether CM can improve the
SNR. For M ~ M’, the SNR improves as long as os,(M') < 0} e If osn(M') > o).
the SNR can only improve if M > M'\/F".

Another critical issue are microdischarges, i.e. randomly occurring current peaks
due to short, uncontrolled, localised CM. This is in general independent of radiation-
induced CM and can even occur in unirradiated sensors at local high electric fields, e.g.
at the edges of implantations or other boundaries. However, it needs to be studied if
the rate increases in the presence of generally higher electric fields in the CM regime
after high irradiation. Microdischarges are particularly detrimental as they lead to
non-Gaussian noise tails and potentially detector damage.

11.5 Silicon Materials

There are three main growing techniques of silicon crystals for electronics and sensors:
the Czochralski (Cz), Float Zone (FZ) and epitazial (EPI) process |158]. The different
amounts of process-induced impurities, especially oxygen, play a decisive role in the
creation of radiation damage, as shown in Sec. 12.

11.5.1 Czochralski Material

The Czochralski method begins with polysilicon that is melted in a rotating quartz
crucible. A monocrystalline seed crystal is placed on the surface and slowly drawn
upwards while being rotated. At the interface between crystal and melt, the Si solidifies
in a single crystal with the same crystal orientation as the seed. By varying the drawing
speed and temperature, the diameter is controlled.

The drawback of the Cz method is the high amount of impurities, especially O, C, P,
B and Al During the process, molecules from the crucible and the graphite susceptor
dissolve into the melt and lead to an enrichment of the Si with impurities. For a long
time, it was impossible to produce detector-grade Cz Si with resistivities >100 Qcm.
However, this is now achieved by applying a magnetic field in vertical or horizontal
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direction. This can improve the situation by preventing convection and thus avoiding
a mixing of the dirty melt near the crucible with the purer Si in the centre. This
method is called magnetic Czochralski (MCz). But the concentrations of impurities are
still high compared to other materials ([O] ~ (7-8)-10'" cm™3, [C] < 2-10" cm ™3 [163]).
A certain fraction of the oxygen exists not as a single atom O but as a dimer Os.

However, especially the high concentration of oxygen can be also advantageous for
radiation hardness due to the ozygen effect (see Sec. 12.4.2). Moreover, MCz material
is available at low cost and widely used in microelectronics.

11.5.2 Float-Zone Material

The float-zone method is based on the zone-melting principle and takes place either
under vacuum or in an inert gaseous atmosphere. A high-purity polycristalline rod and
a single-crystal seed are brought into close contact in a vertical position and rotated.
With a radio-frequency field, the region around the contact is melted (floating zone).
Slowly, the melted zone is shifted away from the contact so that the Si can solidify
gradually in a single crystal from the seed as a starting point.

Contrary to the Cz method, there is no contact to other materials than the ambient
gas so that a higher purity and consequently resistivity is achieved ([O] ~ 106 cm =3,
[C] ~5-10 ecm™3).

However, as it turned out that a high oxygen concentration is beneficial in terms
of radiation hardness, a deliberate adding of oxygen to standard float-zone material
(STFZ) is preferred. This oxygen enrichment can be done by a diffusion process at
1150°C that lasts between 24 h and 72 h, resulting in an oxygen concentration up to a
level of 10’ cm™3. This material is called diffusion ozygenated float zone (DOFZ) and
is one of the best examples of defect engineering (see Sec. 12.5.2).

11.5.3 Epitaxial Material

Epitaxy denotes the growing of a thin layer on a single-crystal substrate. The epitaxial
layer adopts the crystal orientation of the substrate and is monocrystalline. If the layer
and the substrate are of the same semiconductor material, it is called homoepitaxy, if
they are different the process is called heteroepitaxy.

There are different epitaxial growing methods, but the most relevant with respect to
detector-grade Si is the vapour-phase epitazy (VPE), sometimes also called chemical-
vapour deposition (CVD), which has also been used by the manufacturer ITME [184]
for the material in this work. At temperatures around 1200°C, Si is obtained by
decomposition of a gaseous compound (most commonly silicon tetrachloride SiCly)
with the help of hydrogen and arranges itself on the crystal substrate:

SiCly(gas) + 2Ha(gas) — Si(solid) + 4HCl(gas). (11.29)

As there are also competing reactions with SiCly that etch the Si away, the growth
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rate is reduced and the SiCl, concentration has to be chosen carefully. A typical growth
rate is approximately 1 gm/min. The doping of the layer is done by introducing gaseous
compounds such as diborane (BsHg) or phosphine (PHjz) for p-type and n-type material,
respectively.

As a substrate, usually highly-doped Cz material is chosen for the following rea-
sons: The high doping guarantees a low resistivity, so that the serial resistance of the
substrate can be neglected and the sensitive region is determined by the epitaxial layer
alone. During the crystal growth impurities can out-diffuse from the substrate into the
EPI layer. While the diffusion of unwanted impurities remains on a moderate level,
especially oxygen (O and also a large amount of Oy) with its high diffusion constant is
introduced in the layer in a high concentration as Cz material is very oxygen-rich. So
naturally, the oxygen concentration of EPI material is higher than the one of STFZ.
However, the distribution of oxygen is very inhomogeneous throughout the layer (see
Fig. 13.1). In order to improve the homogeneity and to increase the average oxygen
density, oxygenation can be performed also for epitaxial material in a similar way as
for FZ: The diffusion of oxygen from the Cz substrate on the one side and from the
Si04 at the surface on the other side is stimulated at about 1100°C, thereby transform-

ing standard epitaxial material (EPI-ST) into diffusion oxygenated epitazrial material
(EPI-DO).



Chapter 12

Defects 1in Silicon and Radiation
Damage

In the last section, the macroscopic parameters that determine the detector perfor-
mance like capacitance, depletion voltage, reverse current and charge-collection effi-
ciency were introduced. Energy levels in the forbidden band gap arising from mi-
croscopic defects like impurities or lattice distortions can have large effects on those
macroscopic parameters. Some of the defects are inherent as even today’s purest Si
contains a considerable amount of impurities like oxygen or carbon, which is some-
times even desired as in the case of gettering or deliberate doping with phosphorus
and boron. Normally, this can be well controlled and many of the defects are not even
electrically active. However, in the case of the application in high-luminosity colliders
as the LHC, radiation damage can occur, i.e. the introduction of new electrically active
defects which pose a considerable threat on the detector performance.

Radiation damage can be divided into surface and bulk damage. The first one is
mainly relevant for photon science and the readout electronics, but this is expected not
to be of major relevance at the HL-LHC. Therefore, the following discussions will focus
on bulk damage, which degrades the performance of Si detectors at hadron colliders.

12.1 Damage Mechanism

The interaction of hadronic and higher-energetic leptonic particles with the Si lattice
atoms can cause such a high energy transfer from the incoming particle to a so-called
primary knock-on atom (PKA) that the latter one can be displaced from its lattice site.
For an incoming particle of energy E and mass m, the maximal transferable energy
can be calculated in a nonrelativistic approach as

m-mg;
(m 4+ mg;)?’
where mg; is the mass of a Si atom. The minimum energy that needs to be imparted
to the PKA in order to cause a displacement is E; ~ 25€eV [185]. In this way, a Si

En® = AE (12.1)
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interstitial (I) and a left-over vacancy (V) are created (Frenkel pair). If the recoil energy
of the PKA is large enough, it can knock out further Si atoms and thus create cascades
of defects as illustrated in Fig. 12.1. At the end of the path of a heavy recoil atom,
the cross section for elastic scattering increases as the velocity decreases, resulting in
a dense agglomeration of defects (clusters). The threshold recoil energy required for
cluster generation is approximately 5keV.
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Figure 12.1: Monte-Carlo simulation of a cascade caused by a recoil atom with a
primary energy of Er = 50keV. This energy corresponds to the average kinetic energy
that a 1 MeV neutron transfers to a PKA. Taken from [185].

12.2 Comparison of Different Radiation Types

The question arises how the damage effects of irradiation with different particle types
and energies can be compared. This is a difficult task because depending on the
irradiation type and energy, there are different interactions with the Si atoms. Charged
hadrons interact primarily via ionisation, which is a fully reversible process in the Si
bulk!. The part of the interaction that does result in displacement damage in the lattice
is called non-ionising energy loss (NIEL). For low-energetic protons (e.g. 10 MeV), this
is mostly due to Coulomb interaction, which transfers the energy in small fractions,
so that mainly point defects are created. On the contrary, neutrons as non-charged
particles interact only via nuclear reactions. This imparts a large fraction of the energy
of the neutron to the PKA, resulting dominantly in cluster effects. High-energetic
protons, e.g. the 24 GeV protons used in this work, cause both point defects and cluster
damage.

!However, ionisation can cause radiation-induced surface damage, but this is not considered in this
work.
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12.2.1 The NIEL-Scaling Hypothesis

The NIEL-scaling hypothesis assumes that any displacement-damage-induced change
in the material properties scales with the energy imparted in displacing collisions,
irrespective of the type and interaction process of the imparting particle. This can be
expressed by the displacement-damage cross section or damage function

e
D(E) = Yo o(B) [ fAE ERP(Er)dER (12.2)
v d

The index v runs over all possible reactions with cross section o, between the impinging
particle of energy E and the Si atoms, which can lead to displacements in the lattice.
f.(E, ERr) is the probability for the generation of a PKA with recoil energy Er by a
particle with energy FE in the reaction with index v. The so-called Lindhard partition
function P(Eg) gives the portion of energy available for displacement damage by a
PKA with recoil energy Fr and can be calculated analytically [186]. The integration
is done over all possible recoil energies ranging from the displacement threshold Ej; to
the maximum transferable energy E}j7%*.
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Figure 12.2: Displacement-damage cross section for different particle types as a function
of energy, normalised to 1 MeV neutrons. Taken from [187].

With the help of D(FE) it is now possible to compare the displacement damage for
different particle types and energies as shown in Fig. 12.2. As one is usually dealing
with different irradiation sources with continuous energy spectra ®(E), it is convenient
to define a so-called hardness factor k that integrates D(E) over the energy spectrum
and scales it to the equivalent displacement-damage cross section of mono-energetic
1 MeV neutrons:
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- [ D(E)®(E)dE
" T D(E, = 1M&V) - [®(E)dE (12:3)

Hence, it is possible to calculate the equivalent fluence of 1 MeV neutrons, which would
have created the same displacement damage, as

®,, = v = /f/@)(E)dE. (12.4)

It should be noted that NIEL-scaling violating behaviour is observed for specific
macroscopic damage (see below) as the scaling assumption neglects e.g. the different
effects of point defects and clusters as it takes only the total displacement energy into
account.

12.3 Evolution of Defects and Annealing

12.3.1 Creation of Point and Cluster-Related Defects with In-
fluence on Detector Properties

The primary Si interstitials and vacancies are not the defects that influence the detector
properties. The damage process evolves further as the defects are highly mobile at
temperatures above 150 K. On the one hand, damage is reduced as a large fraction
of the produced Frenkel pairs recombine, namely approximately 60% of the overall
produced pairs and even 75-95% in cluster regions [188]. On the other hand, the
remaining interstitials and vacancies migrate through the lattice and many of them
undergo further reactions both with each other and with impurities in the Si crystal.
An overview on some of the possible resulting point defects is given in Fig. 12.3. The
properties of the resulting defect clusters, however, are not yet well understood [189,
190]. But it is known that cluster-related defects acting similarly to point defects
emerge in or close to the disordered regions. Due to the huge amount of vacancies and
interstitials in clusters, cluster-related defects are of silicon-intrinsic nature and do not
depend on impurity concentrations.

12.3.2 Annealing

The evolution of defects does not only happen directly after irradiation, but is a con-
tinuous process. Also the above described secondary point and cluster-related defects
are mobile, depending on the temperature. Hence, the radiation-induced defects and
their impact on the detector performance develop further as a function of time. This
process is called annealing.

Three processes may happen during annealing:



Defects in Silicon and Radiation Damage 169

defect example
interstitial O
substitutional G
vacancy

silicon interstitial

divacancy

interstitial impurity + vacancy VO;

impurity + vacancy VP
impurity complex GG
impurity complex CiO;

Figure 12.3: Schematic representation of some point defects. The index 4 stands for
interstitial, the index s for substitutional. Taken from [168].
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Figure 12.4: Effects of defect levels in the band gap on electrical properties and macro-
scopic detector parameters.
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o Migration
Depending on temperature, defects become mobile and migrate through the Si
lattice until trapped by sinks (e.g. surface, dislocations, etc.).

o Complex Formation
Migrating defects can react with other defects or impurities. Some of them can
recombine (e.g. V +Si; — Si,), others form new defect complexes (e.g. V+0O; —
VO;).

e Dissociation
A defect complex consisting of more than one component can dissociate into its
single constituents if the energy of the absorbed phonon is larger than the binding
energy of the complex. The new fragments in turn can migrate, recombine or
build other defects.

Annealing studies are important because of two reasons. On the one hand, the
annealing behaviour of defects can provide further information besides the characteri-
sation of electrical properties, which might help in identifying the microscopic nature
of a defect. On the other hand, depending on the process and its time constant, the
reactions can develop slowly, so that even years after irradiation still changes may oc-
cur. Especially for detectors at particle colliders, this is a factor potentially limiting
their application and has to be well-understood.

12.4 Influence of Defects on Detector Properties

Both point defects and cluster-related defects can have discrete, electrically active
energy levels I} in the Si band gap. Such energy levels are able to alter the macroscopic
detector parameters. The main effects are illustrated in Fig. 12.4 and are explained
in further detail below. The probabilities of these processes and of the occupation of
defects can be calculated with the help of Fermi-Dirac statistics in thermal equilibrium
or Shockley-Read-Hall statistics (for further details see [163]).

12.4.1 Generation of Charge Carriers: Increase of [,

As mentioned in Sec. 11.3.4, defects with energy levels close to the middle of the band
gap act as generation centres for e-h pairs (see Fig. 12.4, left). As the number of
generation centres increases during irradiation, the reverse current also rises. It was
found that the change in reverse current AI = I;,,.— I is linear to the equivalent fluence,
irrespective of the type and energy of fast hadron irradiation and Si material [163]:

AI(®,,) = ad,,V, (12.5)

with the sensitive detector volume V' and the current-related damage parameter a. For
measurements at room temperature, a value of a = (3.99 4+ 0.03) - 10717 A/em was
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found after annealing of 80 min at 60°C (corresponding to 8 min at 80°C). The validity
of this relation is believed to be so precise that it is in turn often used to determine or
cross-check the fluence of an irradiated sample via the current. The current is observed
to decrease during annealing.

Recently, progress has been made in identifying the microscopic origin of the radiation-
induced current increase [190]. It was found that the cluster-related defects £4/E5 and
E205a are responsible for a part of it. F4/FE5 were identified as tri-vacancy Vj.

12.4.2 Change of Acceptor and Donor Concentrations

Radiation-induced defects can change the concentration of donors and acceptors.

On the one hand, the original doping impurities like P or B can form new defect
complexes with other radiation defects. Thereby, they might become electrically inac-
tive if the new complex is neutral at the measurement temperature. This is e.g. the
case for phosphorus undergoing the reaction V' + P — V P. Such processes are called
donor (or acceptor) removal.

On the other hand, the defect states can be acceptor- or donor-like. Acceptors are
negatively charged if occupied by an electron and neutral otherwise, whereas donors
are neutral if occupied by an electron and positively charged otherwise. Whether the
states are occupied (and hence charged) or not is determined in thermal equilibrium
by the relative position of the energy level compared to the Fermi level Er (an energy
level is more likely to be occupied by an electron if £y < Er and to be not occupied if
E, > EF)

The change of the effective doping concentration N.;r = Np — Ny can go so far
that the initial doping type can invert. For example, if in an initially n-type diode
so many acceptors are induced by irradiation that they exceed the original and newly
generated donors, this material effectively changes to p-type (see Fig. 12.5, left). This
phenomenon is called type inversion or space-charge-sign inversion (SCSI). After type
inversion, the junction moves from one contact to the other (in the simplest case; after
strong irradiation, also effects like double junctions are observed as explained below).
This can imply adverse effects on the detection efficiency and position resolution, which
has to be taken into account when deciding at which electrode to read out.

The annealing behaviour is described by the Hamburg model [163] as a superposition
of a constant term N¢ and a short-term (Ny4) and long-term (Ny ) annealing component:

ANepp(Pegrta) = Nepro = Nepr(Pegs ta) (12.6)
= Nyg(Peq,ta) + No(Peg) + Ny (Dey, ta)- (12.7)

Negso is the initial doping concentration. The constant term can be parametrised as

Neo(Peq) = Nep (1 — exp(—cPey)) + goPey (12.8)
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The first term describes an incomplete donor removal with Nco < Nesro being the re-
movable doping concentration and ¢ being the so-called removal constant that describes
the removal velocity. The second term represents a fluence-proportional introduction
of space charge (gc > 0 for effective acceptor introduction, go < 0 for donor introduc-
tion).

Impact on Detector Parameters

The change in N.fy has a large impact on the depletion voltage (Ugep o< |Neyy|, see
Sec. 11.3.2) and possibly on the size of the sensitive detector region if the depletion
voltage exceeds the maximum operating voltage. In that case, the collected charge
decreases and the capacitance increases, leading to more noise. Moreover, N.¢; also
influences the slope of the electric-field distribution and thereby its maximum value
(see Fig. 11.5, middle). This can lead to charge multiplication effects as demonstrated
by the results of this thesis.

Material Dependence

In the frame of the CERN-RD48 (ROSE) collaboration, it was found that the change
of Nss highly depends on material and irradiation type, thereby violating the NIEL-
scaling hypothesis [191].

In n-type STFZ, a large donor removal and acceptor introduction rate was measured
for proton and neutron irradiation. The material inverts already at equivalent fluences
around 102 cm=2 to a few 10" ecm™2, depending on the initial doping concentration
(see e.g. Fig. 12.5, left). After this point, N.rs and hence Uy, increase approximately
linearly. At a few 10 c¢m—2, the maximum operation voltage of 600V for most LHC
experiments is reached, thereby disqualifying this material already for the innermost
layers of the current LHC tracker, and even more for the HL-LHC.

However, it was found that after oxygen enrichment, the increase of acceptor con-
centration at high fluences is suppressed by about a factor of three with respect to
STFZ after charged-hadron and lepton irradiation [163,191]. Thus, n-type DOFZ is
used for the innermost layers of the current LHC trackers.

N-type MCz and EPI materials, which exhibit even higher oxygen concentrations,
usually do not type-invert at all after charged-hadron irradiation, and at high fluences,
Nes¢ increases due to the predominant creation of donors instead of acceptors 9,192
194] (see Fig. 12.5, right). However, after neutron irradiation, acceptor introduction
dominates also here and type inversion takes place. This behaviour could be related
to the radiation-type dependent introduction rate of the donors E(30K) and BD in
comparison to the acceptors H(116K), H(140K) and H(151K) found in microscopic
measurements [190, 194].

The annealing behaviour was found to be qualitatively similar for all materials: the
short-term component is characterised by a decrease of radiation-induced acceptors
or an increase of donors, whereas predominantly acceptors are introduced during the
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long-term annealing [190,194].
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Figure 12.5: The development of N.s; and U, with equivalent fluence. Left:
|Nepr|(Peg) and Ugep(Peq) in 300 pm thick n-type STEZ diodes, directly measured
after neutron irradiation [195]. Right: Neps(®Peq) and Ugep(Pey) in 75 pm thick n-type
EPI-DO diodes after neutron and proton irradiation [194].

Double Junction and Electric Field in Neutral Bulk Region in Highly Irra-
diated Material

The effective doping concentration N.sf (i.e. the difference between ionised donor and
acceptor concentration) is not only determined by the number of radiation-induced
defects, but also by their occupation. Thus, the N.s¢ and electric-field distributions
are more complicated in highly irradiated sensors with a high leakage current. This
leads to a large density of free charge carriers, which can be captured and hence change
the occupation of acceptors and donors. As holes drift in the direction of the p™
electrode and electrons to the n™ electrode under reverse bias, this occupation change
(and hence N.sf) depends on the position in the sensor. It can even happen that
the material type-inverts locally, leading to a double junction [196] at both electrodes.
Consequently, the electric-field distribution is not linear anymore as for a constant
Neys, but exhibits a double peak structure. A simulation of this effect is shown in
Fig. 12.6. The effect of the reverse current on the electric-field distribution is clearly
demonstrated by switching it on and off in the simulation. Moreover, it can be also seen
that at lower temperatures, where current generation is suppressed (see Sec. 11.3.4),
the double peak is less pronounced.

Another effect in highly irradiated sensors is the emergence of an electric field in
the neutral bulk region in the middle between the two space-charge regions of a double
junction [198]. This is caused by the fact that after irradiation and introduction of
a large amount of deep defects, the bulk material becomes highly resistive. In the
presence of a large leakage current, this leads to a voltage drop according to Ohm’s
law, which implies an electric field. Thus, in such a sensor it is possible to have an
electric field everywhere inside the sensor even without being fully depleted.

These effects show that the concept of a constant N s as single parameter describ-
ing the depletion zone and the electric field of the whole diode is questionable under
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Figure 12.6: Development of a double junction: Simulation of the electric-field dis-
tribution in an irradiated sensor at different temperatures (253 and 293 K) with and
without taking the reverse current into account. Taken from [197].

such conditions. However, in lack of a better alternative concept, it is still frequently
used.

12.4.3 Trapping

In principle, all electrically active defects can trap charge carriers and re-emit them
later. Especially harmful are those defects which have a high capture cross section and
whose emission or detrapping time constant is large with respect to the integration
time of the readout. This results in effective signal-charge-carrier loss and hence in a
degraded charge-collection efficiency (see Sec. 11.4.2).

The charge is captured with the probability % (inverse trapping time constant),
depending on the concentration of the trap IVy, its electron- or hole-capture cross section
o and its electron-occupation probability f;:

1i = Ny (1= f1i)  Oci Vthe for electrons and
2
Th,i

o

(12.9)

= Nt,i : ft,i *Ohyi * Uth,h for holes.

Uth e, 1S the thermal velocity. The overall effective trapping probability is the sum over
the probability of individual traps: — P

Teff,e.h Tieh

It has been shown experimentally that the effective radiation-induced trapping
probability is proportional to the equivalent fluence [199,200]:

1

Teff7e7h

= Be,h(beqa (1210)

where [, is referred to as trapping-related damage parameter. The values for 3.,
measured in FZ material up to fluences of about 10'° cm™2 are shown in Tab 12.1.
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They are slightly temperature dependent and decrease by about 20-30% over a range
from 220 to 294K [199]. The annealing behaviour of g is different for electrons and
holes [199]. (. decreases by about 35% from the value as irradiated to a saturation
value reached after about 30h at 60°C annealing. On the contrary, ) increases by
about 30%. No dependence on impurity concentrations was found. So far, no clear
microscopic identification of the defects responsible for trapping could be made [190].

B, [10718 cm?ns™ Y | B, [1071% cm?ns™]
Neutrons 3.7+£0.6 5.7+£1.0
Charged hadrons 54+£04 6.6 £0.9

Table 12.1: The trapping-related damage parameter 3. at -10°C, taking into account
the results of measurements by different groups as compiled in [201].

Trapping is expected to be the limiting factor at HL-LHC fluences. This can be
illustrated by the expected trapping time constants and corresponding mean drift dis-
tances lepp = vgrTeps before being trapped, assuming vg, = vsq in the following. At a
fluence of 10'% cm ™2, the trapping time constants are less than 2 ns for charged-hadron
irradiation, leading to f.sy ~ 200 pm. This is already shorter than the thickness of
most sensors currently used at the LHC. For 10 cm™2, the extrapolated trapping
times of less than 0.2ns lead to very short drift distances of only f.¢; ~ 20 um. For
electric fields too low for a saturated velocity, f.sf is even shorter, especially for holes
with only 1/3 of the low-field mobility of electrons. Thus, a dramatic degradation of
the CCE is expected.

However, recent results have shown that charge collection in highly irradiated de-
tectors is higher than expected from above considerations. This was seen both for the
EPI diodes under study in this work [9,202] as well as for segmented sensors [203].
Probably two different reasons account for this. At high fluences and voltages, this can
be explained by CM (see following sections). However, charge collection is also anoma-
lously high at lower fluences and voltages below the expected CM threshold [9,202,204].
In particular, the deviation between measured and expected charge is increasing with
voltage. This behaviour can be modelled assuming a voltage- [9,204, 205] or field-
dependent [202,204] 7. 77 in contrast to the commonly assumed constant trapping times.
Possible explanations include a field-dependent capture cross section, field-enhanced
detrapping (e.g. phonon-assisted trap-to-band tunnelling [206,207], Poole-Frenkel ef-
fect [208]) or trap filling due to the capture of charge carriers in the presence of high
currents (a similar effect as the one leading to a double junction, see above).

12.5 Improving Radiation Hardness

The CERN-RD50 collaboration [209,210] as well as the tracker collaborations of the
experiments at the LHC perform extensive R&D programmes to develop detectors
able to survive the harsh radiation environments of the HL-LHC. In the following,
some strategies of how to improve the radiation hardness are presented.
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12.5.1 Change of Operating Conditions

Some of the effects of radiation damage can be mitigated by changing the operating
conditions.

The most prominent example is cooling of the sensors to compensate the radiation-
induced increase of the leakage current to limit power consumption and noise (see
Eq. 11.11). The Si detectors at the LHC are designed for cooling down to -10°C using
fluorocarbons, whereas a CO, cooling system is being developed for the HL-LHC, which
can achieve lower temperatures down to -20°C [211].

Another important parameter is the applied bias voltage. It needs to be increased
if the depletion voltage rises. Moreover, the electric field increases for higher voltage.
This increases the drift velocity (if not saturated yet) and hence the effective drift
distance of charge carriers before being trapped. Further, as mentioned in Sec. 12.4.3
and shown in the following sections, charge collection is enhanced at high voltages due
to charge multiplication (and supposedly also due to a lower trapping probability even
below the multiplication regime as mentioned in Sec. 12.4.3). For these reasons, it is
desirable to increase the current voltage limit of the LHC trackers of about 600 V, which
is, however, difficult with the current plan of re-using the existing support structures.
But e.g. the ATLAS Insertable B-Layer (IBL) [212] is designed with a limit of 1000 V.

Further alternative detector-operation concepts include operation under forward
bias [213] or at cryogenic temperatures [214].

12.5.2 Choice of Material - Defect Engineering

As described in the last sections, the types and concentrations of existing impurities
play an important role in defect generation. Thus, it is very important to understand
the underlying microscopic mechanisms of radiation damage in order to tailor the
material and its concentration of impurities in such a way that the effect of radiation
damage is minimised. This approach is called defect engineering and has already proven
to be successful in the case of oxygen-rich Si (DOFZ, MCz, EPI), which exhibits a lower
increase of depletion voltage with fluence (see Sec. 12.4.2). Thus, DOFZ is used for the
innermost layers of the LHC trackers. Furthermore, other strategies like hydrogenation
and p-type Si are investigated. However, the leakage current and trapping are not
found to depend on the Si material. Thus, also completely different materials like
diamond [215] are investigated.

12.5.3 Device Engineering

Radiation hardness of Si detectors can also be improved by device optimisation, i.e. by
changing the geometry of the wafer or the electrodes.

For example, sensors with n-type segmentation (n-in-n or n-in-p technology) profit
from the fact that electrons, which are less susceptible to trapping due to a higher drift
velocity and trapping time constant, drift towards the readout electrode [216,217].
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This is the most important region for signal formation in segmented sensors due to
the maximum of the weighting field (see Fig. 11.6), as well as of the electric field (in
n-in-n sensors after type inversion). The pixel detectors of ATLAS and CMS are made
of n-in-n sensors. Detectors with n-in-p technology are a candidate for large parts of
the HL-LHC trackers [218].

In 3D detectors, the readout electrodes are arranged as doped columns penetrating
through the thickness of the detector [219,220]. This decouples the thickness of the
sensor, which determines the amount of deposited charge for a MIP (see Sec. 11.2),
from the distance between the electrodes, which determines the depletion voltage and
maximum drift distance, and hence the susceptibility to trapping. 3D detectors are
envisaged for 25% of the ATLAS IBL and are a candidate for the innermost pixel layer
at the HL-LHC.

Another option is the use of thin detectors (d < 300 pm). There are three ap-
proaches to produce them: physical thinning of processed FZ and MCz wafers down
to 50 pm, deep diffusion of dopants from the backside [190| and epitaxial growing of a
thin Si layer (25-150 pum) on a thicker Cz substrate (see Sec. 11.5.3). The latter is used
in this work. Using thin detectors reduces the leakage current (I,., o< d) and especially
the depletion voltage (Ugsep o< Negg - d?) significantly (cf. Sec. 11.3). Furthermore, Si
with a higher initial doping concentration N.s¢o can be used, which delays the effect
of dopant removal and is easier to produce. Another great advantage is the reduced
susceptibility to trapping due to the smaller drift distance, the larger weighting field
1/d and the larger drift velocity as the average electric field is higher at a given voltage
above full depletion (E o« U/d). The latter also enhances charge multiplication. How-
ever, for a MIP, there is the drawback that the deposited charge @)y is also reduced
(Qo x d), which decreases the signal in non- and low-irradiated sensors. But at very
high fluences with mean drift distances before trapping of /. ;s < d, the collected charge
in response to MIPs becomes independent of the sensor thickness (see e.g. [220] for a
derivation). Another drawback of thin detectors, the increased capacitance (C' o< A/d),
can be overcome by a smaller sensor-cell size, which is envisaged anyway because of
the high hit occupancies at the HL-LHC luminosity.

To conclude, epitaxial detectors as studied in this work combine both the approaches
of defect engineering (high oxygen concentration) and device engineering (thin).



Chapter 13

Investigated Devices and
Experimental Methods

13.1 Diode Samples

In this work, standard and oxygen-enriched epitaxial pad diodes of three different
thicknesses (75, 100 and 150 pm) were studied.

13.1.1 Material

The main parameters of the used materials are listed in Tab. 13.1. The epitaxial
layers were grown by ITME [184] on a Cz substrate of about 500 pm thickness. The
substrate is highly doped with antimony (Sb, 0.02Qcm) in order to provide a good
ohmic contact and to prevent it from acting as a sensitive detector region. The crystal
orientation of EPI 75 pym is <111>, the one of EPI 100 ym and EPI 150 pum is <100>.
The initial doping concentration N.s¢o with phosphorus is deliberately chosen to vary
between 2.6 - 103 em™3 for 75 pum, 1.5 - 10 ¢cm™3 for 100 ym and 8 - 102 cm™3 for
150 pm in order to obtain approximately the same initial depletion voltage Ugep o of
about 100-150V for all thicknesses.

Fig. 13.1 shows the oxygen-concentration depth profile obtained from secondary
ion mass spectrometry (SIMS) measurements performed by [221]. For EPI-ST, it is
clearly visible that there is an out-diffusion of oxygen from two sides, mainly from

Material d Wafer Orien- Negso [P] P Udep,0 [O] [C]
[pm ] tation | [10'2cm™3] | [Qcm] V] [106cm—3] | [101% cm—3]

EPI-ST 150 147 261636-13 | <100> 8.8 490 145 4.5 <2.8
EPI-DO 150 152 261636-09 | <100> 8 538 140 14.0 <1.6
EPI-ST 100 102 261636-05 | <100> 15 287 118 5.4 <3.9
EPI-DO 100 99 261636-01 | <100> 15 285 113 28.0 <1.7
EPI-ST 75 74 8364-03 <111> 26 165 110 9.3 <1.9
EPI-DO 75 72 8364-07 <111> 26 167 103 60.0 <1.6

Table 13.1: Properties of the used materials (average values).
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the Cz substrate, but also from the SiO, surface layer. This results in an inhomoge-
neous distribution with a concentration variation of more than one order of magnitude
between the minimum and the maximum. The average concentration increases for
decreasing thickness (4.5 - 10’ cm™ for 150 ym, 9.3 - 10! ¢cm=3 for 75 um) because in
a thin layer the ratio of diffusion range (if assumed to be constant) and thickness is
larger. Homogeneity and average concentration are largely improved for EPI-DO after
oxygenation at 1100°C for 24h. For these diodes, the average concentration varies
between 1.4 - 10" cm =3 for 150 pm and 6.0 - 1017 cm ™2 for 75 pm.

The results for the carbon concentration were found to vary between 1.2-10% cm—3
and 5-10'° cm ™3 for the different processing procedures, but such small concentrations
are expected to be below the detection limit of the SIMS method [222].
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Figure 13.1: Oxygenconcentration depth profiles (SIMS measurements).

13.1.2 Pad Diodes

The diodes were processed by the company CiS |223]. For this work, pad diodes were
used, which are displayed in a top-view and side-view sketch in Fig. 13.2. Pad detectors
are large simple planar diodes without segmentation, which are easy to produce and
handle, so that they are very suitable test structures for material investigations.

The p-n junction is produced by boron implantation that creates a 1 pum thick
p* layer with a high doping level of about 10 cm™3 at the front side. The junction
is fabricated in such a way that there is one central pad diode in the middle of either
0.5 x 0.5cm? or 0.25 x 0.25cm? size! and a guard-ring structure surrounding it. The
guard ring, which has to be kept at the same potential as the pad, has two main
functions. On the one hand, it helps keeping the area of the central pad and the
electric field well-defined. On the other hand, it shields the pad from surface and edge
leakage currents. The guard ring is 100 pm wide with a distance of 10 pum to the pad.
Often, there are further smaller potential rings around the main guard ring, which are
operated in floating mode to lower the potential difference between the central pad and
the edges of the detector.

!Labelled as big and small, respectively, in the following.
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The metallisation of the front contact is done with aluminium, but leaving a hole of
2mm diameter in the middle for optical charge-carrier injection. The back side is coated
with an aluminium mesh, which also allows optical illumination for other materials that
do not have a substrate. The parts of the detector that are not metallised are covered
with silicon oxide (SiO) for passivation and protection.

G_uard Pad Hole Al SiO,
Ring / \ |
\ ™= . -
— SiO, n Epitaxial Layer 75-150 pm
L
®/ o Al Contact
Substrate (Cz) 400-500 um
Pad
Guard Ring | o+
| | | AI‘ Con‘tact I\‘Ilesh | | | |

Figure 13.2: Schematic top view (left) and cross section (right) of the used pad diodes
(not to scale).

13.2 Irradiation

In the context of this work, diodes irradiated with 24 GeV protons in an equivalent-
fluence range between 10 and 10 ¢cm ™2 were studied (see Tab. 13.2). The irradiation
was performed with the Proton Synchrotron (PS) T7 beam line at the IRRAD-1 irra-
diation facility at CERN [224,225]. The samples were mounted on a cardboard slide
and transported automatically by a shuttle into the beam. Homogeneous irradiation
can be achieved by sweeping the beam at a constant rate over the samples. This re-
sults in an average proton flux of about (3-9)-10°p cm~2s~1. Thus, for high fluences
long irradiation times were needed: up to several days for equivalent fluences around
10'® cm™2 and several weeks for 10'® ecm~2. As irradiations were performed at about
27 to 29°C, self-annealing effects already during irradiation occur.

The achieved fluences were measured by aluminium activation. One Al foil of
5 x 5mm? and one of 10 x 10 mm? size were placed together with the samples in the
beam and activated by the reactions 2?Al(p,3pn)**Na and 2" Al(p,3p3n)?*Na. The half-
lives of 2*Na and ??Na are 15h and 2.6 years, respectively. The intensity of the gamma
emission lines of ?*Na (E, = 1369keV) and **Na (E, = 1275keV) as measured by a
Nal or Ge spectrometer can be used to obtain the activity. This is proportional to
the received proton fluence if the time between irradiation and activity measurement
is taken into account. The systematic error of the measured fluence is reported to be
about 10%. Equivalent-fluence values were obtained using a hardness factor of k = 0.62
for the PS 24 GeV proton source.
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Cplem™?] | Qeglem™] Deglem™]
simplified notation
4.88-10" | 3.03- 10" 310"
8.94-10" | 5.54 - 10" 6- 10
1.44-10' | 8.93- 10" 9.10"
1.73-10% | 1.07 - 10*® 1-10°
4.40- 10" | 2.73- 10" 3-10%
6.25- 10" | 3.88 - 10%° 4.10%
1.06 - 10'% | 6.57 - 101° 7-10%
1.71-10' | 1.06 - 10'¢ 1-10'

Table 13.2: The denoted proton fluence ®, as measured by Al activation, the cor-
responding equivalent fluence ®., using x = 0.62 and the simplified notation of the
equivalent fluence that will be used in the following for fast reference.

13.3 Annealing Experiments

Isothermal annealing experiments at 80°C were performed to investigate how the radi-
ation damage develops over time. The temperature of 80°C has been chosen in order
to speed up the annealing (e.g. for FZ the N.s; reverse annealing is accelerated by
a factor of 7430 with respect to room temperature, assuming an activation energy of
1.33 eV [163]). At higher temperatures there would be the danger of other annealing
reactions that do not occur at room temperature.

For annealing, the test structures were heated up in a circulating-air oven. The
temperature stability of the oven was around +1°C. Between the measurements, the
irradiated samples were stored at -25°C to avoid unwanted annealing.

13.4 Overview on the Uy, and N.¢; Behaviour of the
Irradiated Diodes

The dependence of I,., and Uy, as a function of fluence and annealing time for the
diodes studied here was extensively investigated in a previous work [9]. Only the results
that are of importance for this thesis are shortly reviewed here.

Fig. 13.3 (left) shows the depletion voltage measured with the CV method at room
temperature and 10kHz as a function of annealing time at 80°C for two different
fluences. Fluences higher than 4-10'° ¢cm™2 could not be measured due to large currents.
In the simplified picture of a constant N.¢r, neglecting effects like double junctions
(see Sec. 12.4.2), it shows the typical behaviour of non-type-inverted diodes with a
rise in Uy, during short-term annealing (dominated by out-annealing of acceptors), a
maximum at typically 8 min (slightly later for higher fluences), and a decrease during
long-term annealing (dominated by acceptor introduction [194]). However, due to the
latter, type-inversion can happen at large annealing times, leading to an increase of
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Uigep thereafter.

Fig. 13.3 (right) displays Uz, at 8min at 80°C annealing, which is believed to
represent the stable-damage component. It exhibits donor removal at low fluences
and donor introduction at large fluences. A fit according to the Hamburg model (see
Eq. 12.8) reveals that the donor introduction rate —ge is higher for EPI-DO than for
EPI-ST at a fixed thickness and higher for 75 ym than for 100 and 150 ym for the
same material (probably also due to the higher O concentration in 75 um diodes). The
results are shown in Tab. 13.3.
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Figure 13.3: Left: U, annealing curves at fluences of 3 - 10" em™2 (¢op) and 4 -
10" em™2 (bottom). Right: U, after 8 min at 80°C annealing. Taken from [9].

Material

Negro O] Ncyo c go

[102em ™3] | [10% em™3] | [102em™3] | [10714 em™2 | [1072cm ™!
ST 150 pum 8.75 4.5 6.4 £ 0.6 2.22 £0.85 | -0.71 + 0.07
DO 150 pm 8.17 14 6.6 + 0.3 0.84 &+ 0.06 | -1.36 £ 0.04
ST 100 pm 15.00 5.4 88 0.7 | 1.50 £0.40 | -0.70 £ 0.07
DO 100 pym 15.14 28 94+ 0.7 | 0.73 £0.09 | -1.13 £+ 0.06
ST 75 pm 25.82 9.3 144 4+ 1.1 | 0.78 &= 0.13 | -1.52 £ 0.09
DO 75 pm 26.17 60 231 £2.2 ] 0.32 £0.04 | -2.08 & 0.15

Table 13.3: The stable-damage parameters in EPI diodes: removable doping concen-
tration N¢ o, removal constant ¢ and space-charge introduction rate g¢ from a fit ac-
cording to the Hamburg model (see Eq. 12.8). The initial doping concentration Ny
and average oxygen concentration [O] are also displayed. Taken from [9].
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13.5 Transient-Current Technique and Charge-
Collection Measurements

In this thesis, charge collection in highly-irradiated silicon diodes is studied in response
to laser light of different wavelengths as well as to alpha and beta particles. The
measurements were performed with different methods: either with the transient-current
technique, which measures the instantaneous signal current due to the drifting charge
carriers (the collected charge is then obtained in an offline analysis as integral over the
current pulse), or with a low-noise shaping readout, which measures only the integrated
charge.

13.5.1 Penetration of Different Types of Radiation

Various types of electromagnetic and ionising radiation with different penetration
properties were used. The general charge-deposition mechanisms are explained in
Sec. 11.4.1. The initial distributions of deposited e-h pairs as a function of detec-
tor depth measured from the p™n junction at the front side are shown in Fig. 13.4. As
mentioned above, for the epitaxial diodes used in this work, only front illumination is
possible for low-penetrating radiation due to the thick insensitive Cz substrate at the
back side.

On average, MIPs deposit charge uniformly over the whole detector depth. Thus,
the current signal is due to both electrons and holes drifting to the respective elec-
trodes. Such a penetration can be mimicked by 1060 nm laser light as its attenuation
length [226] of about 1 mm at room temperature exceeds by far the detector thickness.

In contrast, red laser light of 660 or 670 nm wavelength has a short attenuation
length of ~3 pum at room temperature. Thus, charge carriers are produced close to the
illuminated surface. For front illumination of n-type material (i.e. from the junction
side) as used in this work, the current signal is almost entirely due to the drift of
electrons towards the back side.

The penetration of 830nm laser light with an attenuation length of ~13 um at
room temperature lies in between.

For lower temperatures, the attenuation length increases.

As explained in Sec. 11.4.1, 5.8 MeV « particles from a 2**Cm source feature a
Bragg peak about 26 um deep inside the detector for perpendicular incidence. The
penetration as shown in Fig. 13.4 was simulated with SRIM [227], taking energy loss
before the sensitive layer in 2mm air, 100nm SiO, and 1 ym p' implantation into
account. Polyethylene (PE) absorbers of different thicknesses (12 and 24 pm) can
be inserted between the source and the sample in order to deliberately modify the
penetration and shift the Bragg peak closer to the surface. However, there is also
unintended reduction of effective penetration depth for part of the beam due to about
50° divergence allowed by the collimator (see below). Moreover, single « particles with
lower energy (~5% of the beam) were observed in measurements, possibly caused by
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Creation of e-h Pairs as a Function of Detector Depth
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Figure 13.4: Distribution of initially created e-h pairs in Si as a function of detector
depth for different types of radiation (MIPs/f particles; « particles with different PE
absorbers; 670, 830 and 1060 nm laser light). The normalisation of the laser-induced
e-h pairs is arbitrary, it depends on the energy and focus of the laser pulse.

energy loss at the edge of the plastic collimator. These two effects were not taken into
account in the simulation.

13.5.2 Transient-Current Technique
Basic Principle

With the Transient-Current Technique (TCT), the induced current due to the drift
of free charge carriers according to Eqs. 11.13 and 11.14 is directly measured. Any
current distortion needs to be minimised. This requires the use of fast, high-bandwidth
electronics, e.g. a current-sensitive amplifier (if at all) and the minimisation of filtering
elements. This method allows a deep insight into the signal formation in the sensor,
in particular into the electric field and trapping. Such investigations for the diodes
studied here were performed and described in detail in a previous work [9]. In this
thesis, however, TCT was mainly used to study the amount of collected charge @),
which was obtained in an offline analysis as the integral over the TCT current pulse
(see Fig. 13.5). Typically, an integration window of about 10 ns was used. The charge-
collection efficiency can then be obtained by normalising the measured charge @ in
an irradiated detector by the charge Qo in an unirradiated reference detector (see
Eq. 11.17) if the amount of deposited charge is well-reproducible.
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Figure 13.5: TCT current pulses in an unirradiated EPI-ST-150 pym diode in response
to red laser light at different applied voltages. The integral corresponds to the collected
charge Q.

TCT Setups

The TCT setups at the Detector Lab of the University of Hamburg are sketched in
Fig. 13.6. The readout was very similar for all TCT measurements, but the detector
mounting was different for TCT with « particles and laser light.

In the case of o particles, the diode was mounted in a brass box with metal bars
surrounding it at each side to fix it at a well-defined position (see Fig. 13.6, bottom
left). Tt was biased and the signal was read out at the p* front side via a small needle
on a cantilever spring. The back side was kept at ground level. The ?**Cm-a source
was in the middle of the plastic lid, which served also as a collimator allowing about
50° beam divergence. The lid was put on the box during the measurements, so that
the source was about 2mm above the injection hole of the diode. A Keithley 6517A
served as a voltage source up to 1000V and simultaneously as a current meter. A
low-pass filter box was used to cut off the high-frequency noise of the voltage source.
A Picosecond Pulse Lab 5531 bias-T was employed to decouple the voltage source
from the input of a current-sensitive amplifier (Phillips Scientific Model 6954 with a
gain of 10 or 100 and a bandwidth of 1.8 GHz or 1.5 GHz, respectively). This was
connected to a Tektronix DPO 4104 oscilloscope with 1 GHz bandwidth and 5 GS/s.
The temperature was measured with a Pt 100 sensor in combination with a Keithley
2001. The emission of «a particles occurred randomly, so that self-triggering was needed.
The trigger level was set to 8 or 80 mV for an amplifier gain of 10 or 100, respectively,
to be above the noise level and trigger on the signal only. In the offline analysis of
the data, the voltage drop at the resistors in the filter box and bias-T was taken into
account. The advantage of charge deposited by a particles is the good reproducibility
due to the mono-energetic spectrum, which allows the measurement of the CCE using
a reference detector. The SRIM simulation mentioned above predicts a deposited
charge inside the sensitive region of 5.5 MeV corresponding to 1.5-10° e-h pairs, taking
energy loss in the 2 mm air gap, 100 nm SiOy and 1 pm p™ implantation into account.
The measured average charge was about 15% lower due to a small fraction of pulses
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Figure 13.6: The TCT setups. Top: Basic principle of the TCT setups including
readout chain. Bottom: Detector mounting for the setup with « particles (left) and
laser light (right).

with significantly lower signal, probably due to additional unwanted absorption (see
Sec. 13.5.1). Optionally, polyethylene (PE) absorbers of 12 and 24 pm thickness could
be inserted, which deliberately enhanced the energy loss. A CCE precision of 3% was
estimated from reproducibility studies involving demounting and mounting and from
varying the integration time window.

In the case of laser light (see Fig. 13.6, right), the diode was fixed on a chuck with
customisable plastic bars and vacuum at a well-defined position. The light was guided
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via an optical fibre from the laser head to the illumination window without additional
focussing to avoid high charge-carrier densities. The repetition rate was chosen to be
50Hz and triggering was provided externally by the laser driver. The readout was
basically the same as in the case of o particles. Optionally, the bias voltage could
be also applied at the back side of the detector, allowing a readout at the front side
without a bias-T. The difference was found to be negligible.

For 670 and 1060 nm light, lasers from Advanced Laser Systems with a pulse width
below 100 ps (FWHM) were used. The laser intensity was tunable both with the laser
driver and with additional optical attenuators, so that (0.8 to 50)-10° e-h pairs could
be produced in the diode with the 670 nm laser with about 1.8-10% e-h pairs chosen as
standard. For 1060 nm laser light, the deposited charge depends on the diode thickness
and temperature, but usually not more than a few 10° e-h pairs were produced. For
830 nm light, a laser diode was driven with a pulse generator and delivered light pulses
of about 1ns duration, which produced about 4.5-10° e-h pairs.

Another setup developed for multi-channel TCT was used in order to perform x-
y scans over the illumination window in the front surface. This setup is described
in more detail in [172]. The light of a 660 nm Picoquant laser with less than 100 ps
pulse width (FWHM) and 1 kHz repetition rate was focused to a measured spot size of
Ospot=20 pm. Only 6-10° e-h pairs were injected to avoid effects of high charge-carrier
densities. The sample was movable on x- and y-tables with 0.1 gm precision. Front-
side readout as explained for the above setups was applied with a Tektronix DPO 7254
oscilloscope with 2.5 GHz bandwidth and 40 GS/s.

In contrast to earlier measurements presented in [9], the reproducibility of a charge
measurement when demounting and mounting again was greatly improved with the
help of the new mounting system and new stable lasers. After a laser-warming time of
about 3 h, a reproducibility of about 2% was achieved. Thus, it was possible to perform
CCE measurements with this precision.

To all setups, cooling could be applied either by a chiller with a temperature pre-
cision of around 0.3°C or by a chiller in combination with a Peltier element, which
improved the precision to better than 0.1°C. If not stated otherwise, the measurements
were done at -10°C in a nitrogen atmosphere in order to reduce the high leakage current
and operate the diode under LHC conditions.

The noise can be largely reduced by averaging a large number of current pulses.
This was always done for 512 pulses in the following, unless denoted otherwise.

The guard ring was not connected during these measurements.

13.5.3 Setup for Charge-Collection Measurements with 5 Par-
ticles and Low-Noise Charge Readout

In a real (HL-)LHC experiment, the signal is typically created by MIPs, which induce
charge of about 5-20ke for 75-300 ym thick sensors. This needs to be measured
with a low-noise charge readout using a shaper (see Sec. 11.4.5). Thus, to study the
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Figure 13.7: Sketch of the charge-collection setup for 5 particles with low-noise charge
readout. Taken from [228].

sensor signal under more realistic conditions and to obtain absolute charge values in
response to MIP-like particles, measurements with fast [ particles using a charge-
sensitive preamplifier connected to a shaping amplifier were performed.

For these measurements, the 3 setup of the Jozef Stefan Institute was used. It is
described in [228| and a short overview is given in the following.

A radioactive 3.7 MBq ?°Sr source was employed. *°Sr undergoes 3 decay with a half
life of 29 a to Y [19]. Y in turn is also a 8 source with a half life of 2.7d. The emitted
3 particles of 2°Sr and °Y have a typical continuous three-body energy spectrum with
maximum energies of 0.5 MeV and 2.3 MeV, respectively. Whereas electrons with the
highest energies can be considered as good representatives of a MIP, the lower-energetic
part of the spectrum is highly-ionising and needs to be filtered out using a trigger as
explained below.

A sketch of the setup is shown in Fig. 13.7. The diodes were mounted in an Al
box, which was placed on an Al support plate. Cooling down to about -29°C could
be provided by Peltier elements in combination with water cooling with a precision of
about 0.1°C. Small holes of about 2 mm diameter in the lid and bottom of the box and
in the support plate served as a collimator for the [ particles. A plastic scintillator in
combination with a photomultiplier under the cold plate provided a trigger with a high
purity of > 97%. This enabled measurements also at low signal-to-noise ratios of the
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silicon detector, even below 1. Most of the unwanted lower-energetic particles of the
[ spectrum were stopped or substantially decelerated in the silicon material, thereby
failing the trigger threshold. An effective trigger rate of about 30-50 Hz was obtained.
The signal pulse was sent to a charge-sensitive Ortec 142B preamplifier and a custom-
made shaping amplifier with 25ns peaking time, corresponding to the design LHC
bunch-crossing time. Finally, the shaped signal was recorded by a digital oscilloscope
(Tektronix 2440) and analysed offline. At least 2500 signals were measured for each
data point, for low SNR up to 7500 signals. The pulse-height-to-charge calibration was
performed with 59.5keV photons from an 2! Am source using an unirradiated diode.

Examples of measured single waveforms of an unirradiated big EPI-ST 150 pm
diode are shown in Fig. 13.8 (top). The signal is at about ¢ = 50ns. It is overlaid
with noise. However, it can be seen that after averaging, the SNR is greatly improved
(middle). By this, the signal remains well determinable even after strong irradiation
with much lower SNR of the single waveforms. The signal spectrum (bottom) is ob-
tained from the height of the single waveforms at the position of the maximum of the
averaged waveform. It is fitted with a convolution of a Landau function with a Gaus-
sian as defined in ROOT |229]. The Gaussian accounts for both the noise and the fact
that the real straggling distributions are only approximated by a Landau function [19].
The small peak of the signal spectrum at 0 is due to trigger impurities. The noise
spectrum is sampled on the part of the acquired waveform before arrival of the trigger
(t = —100ns) after common mode correction. It is fitted with a Gaussian.

An occasional problem during measurements with both the TCT and the g-particle
setup were microdischarges (see Sec. 11.4.6). They sometimes occurred at high voltages
of both irradiated and unirradiated diodes. The occurrence and frequency were not
reproducible. In the case of external triggering, the microdischarges interfered with
the signal only in extreme cases. In the case of TCT with « particles relying on self-
triggering, however, microdischarges could produce signals above the trigger threshold
and in case of a high discharge rate, no measurements were possible.
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Figure 13.8: Measurement of an unirradiated big EPI-ST 150 um diode with the setup
for  particles: Measured single (top) and averaged waveforms (middle) as well as
noise and signal spectrum (bottom) with fits using a Gauss and Landau-Gauss function,
respectively.



Chapter 14

Results - Charge Multiplication in
Irradiated Silicon Detectors

The results of the charge-collection measurements in proton-irradiated epitaxial diodes
with a TCT setup and with a setup using [ particles are presented in Secs. 14.1
and 14.2, respectively. The investigations focus on the novel effect of charge multipli-
cation (CM) after heavy irradiation. Thus, typically diodes at the highest available
fluence of 10'® cm™2 are studied as they exhibit pronounced CM effects. For inves-
tigations of general properties of CM (i.e. independent of material and thickness),
typically a big diode of this fluence and of n-type EPI-ST 75 um material is taken,
labelled ST75-1E16 in the following. If not denoted otherwise, the measurements were
done after 30 min annealing at 80°C in order to be at a well-defined point beyond the
short-term annealing and where possible self-annealing effects during irradiation can
be neglected. The TCT measurements were usually performed at -10°C, the ones with
the 8 setup at -29°C, if not denoted otherwise.

14.1 Measurements with the TCT Setup

Parts of the results obtained with the TCT setup are published in [230,231]. The
following sections include material from there with some adaptations and extensions.

14.1.1 Formation and Location of the CM Region

Charge multiplication in epitaxial diodes was first observed in charge-collection effi-
ciency (CCE) measurements with a particles [9]. Repeating this measurement with
radiation of different penetrating properties (see Sec. 13.5.1) can give valuable indica-
tions concerning the formation and localisation of the CM region with respect to the
detector depth.

Fig. 14.1 shows the CCE as a function of bias voltage for ST75-1E16 measured
with 670, 830 and 1060 nm laser light, as well as with « particles with 12 and 24 ym

191
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Figure 14.1: The CCE as a function of bias voltage in 75-1E16 measured with different
types of radiation and I, (arbitrarily normalised).

thick PE absorber and without. The self-triggered measurements with « particles
with 12 and 24 pm absorber gave sometimes low values in certain voltage ranges due
to suddenly occurring microdischarges. Also the voltage dependence of the reverse
current (obtained from a dedicated IV measurement with connected guard ring) is
added for comparison (arbitrary units).

At high voltages, the CCE of all types of radiation increases strongly and eventually
exceeds unity, clearly indicating CM. Also the reverse current does not saturate, but
rises strongly due to CM, similarly to the curve for 670 nm laser light. However, there
are large differences in the increase rate between the different radiation types. It can
be seen that at high voltages, the CCE of 670 nm laser light and « particles with 24 pm
absorber is highest, followed by a particles with 12 um absorber and without absorber
and by 830nm laser light. The lowest CCE, but still exceeding 1, was measured for
1060 nm laser light. To conclude, the CM depends on the position where the e-h pairs
have been initially deposited: The closer the charge carriers have been produced to the
pt implant at the front surface, the stronger the CM.

The following simplified considerations on the formation of the radiation-induced
CM region show that this is what one would expect because the high-field region in
non-type-inverted p™n diodes is located at the front surface. For a first rough esti-
mation, a linear field dependence with a depletion voltage of 750V due to uniform
radiation-induced space charge is assumed. Unfortunately, Uy, could not be directly
measured for this sample due to high leakage currents, but needed to be extrapolated
from measurements of the stable damage parameters in lower irradiated diodes after
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Figure 14.2: Qualitative explanation for the development of a radiation-induced CM
region. Top left: Electric-field distribution E(x) in the linear model for an unirradiated
75 pm diode and for ST75-1e16 at 900 V. Middle left: The corresponding distributions
for the ionisation coefficients a.(x), ay(x) at room temperature! [175] (see Fig. 11.7).
Bottom left: The resulting multiplication M as a function of deposition depth x.
Right: M for different types of radiation as a function of bias voltage.

8 min annealing at 80°C (see Sec. 13.4). Also the assumption of a linear electric-field de-
pendence is only a rough approximation in highly-irradiated diodes as the high level of
reverse current modifies the electric-field distribution by changing the space charge and
leading to a voltage drop over the neutral bulk region, which becomes highly-resistive
after irradiation (see Sec. 12.4.2). Double peak electric-field structures have been ob-
served in 150 um thick EPT diodes irradiated with fluences around 10" cm~=2 [9].

Neglecting this, Fig. 14.2 (top left) shows the assumed field at 900 V compared to the
one of an unirradiated diode with U, = 150 V. The maximum of E at the front side is
higher for ST75-1E16 than for the unirradiated case. As the ionisation coefficient «(F)
is a strong function of the electric field (see Sec. 11.4.4), such a difference in E leads to
considerable values? of o, for electrons in ST75-1E16 in a 30 pm thick layer (Fig. 14.2,
middle left). In contrast, a; for holes in ST75-1E16 is much less and the a-values in

!'Room temperature is chosen because the temperature dependence in [175] is only measured for
T > 22°C. If extrapolations to the measurement temperature of —10°C are done, a, j are about 40%
higher. M for 670 nm laser light would be about twice as high at 900 V.

2As already mentioned in Sec. 11.4.4, different parametrisations of «(E) [175,177-179] vary signi-
ficantly. However, all but [179] eventually clearly predict charge multiplication (M > 1) similarly to
the parametrisation chosen here.
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the unirradiated case both for electrons and holes are basically 0. The consequences
of such a distribution of a, for CM is shown in Fig. 14.2 (bottom left) where the
multiplication factor (or gain) M(z) is displayed (neglecting hole multiplication, see
Eq. 11.21). M(zo) gives the number of collected charge carriers in the absence of
trapping for one e-h pair that has been initially deposited at xy. It can be seen that
considerable values of M > 1 arise in a thin, approximately 10 pm thick layer at
the front side. If M(z) is convoluted with the respective distributions of deposited
charge from Fig. 13.4, multiplication factors for the different kinds of radiation can be
calculated, which is shown in Fig. 14.2 (right) as a function of voltage. It is obvious that
for a realistic calculation of the CCE, trapping effects and a parametrisation of a.j, as
a function of temperature have to be included. But if Fig. 14.2 (right) is qualitatively
compared to the CCE measurements in Fig. 14.1, one can see that the order of the
curves for different laser-light wavelengths is well-reproduced, as well as the order of
the curves for a particles with different absorbers. Only when cross-comparing the
curves for laser light and « particles, inconsistencies occur as the curves for a particles
are measured to be higher than simulated compared to the laser curves. This can be
explained by the components of the a beam with effectively shallower penetration due
to its divergence or low-energy component (cf. Section 13.5.1). They undergo stronger
multiplication, which is not taken into account for the calculation of M. Moreover,
the calculated curves might look different if trapping is taken into account as also the
effect of trapping depends on the distribution of deposited charge carriers.

A more detailed simulation for 660 nm laser light and the linear-field model from
above, including trapping effects and the contribution of hole multiplication, can be
found in [172|. Also there, the different parametrisations for a.p [175,177-179] lead
to largely different predictions. Although all describe the general trend of a CCE
increasing with voltage, none of them match the shape and normalisation of the data.
For more realistic simulations, a better description of the electric field and the trapping
(possibly field or voltage dependent) is required. A simulation developed for n-in-p
strip detectors including double-junction effects (see Sec. 12.4.2) predicts a quenching
of CM at high voltages due to a negative feedback of the multiplied reverse current on
the maximum electric-field value [232]. More insights into the electric-field distribution
might be experimentally derived from the newly developed method of Edge-TCT [233].

As the effect of CM is largest for 670 nm laser light due to its shallow penetration,
the CM properties are best studied with this type of radiation, so that most of the
following measurements were performed with it.

14.1.2 Charge-Multiplication Dependence on Fluence, Mate-
rial and Thickness

Fig. 14.3 shows the CCE as a function of voltage measured with 670 nm laser light
for different fluences in all available materials (ST, DO) and thicknesses (75, 100 and
150 pm). These measurements with 670 nm laser light are more sensitive to CM ef-
fects than previous ones with a particles [9] due to the shallower penetration (see last
section).
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Fluence Dependence

It can be seen that at low voltages (e.g. 200V), the CCE is trapping dominated: it
decreases significantly with increasing fluence. The CCE for fluences up to 10 cm™2
seems to saturate at high voltages, at least up to the voltages where measurements
were still possible (at higher voltages, microdischarges or large currents prevented to
measure further). In contrast, from 4-10'® ¢cm~2 on, the CCE increases strongly at high
voltages (in some cases after a previous saturating behaviour) and exceeds unity for all
materials and thicknesses. This indicates clearly that CM overcompensates trapping
in this regime.

From the discussion in the last section, it is expected that CM occurs only in
highly-irradiated diodes where the space charge is high enough to create a large electric
field at the junction. However, once CM has set in at a certain fluence, the further
fluence dependence is not so clear anymore. Whereas in 75 and 100 um detectors, the
CCE in the CM regime of 7 - 10" ¢m™2 and 10'® cm~? is always significantly higher
than the CCE of 4 - 10'° ¢cm™2, the situation is different in the 150 um detectors, with
4-10'® ¢cm™2 in EPI-DO 150 pm exhibiting the highest CCE. But also in 75 and 100 ym
detectors, the CCE of 7-10% cm~2 is always higher than the one of 106 cm™2 at very
high voltages, although at intermediate voltages, the CCE of 10'% cm~2 is temporarily
highest in DO. To understand this complicated behaviour, one has to take trapping
effects into account, which increase with fluence and compete with CM. Moreover, it is
also mandatory to have a detailed knowledge of the electric field and its dependence on
voltage and fluence. As discussed in Sec. 12.4.2, the electric field depends on the level
of reverse current, which increases with fluence. Simulations for n-in-p strip detectors
including these two effects predict indeed a maximum of collected charge at a certain
fluence (between 10' and 5 - 10 em™2) for a fixed voltage [234].

Material Dependence

Already from Fig. 14.3, the dependence of CM on the material and thickness of the
devices is clearly visible. To facilitate the comparison, Fig. 14.4 (top) shows the CCE
as a function of bias voltage for different materials and thicknesses at a fixed fluence of
10 ecm~2 measured with 670 nm laser light. For a fluence of 7 - 10 cm™2, the same
material and thickness dependence is found.

In the CM regime, the CCE of DO material is observed to be higher than the
CCE of ST material with the same thickness. The ratio between the CCE of DO and
ST material for the same thickness is shown in Fig. 14.4 (bottom left). It increases
similarly for all thicknesses from values below 1 at low voltages to around 2.5 at high
voltages. This can be explained by a higher donor-introduction rate for DO material
compared to ST material as discussed in Sec. 13.4, which leads to higher space-charge
densities and therefore higher maximum field values at the p-n junction. Probably also
the different distributions of oxygen concentration over the detector depth affect the
space charge and consequently the field distribution.



196 Results - Charge Multiplication in Irradiated Silicon Detectors
n-EPI-ST 150 um, 670 nm laser n-EPI-DO 150 um, 670 nm laser
w 4r w 4r *
8 | " 3x10"cm? 9 .
3.5? * 6x10™ cm2 3.5? *
3 9x10"* cm2 3
E " 1x10'"% cm2 -
250 | ¢ 410" cm? 250
o | " 7x10" cm? 2
F L4 110" cm? E
1.5 | 1.5
E l.:} E
17 ':":::::::::::::mzf333Sfrzzzzzz:uv-uuqi---- 1* ....::::...........;;;!-
0.5=," RN -":'A 0.5 =" ,vv"" yuun "
H iiiiinunﬂu!uuuu‘u‘ L “.nilillill" | L
00 200 400 600 800 1000 200 400 600 800 1000
ul[v] UiVl
n-EPI-ST 100 um, 670 nm laser n-EPI-DO 100 um, 670 nm laser
w 4r » w 4r LI
[S] C P [&] C 10 R
C3sc " 35 3
c L] E 7
E .t £ s -t
3 S '3
£ LI F 3 L7
25 n 2.5 2 - ua
2: e 2: %200 400 600 800 1000 m4
c ma c e
F e r '
1.5 o 1.5 -
E e E "
1?_ -""ﬂ!!!!nnwuwnvul!!!"#vvvv 1? .i.‘&"
T S : RLE
05: x* ¥. N =i AA 0.5 ‘,;u‘;‘i‘
iﬁnﬂhu‘ T
PRI B P T T L TR I N T T T L
00 200 400 600 800 1000 00 200 400 600 800 1000
U vl U V]
n-EPI-ST 75 um, 670 nm laser n-EPI-DO 75 um, 670 nm laser
w 4r w 4r
Q 1 R O .
O35 3 . C35- 5
C 7 C A
3} g N . 3} A"
S L g an
250 2 = Lox 2.5 ‘n
E ox r .
2; 200 400 600 800 1000 =A M 2; a1
. R : e .
1.50 o *‘* 1.5 a 12 3
C ll ¥ E .I 8 -
| ok PO 1= - 6
C 4* !ll! x¥ C L]
L et 2 o 2
0.5 viaii 0.5 -
:.i!AA . ll“l Q) 200 400 600 800 1000
P B Ll Ll Ll ‘ AR Ll Ll Ll !
00 200 400 600 800 1000 00 200 400 600 800 1000
ui[v] UVl

Figure 14.3: The CCE measured with 670 nm laser light as a function of bias voltage for
different fluences in all available materials (ST left, DO right) and thicknesses (150 pm
top, 100 pm middle, 75 pum bottom). Not for all fluences in the legend, a measurement

was done in diodes of all materials and thicknesses. Where necessary,

a plot with an

extended CCE axis over the whole measured range is added.
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Figure 14.4: Top: The CCE as a function of bias voltage for different materials and
thicknesses at a fluence of ®,, = 10'® cm™2 measured with 670 nm laser light. Bottom:
The CCE normalised to the CCE of ST material with the same thickness (left) and to
the CCE of 100 ym for the same material (right).

Thickness Dependence

The CCE of thinner diodes is found to be higher than the CCE of thicker samples for
the same Si material. This can be seen easiest from Fig. 14.4 (bottom right), which
shows the CCE normalised to the CCE of the respective 100 pm detector of the same
material.

However, not the whole difference can be attributed to a difference in CM. Also the
strong trapping in combination with the different weighting fields 1/d must be taken
into account. Assuming for simplicity that all charge carriers are created and multiplied
with M at the junction (x=0) and trapped after the mean drift distance l.sr ~ 20 pum
< d for all thicknesses d studied®, the CCE is given by CCE = M - {.;/d. Consider-
ing the thickness ratio only, one would expect CCE(75 um)/CCE(100 pm)—=1.33 and
CCE(150 pm)/CCE(100 pm)=0.66. However, e.g. at 600V the measured CCE ratios
are 1.7 and 0.37, respectively, and the difference between the thickness ratio and the
actually measured CCE ratio increases with voltage. This suggests that M is higher

3 Assuming a constant drift with the saturation velocity and a constant trapping time of 0.2 ns (see
Sec. 12.4.3).
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for thinner diodes. However, some care is needed to explain this effect. The simple ex-
pectation that electric fields are higher in thinner sensors at the same applied voltage is
only valid if the field extends over the whole sensor thickness. Below full depletion, the
electric-field distribution E(z) in the linear model does not depend on the thickness,
but only on the space-charge density (see Fig. 11.5). In fact, none of the extrapolated
depletion voltages of the diodes studied here is below 600 V. But modifications to the
linear field like double peak and voltage drop over the neutral bulk region are expected
to lead to non-zero field values over the entire diode thickness far below the nominal
depletion voltage. Moreover, in the case of 75 um diodes, another reason for higher
maximum fields could be the higher donor-introduction rate than in thicker materials
(see Sec. 13.4), which is probably due to the larger average oxygen concentration. How-
ever, in the case of 100 and 150 pum diodes, the donor-introduction-rates were found to
be very similar.

14.1.3 Annealing Behaviour

w 6 P
(&] - A N
o ;// \\\\7
5 L \\\'1
4
- s U =800V
3
o U =200V
1
F L L 1 ‘ L 1 L L ‘ 1 L L L ‘ L 1 L L ‘ L L L 1 ‘ 1 1 1 1 ‘ 1 L
% 5 10 15 20 25

t, [min]

Figure 14.5: The CCE at 200 and 800V as a function of annealing time ¢, for a
small EPI-ST 75 um diode at 10'® cm™2. Annealing was performed at 80°C and CCE
measured with 670 nm laser light.

The annealing behaviour at 80°C of CCE in the CM regime was studied using
670 nm laser light for EPI-ST diodes of 75 ym and 100 pum thickness and fluences of
6 or 7-10 cm~2 and 106 cm™2. They all show such a characteristic behaviour as
displayed in Fig. 14.5 for the example of EPI-ST 75 pum at 10'® cm™2. In the CM
regime, e.g. at 800V, the CCE increases from its value as irradiated up to a maximum
at 8 min before it decreases again. This is exactly the same behaviour as observed for
the annealing of Uy, and the space-charge density (see Sec. 13.4), at least at lower
fluences of up to 4 - 10" cm~2, where CV measurements at room temperature were
still possible. This shows again that CM and its underlying high electric fields are
closely connected to the space charge which is built up during irradiation and altered
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during annealing. The annealing behaviour at lower voltages (e.g. 200 V), where CCE
is trapping- instead of CM-dominated, is completely different and the CCE does hardly
change.

14.1.4 Temperature Dependence
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Figure 14.6: The CCE at 200 and 800V as a function of temperature for ST75-1E16
measured with 670 nm laser light.

Fig. 14.6 shows the temperature dependence of the CCE below and in the CM
regime measured with 670 nm laser light. At low voltages (e.g. 200 V), where trapping
dominates the charge collection, no large sensitivity on temperature can be observed,
similarly to the temperature behaviour of CCE at lower fluences |9]. In contrast, at
voltages above 300V a systematic decrease of CCE for decreasing temperature was
found. Naively, one would expect the opposite behaviour as the ionisation coefficients
increase for decreasing temperature [175]. However, on the one hand, the absorption
length of 670 nm laser light increases slightly for decreasing temperature (according
to [226] from 3.1 pm at 0°C to 3.6 um at -40°C), so that at lower temperatures a
smaller fraction of charge is produced in the region with the highest electric field at the
very front side. Indeed, the effect was found to be less pronounced for 1060 nm laser
light and « particles, for which the charge-deposition distribution in the CM region is
less or not temperature dependent, respectively. However, the trend is the same and a
simulation based on the simple model from Sec. 14.1.1 suggests that the temperature-
dependence of the absorption length is only a minor correction and cannot compensate
for the expected change in the ionisation coefficient. On the other hand, the electric
field could change with temperature. It can be seen from Fig. 12.6 in Sec. 12.4.2 that
the lower level of reverse current at lower temperatures can decrease the maximum
electric-field value in case of a double junction.
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14.1.5 Linearity of Multiplication
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Figure 14.7: The collected charge as a function of deposited charge with linear fits
Q = ag+ a1 - Qo at different voltages. Measured with 670 nm laser light in ST75-1E16.

To find out whether a highly-irradiated diode in the CM regime operates in pro-
portional or in Geiger mode (see Sec. 11.4.4), the measured charge () was determined
as a function of deposited charge Q in the range from (0.8 to 2.1)-10°%e for 300, 500,
700 and 900V (see Fig. 14.7). 670nm laser light was used. An approximately pro-
portional behaviour can be observed. The linear slope corresponds within 10% to the
CCE results in Sec. 14.1.1 at the respective voltage. For Geiger mode, a substantial
multiplication contribution of holes and therefore higher electric fields with a higher
k-value (ay/c.) are needed.

14.1.6 Spatial Uniformity over the Diode Area

In order to investigate the spatial uniformity of CM over the diode area, an x-y scan was
performed over the illumination window in the front metallisation of the diode (ST75-
1E16) with a focused 660 nm laser (spot size 04,,;=20 pm) and a step width of 200 pm
at 480, 580, 650 and 800V corresponding to mean CCE values of 1.0, 1.5, 2.2 and
4.0. Fig. 14.8 (left) shows for the example of 800V that the CCE is very uniform over
the whole area (note the zoom in the CCE scale). The normalised standard deviation
o/CCE is around 0.5% for 480, 580 and 650V and 1% for 800 V. However, a closer
look reveals that there seems to be a systematic, almost linear slope in x-direction as
demonstrated by an x-scan with a much finer step width of 10 ym (Fig. 14.8, right).
But the normalised slope is rather small with only 0.5% difference over 1 mm in the
middle of the window for 480V, increasing up to 1.7% difference over 1 mm for 800 V.
A reason for this behaviour might be a slightly nonuniform irradiation.
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Figure 14.8: Uniformity of CM. Left: x-y scan over the illumination window with a
focused laser spot of 660 nm wavelength at 800V in ST75-1E16 (note the zoom in the
CCE scale). Right: x-scan over the middle of the window at the same voltage in the
same diode.

14.1.7 Long-Term Stability
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Figure 14.9: The stability of CCE (top, including a zoom), temperature (middle) and
reverse current (bottom) measured with 670 nm laser light over several days in ST75-
1E16 at 480V (left) and 900V (right).

For an application of the CM effect in a real detector, it is important that it remains
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reliably stable over a long period of time. Fig. 14.9 shows a long-term measurement
of CCE over several days in ST75-1E16 with 670 nm laser light. Every 5min, a mea-
surement was taken. The diode was kept at a constant bias voltage of 480V, which
corresponds to CCE~1 (Fig. 14.9, left) or 900V corresponding to CCEx7 (Fig. 14.9,
right). The corresponding temperature and reverse current is also shown. It can be seen
that the temperature around -11°C was stable within 0.3°C and the leakage current
within 3% (480 V) or 10% (900 V).

At 480V, the CCE drops during the first half day from 1.05 to 1.03 and then
increases more or less monotonically about 8% up to 1.11. However, over such a long
period of time, the laser intensity might change. Reference measurements before and
after this stability test were performed with an unirradiated diode. Also the charge
collected by this reference diode was about 7% higher after the long-term measurement
with the irradiated sample than before. Thus, the operation in the CM regime at 480V
can be regarded as stable.

At 900V, there is a rise of about 12% from a CCE of 6.4 to 7.2 during the first day,
before it decreases to 7.0 after 4 days. The reverse current shows a similar behaviour,
although the shape of the curve is not completely identical. At such a high voltage,
microdischarges occurred as already mentioned in Sec. 13.5. At the beginning, their
rate was low enough not to be visible in the externally triggered measurements. But
after about 2.5 days, their rate became so high that they often coincided with a TCT
pulse. As 512 externally triggered pulses have been averaged, this becomes manifest
only as moderate, but clearly visible fluctuations of the CCE curve. However, in the
case of self-triggering or high-frequency readout like at the (HL-)LHC, it would be
impossible to detect the signal of an impinging particle reliably. Moreover, it poses
potential dangers for the readout electronics. For operation at such high voltages,
microdischarges would have to be avoided.

14.1.8 Charge Spectrum and Noise

So far, only the signal averaged over 512 pulses was discussed. However, in a real
experiment, a detector signal needs to be separated from noise event-by-event (see
Sec. 11.4.5 and 11.4.6). Therefore, 301 single TCT pulses were taken, and the baseline

noise and charge spectrum was investigated with special emphasis on the CM regime.

Noise and Signal-to-Noise Ratio

With a TCT setup, the transient current pulse is recorded directly. Thus, the equivalent
noise charge (ENC) was determined in a similar way as the charge signal by integrating
over the TCT baseline well before the pulse in a time window of about 10ns. Fig. 14.10
(left) shows the RMS noise as a function of bias voltage for measurements with 670 and
1060 nm laser light. The difference is probably due to random fluctuations. The noise of
an unirradiated diode, which should be mostly dominated by other noise contributions
ol than shot noise since the reverse current is low, was found to be within 2026 ke.

noise
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Figure 14.10: Left: The RMS noise of the TCT baseline in n-EPI-ST 75 pm (unirradi-
ated and ST75-1E16) as a function of voltage. Right: The corresponding signal-to-noise
ratio (SNR) as a function of the mean collected charge for about 1.8 - 10° e-h pairs de-
posited.

This shows that the noise of a TCT setup is significantly higher than in the case of a
charge-sensitive readout with optimised shaper (see Sec. 11.4.5 and 14.2.3).

As explained in Sec. 11.4.6, the shot noise oy, is expected to increase in the CM
regime due to the multiplication of the reverse current (see Fig. 14.1) and possible
fluctuations in the CM process described by the excess noise factor F’. However,
up to 650V, the noise of ST75-1E16 is similar to the one of the unirradiated diode.
Subsequently, it increases to about 45ke at 900 V. This behaviour can be explained
by the high value of o/, ,.. of the TCT setup, which is exceeded by an increasing shot

noise only above 650 V.

From this, the signal-to-noise ratio (SNR) was calculated. It is shown in Fig. 14.10
(right) as a function of the mean collected charge Q. As for both 670 and 1060 nm
laser light similar values of Qo ~ 1.8 - 10° e-h pairs were deposited, the SNR for the
unirradiated diodes are also similar (70-85). Even for ST75-1E16, similar SNR values
were found at the same collected charge of ()y because at the voltages needed for CCE
values of 1 (480V for 670 nm and 650V for 1060 nm), the noise has not increased as
seen from Fig. 14.10 (left). For higher voltages respectively mean collected charge, the
SNR is still improving, but slower than before because also the noise is increasing. For
the same collected charge, the SNR of 670nm is seen to be higher than the SNR of
1060 nm because in the case of 670 nm, lower voltages are needed for the same CCE (cf.
Fig. 14.1), which implies lower noise. But also in the case of 1060 nm laser light, which
has similar penetration as MIPs, higher SNR values are obtained in highly-irradiated
sensors at high voltages than before irradiation due to CM. However, for the TCT setup
with laser, both the noise and the signal were much higher than in a realistic (HL-)LHC
detector. The noise and SNR measured with MIP-like particles and a low-noise charge
readout is presented in Sec. 14.2.3.
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Figure 14.11: Top: The charge spectra measured with 670 nm laser light (left) and
a particles (right) in ST75-1E16 at different voltages and in an unirradiated 75 pum
diode at 300 V. For laser light, the unirradiated spectrum almost entirely overlaps with
the one of ST75-1E16 at 480 V. Bottom: The relative width o,,/Q (corrected for noise)
of the charge spectra as a function of the mean collected charge @ for 670 and 1060 nm
laser light and « particles. In the case of « particles, single events with lower charge
than in the central peak were excluded.

CM does not only affect the electronic noise of the baseline, but also the charge
spectrum of the signal. The width of the spectrum is expected to increase due to
multiplication and associated statistical fluctuations in a similar way as the shot noise
as discussed in Sec. 11.4.6 (but note the different M and F): o,, = 04 p—1 MVF.
Furthermore, when performing a measurement, the charge spectrum is convoluted with

: : : o B 5 2
the baseline noise, so that the measured width is given by o) meas = 1/ 0%, + Troise-

Fig. 14.11 (top) shows the charge spectra measured with 670 nm laser light (left)
and « particles (right) for an unirradiated diode at 300 V and for ST75-1E16 at different
voltages. A charge spectrum measured for 1060 nm laser light looks similar to the one
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of 670 nm. The charge-spectrum width (standard deviation) for the unirradiated diode
is 48 ke and 38 ke for 670 nm and « particles, respectively. The broadening due to CM
is easily visible when comparing the spectra of ST75-1E16 at low and high voltages.
The entries for o particles below the central peak are caused by low-energy particles,
microdischarges and pickup noise. They are excluded in the following.

To investigate whether the broadening is enhanced by fluctuations, the relative
width o,,/Q was calculated (after correcting for baseline noise) because both o, and
@ are proportional to M, so that M cancels. The relative width is shown in Fig. 14.11
(bottom) as a function of mean collected charge for 670 and 1060 nm laser light and
« particles. For laser light, it can be seen that at Qy ~ 1.8 - 10° ¢ (CCE=1), the
relative width of ST75-1E16 is not much higher than before irradiation (670nm) or
even slightly lower (1060nm). The differences might be due to measurement uncer-
tainties. Moreover, the relative width of ST75-1E16 stays constant even for higher Q
(i.e. higher voltages and multiplication), which shows that in the range considered here
CM fluctuations are not dominant, probably due to low values of M and k at not too

high field values.

In contrast, the relative width of the spectrum measured with « particles signi-
ficantly increases in the CM regime. Statistical fluctuations in the CM process were
ruled out by the measurements with laser light. Thus, the large broadening is probably
caused by fluctuations in the amount of charge deposited in the thin CM region. These
might be caused by the divergence of the beam, which leads to varying penetration of
the « particles (see Sec. 13.5.1). For instance, the Bragg-peak depth is reduced from
26 pm at perpendicular incidence to 18 pum at 45°, which makes a significant difference
as the CM region is assumed to be in a similar thickness range and becomes increasingly
stronger for decreasing depth.

A measurement of the charge spectrum for MIP-like particles with the £ setup is
presented in Sec. 14.2.4.

14.2 Measurements with the “’Sr 5 Setup

Parts of the results obtained with the Sr 3 setup are published in [235]. The following
sections include material from there with some adaptations and extensions.

An overview on the measured charge as a function of applied bias voltage in
EPT diodes of all studied materials and thicknesses for different fluences is given in
Figs. 14.12 and 14.13. The first figure shows the mean value, the latter the most proba-
ble value (MPV) of the Landau distribution from a Landau-Gauss fit (see Sec. 13.5.3).
The shown uncertainties are statistical. Unfortunately, for many of the irradiated
diodes, the Landau-Gauss fit failed at high voltages due to high noise, rendering the
determination of the MPV impossible. As the high-voltage regime is the main focus of
this work, however, most of the following discussion regarding the measured charge in
irradiated diodes is based on the mean value. The mean was found to be reasonably
well defined even without truncations, which are usually preferred in the case of MIPs
to exclude fluctuations in the high-energy Landau tails [19]. This is probably due to
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Figure 14.12: Mean collected charge @ for 3 particles as a function of voltage for
different fluences in all available materials (ST left, DO right) and thicknesses (150 pm
top, 100 pm middle, 75 pum bottom). Not for all fluences in the legend, a measurement,
was done in diodes of all materials and thicknesses. The unirradiated diodes are only
measured for one material at each thickness, but plotted for both.



Results - Charge Multiplication in Irradiated Silicon Detectors

207

-EPI-ST 150 um
x10°
s 16
(¢} L
g 14:
o L
= 12— [/.H——I lli:‘:_’.r*'-*i!
C P "LFY e
10 ag oo
[e F e
8¢/~ T
/] o} /.r‘\( _— A\+
S e
/ // /'/. //“k
A A e
L/ I
2 txH
0_‘7‘”\‘”\"\Hm“m,m
0 200 400 600 800 1000 1200
Voltage [V]
n-EPI-ST 100 um
— 16x10°
L T
(¢} r
g 14:
o L
= 12—
10—
8 v, )
Gi-. 7 //i—/i\\‘ & 4+///A/—.:;/‘
C /4*4"} s
A /}/J.J/H e
J I'd /,/ /A/A\A/‘/
2;/," &
:/’A/A/
/A R R SR B VR
00 200 400 600 800 1000 1200
Voltage [V]
n-EPI-ST 75 uym
— 16X10°
K
(¢} r
> 14:
o L
= 12—
10—
8-
6
4‘%:’:5‘::;;.7«.‘#\
[ A mad
el
2,‘/
o]“/‘ P R N NI R R B
0 200 400 600 800 1000 1200
Voltage [V]

MPV Q [e]

MPV Q [e]

MPV Q [e]

-EPI DO 150 um
16><10
14
12;_ PR S
10
3% a A
L/ Y
G’J / L
:’, ’// /*//.}/\‘,
4 / *ﬁ"/‘!d'
¥
o/ /.@W
v o *"’/
0"}\\\\wyw\\\\w\\\.\w\
0 200 400 600 800 1000 1200
Voltage [V]
-EPI DO 100 um
16X10
14~
12
10
8-
6
4L /
C P
2} //l;?t‘
O;IM“MH\.‘MH\.‘J
0 200 400 600 800 1000 1200
Voltage [V]
nEPI DO 75 um
16><10
14
12~
10:, ¢ unirradiated
F " 3x10" cm2
8; * 6x10™ cm?
6 Y 1x10"° cm?
. 4 3x10"% cm?
4}/M e * 4x10"° cm?
- = . 15 o2
E 7x10° cm
2:/;»-“’ 4 110" cm?
Lo L P P T IR |
00 200 400 600 800 1000 1200
Voltage [V]

Figure 14.13: Most probable collected charge for g particles as a function of voltage for
different fluences in all available materials (ST left, DO right) and thicknesses (150 pm
top, 100 pm middle, 75 pum bottom). Not for all fluences in the legend, a measurement
was done in diodes of all materials and thicknesses. The unirradiated diodes are only
measured for one material at each thickness, but plotted for both. Measurements at
high voltages with high noise, where the determination of the MPV was impossible,

are excluded.
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the relatively low energy limit of the [-source spectrum (FE.. ~ 2MeV), avoiding
too long tails. The good definition of the measured mean is e.g. demonstrated by the
smoothness of the Q(V) curve of the unirradiated diodes above depletion in Fig. 14.12
and the corresponding variation of the MPV-to-mean ratio of only about 5%. Also
for medium voltages of irradiated sensors, where both MPV and mean could be de-
termined, the MPV-to-mean ratio was found to lie typically between 0.75 to 0.85 for
150 pm diodes and between 0.7 to 0.8 for 75 and 100 pum diodes.

14.2.1 Collected Charge before Irradiation
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Figure 14.14: Mean and most probable value (MPV) of the collected charge for [
particles as a function of detector thickness before irradiation. FZ material was used
for the 280 and 300 pm thick diodes. For 150 ym, two diodes (small and large) are
compared.

For unirradiated EPI diodes, only one material was measured for each thickness
(ST 150 pm, DO 100 pum, ST 75 pm), but the collected charge in unirradiated diodes
is expected to be independent of the material and therefore plotted for both. As can
be seen from Figs. 14.12 and 14.13, the collected charge in unirradiated diodes reaches
a plateau around 100-150V, as expected from the depletion voltage. Fig. 14.14 shows
the MPV and mean after full depletion (obtained as average over the highest four
measured voltages) as a function of diode thickness. The thickness was obtained from
CV measurements. Unirradiated diodes of 280 and 300 pum thick FZ material are also
measured and shown for reference. As [ particles deposit charge along their path
through the sensor, the measured charge increases with thickness. A proportional
dependence is observed both for the MPV and the mean collected charge. The slope
was determined by a linear fit as 80 e-h pairs/um (MPV) and 97 e-h pairs/um (mean),
respectively. This is in excellent agreement with previous measurements of 25 to 75 pum
thick epitaxial diodes with the same setup [228]. Thus, the ratio between MPV /d and
mean/d is about 0.8. The values found here differ slightly from the standard values
for MIPS (MPV /da73 e-h pairs/um in 300 pm sensors [19]), probably due to residual
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differences between the [ particles used in this analysis with about 1-2 MeV energy
and an ideal MIP (e.g. higher stopping power or enhanced multiple scattering).

14.2.2 Collected Charge after Irradiation

The collected charge in irradiated diodes was measured for fluences between 3-10'4 ¢cm—2
and 100 cm™2 (see Figs 14.12 and 14.13). At low and medium voltages, one can clearly
see the charge loss due to trapping, which increases for increasing fluence. However,
at high voltages? in 100 and 75 pum thick diodes, the collected charge for the highest
fluences (4-10', 7-10% and 10'® ¢cm™2) reaches or even exceeds the one in unirradiated
diodes, indicating CM. In 150 pm thick diodes, the collected charge for these fluences
remains below the one in unirradiated diodes at the highest measured voltages. How-
ever, from the measurement with red laser light in Sec. 14.1.2, it is expected that CM
also takes place in these diodes. It is only not explicitly visible at these voltages be-
cause in contrast to laser light, only a fraction of the charge deposited by [ particles
is multiplied in the thin CM region, and this effect is overcompensated by trapping.

In order to study the properties of charge collection in the CM regime, the following
discussion focuses on the highest measured fluence of 10'® cm~2. Fig. 14.15 shows the
mean collected charge and the corresponding CCE for this fluence as a function of
voltage. For all investigated materials and thicknesses, a mean of more than 9 ke was
measured at high voltages (which can be tentatively converted to an MPV of 6.8 ke
using a conservative factor of 0.75 found for irradiated diodes at moderate voltages as
explained above). Even at 600V, which is considered the voltage limit for the LHC
detectors using the currently deployed infrastructure, mean signals between 5 and 8 ke
could be achieved (approximately scalable to MPVs between 3.8 and 6ke).

From the comparison of different thicknesses, it can be seen that the CCE is larger
in thinner diodes compared to thicker ones, as already observed for red laser light
presented in Sec. 14.1.2. Moreover, it is interesting to note that even the absolute
amount of collected charge is higher in thinner diodes, although less charge is deposited
in case of f particles. However, this is apparently (over)compensated by the higher
values of both electric field (average value U/d) and weighting field (1/d) in thinner
diodes. As already explained in Sec. 14.1.2, higher electric fields lead to stronger CM
at high voltages and to a faster drift at low voltages (below the saturation-velocity
regime), which increases the traversed distance of charge carriers before being trapped.
Moreover, even for the same travelled distance, the measured charge per carrier is
higher in thinner diodes due to the higher weighting field.

Comparing different materials, it can be seen that at low voltages (below the CM
regime), the collected charge (and efficiency) is lower for DO diodes than for ST mate-
rial, whereas it is the other way round at high voltages (in the CM regime). Also this
behaviour is the same as observed for red laser light (see Sec. 14.1.2). Both effects can
be explained by a higher donor-introduction rate in DO material (see Sec. 13.4), result-
ing in a higher space-charge density. For DO diodes, this leads to a smaller depleted

4As discussed above, only the mean collected charge could be extracted at high voltages.
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Figure 14.15: Top: Mean collected charge for [ particles as a function of voltage
for diodes irradiated to 106 cm™2 for ST (left) and DO (right) material. For easier
comparison of ST and DO diodes, the curve for EPI-DO 75 um was also included left.
The horizontal lines indicate the collected charge before irradiation, ()g. Bottom: The
corresponding charge-collection efficiency for all thicknesses and materials.

(i.e. sensitive) region at low voltages, whereas at high voltages, the larger maximum
field value at the p-n junction causes a stronger CM.

14.2.3 Noise and Signal-to-Noise Ratio

The equivalent noise charge is obtained from the baseline spectrum (see Sec. 13.5.3).
Due to pickup noise, there is also a small fraction of non-Gaussian components dur-
ing some measurements, including those of unirradiated diodes. This shows that this
probably originates from the setup. In other measurements, also microdischarges con-
tribute to the tails. However, the rate of microdischarges was observed to be highest
at medium fluences around 3 - 10'4-10'® em =2, but it depended on the exact diode
used and no systematic behaviour could be found. During measurements of the diodes
irradiated to the highest fluences presented in the following, they were negligible (for
75 pum) or even completely absent (all others). In fact, at high voltages, the noise spec-
trum of highly-irradiated diodes was observed to be almost perfectly Gaussian. Thus,
in the following the noise refers to the standard deviation of a Gauss fit to the baseline
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Figure 14.16: Top: Reverse current (left) and noise (right). Middle: 0yoise subtr/ Irev
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Q/anoise). All quantities are shown as a function of applied voltage at a fluence of
10'¢ ¢m~2 for all investigated thicknesses and materials.

spectrum.

The measured noise in unirradiated diodes was between 2 and 3.3 ke with the
setup, depending on diode size and thickness. This is about an order of magnitude
lower than the corresponding noise of 20-26 ke measured with the TCT setup (see
Sec. 14.1.8).
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The noise in irradiated diodes is expected to increase due to the increase of the
reverse current, which is enhanced by multiplication and possible related fluctuations in
the CM regime (see Sec. 11.4.6). For a fluence of 10'® ¢cm ™2, the reverse current during
the charge-collection measurement (i.e. with floating guard ring) and the measured
noise are shown as a function of voltage in Fig. 14.16 (fop). Both follow the same
trend, namely a strong increase at high voltages.

They also show the same thickness and material dependence as the collected charge
with 8 particles (see Sec. 14.2.2) and the charge-collection efficiency with laser light
(see Sec. 14.1.2): the current and noise are higher for DO than for ST material at the
same thickness and increase with decreasing thickness for the same material. At 600V,
the noise ranges from 6ke for EPI-ST 100 and 150 ym to about 50ke for EPI-DO
75 pum. It can be seen that the noise increase with respect to the pre-irradiated values
(or the one at low voltages) is much faster for the 5 setup than for the TCT setup (see
Sec. 14.1.8). This can be explained by the much lower intrinsic noise of the 3 setup of
only 2 and 3.3 ke, so that the CM-dependent noise dominates the total noise already
at low voltages.

To investigate the nature of the measured noise and its relation to the current in
more detail, in a first step, an estimate of the shot noise is obtained. This is performed
by subtracting the noise of the respective unirradiated diode, which is dominated by

other noise sources inherent to the setup, from the measured noise in the irradiated

. . 2 2 . . .
SeNSOI:  Oppise,subtr = \/ Troise — Onoise.umirr- If 0ppisesubtr 18 dominated by shot noise

in the absence of CM, one would expect Oppise.subtr/V Irew = const (see Sec. 11.4.5).
However, from Fig. 14.16 (middle left), one can see that this ratio increases faster
with voltage than a constant, indicating CM. Taking CM effects into account, one
would expect Tppise subtr X N/ITEUVMleM’\/ﬁ according to Eq. 11.27, where I ., pr—1
is the generated current without multiplication, M’ the current multiplication factor
and F’ the corresponding excess noise factor. Dividing this by the current I.., =
Lyep vv=1M', M’ cancels and only a dependence on F” and the current I, pr—1 without
multiplication remains: ppise subtr/Lrev X \/ﬁ/\/ITQU,M/:L This ratio is shown in
Fig. 14.16 (middle right). In general, the o,pise subtr/Irev curves are much flatter than
Onoise.subtr/ vV Trevs €xcluding the region below 100-200 V, where CM does not play a role.
However, for some of the curves, there is an increase at high voltages. As I,y ar=1 is
not expected to decrease with voltage, this could either be explained with an increasing
excess noise factor F’ or with completely different noise sources not considered here.

The mean signal-to-noise ratio SNR= Q/0poise is shown in Fig. 14.16 (bottom). Tt
can be seen that it is qualitatively very different to the SNR behaviour of the TCT
setup (see Fig. 14.10, right) due to the different level of intrinsic noise. For the TCT
setup with a large intrinsic noise, the SNR was observed to increase due to CM up to
the highest measured voltage of 900V, even for 1060 nm laser light with comparable
penetration as (3 particles. In contrast, the SNR for the g setup rises only up to a
maximum at voltages between 200 and 600V, before decreasing again. This shows
that in the CM regime at high voltages, the noise increase of the [ setup for pad
diodes is faster than the signal increase for § particles (see also Eq. 11.28 and related
discussion in Sec. 11.4.6). In this respect, it is also interesting to note that the SNR, for
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DO material, which showed enhanced CM and thus a higher signal, exhibits a lower
maximum (0.4-0.6) than the SNR for ST material (1-1.2). Furthermore, although the
maximum values for different thicknesses of the same material are similar to each other,
the maximum is reached at lower voltages for smaller diode thicknesses.

These observations indicate that it is beneficial for the SNR of the g setup for pad
diodes not to operate in the high-CM regime, but rather at moderate voltages with
lower multiplication, in contrast to the TCT setup. Comparing the measurements
with different setups and diodes demonstrates that every setup and device has to be
considered individually, as is also clear theoretically from Eq. 11.28.

Thus, the question arises how the situation looks like for realistic (HL-)LHC pixel
detectors. It is clear that noise values of several 10 ke and corresponding SNRs less than
1 as measured here for pad diodes are not an option. The signal is expected to stay
similar to the one measured in pad diodes, but the exact amount might also change
due to the different weighting field, different electric field, especially at the edges of
implantations, and charge sharing between neighbouring cells. However, the noise is
expected to be very different: the area A of a current CMS pixel (100 x 150 pm?)
is about 1700 times smaller than for the large pad diodes studied here, and for the
HL-LHC, even smaller cell sizes are envisaged. Thus, the reverse current for a readout
element, which scales with the area, is much lower in pixel sensors than in pad diodes.
This reduces the shot noise with and without CM (naively by a factor of \/ Apea/Apizer =
40). Operating at lower temperatures might be another option to reduce the noise
further (however, the effect on the signal needs to be taken into account as well as
demonstrated in Sec. 14.1.4). Moreover, for the operation of pixel detectors, the signal
threshold is usually set much higher than necessary for an acceptable noise occupancy
due to reasons not related to the sensor noise (e.g. cross talk on readout chips, see
Sec. 11.4.5). Therefore, increase of noise due to CM might be tolerable up to a certain
point, so that operation of pixel detectors in the CM regime might be applicable within
wider limits than suggested here by the measurements in pad sensors. To clarify this,
studies with realistic pixel sensors and readout are needed.

14.2.4 Charge Spectrum

For an efficient separation of signal and noise, not only the mean SNR, but the whole
charge spectrum needs to be considered. It must not broaden too much due to multi-
plication and associated statistical fluctuations as discussed in Sec. 11.4.6. As shown
in Sec. 14.1.8, the relative width of the spectrum in the CM regime remains constant
in the case of laser light, but significantly broadens for « particles due to varying de-
posited charge in the CM region. Also in the case of § particles, Landau fluctuations
of the amount of charge deposited in the thin CM region might additionally broaden
the charge spectrum.

However, the charge spectrum can only be measured convoluted with the baseline
noise. The noise and charge spectrum of EPI-ST 100 pum, 106 cm™2, at 985V are
shown in Fig. 14.17 (top). This diode was chosen because it is the one with least
noise and maximum SNR among the samples with clear charge multiplication when
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Figure 14.17: Effects of CM on the signal spectrum. Top: Noise and signal spectrum in
EPI-ST 100 pm irradiated to 10'® cm=2 at 985V. Bottom left: The Gaussian width o
of the noise and measured signal spectrum and the noise-corrected signal spectrum as
a function of voltage. Right: The noise-corrected relative width of the signal spectrum
05/ Q as a function of voltage. The line indicates the level before irradiation.

measured with the § setup (CCE~ 1 at 985 V), i.e. excluding the 150 pm thick diodes.
However, it can be seen that also in this case, the noise clearly dominates the charge
spectrum, so that the Landau distribution is completely smeared. Thus, both noise
and signal spectrum are fitted with a Gaussian. Fig. 14.17 (bottom left) shows that
the measured spectrum width oy peqs i only slightly higher than the noise width

) . . - 2 )
Onoise- 1'hus, the noise-corrected spectrum width oy, = \/ Oy meas — Tnoise

has large

uncertainties, especially at high voltages.

Nevertheless, it can be seen from Fig. 14.17 (bottom right) that the relative width®
04/ Q does not increase significantly at high voltages in the CM regime. For a tentative
comparison, the red line indicates the relative width of an unirradiated 100 pm diode,
which is for consistency also obtained from a Gauss fit to the signal spectrum and
noise-corrected. It is only slightly lower than the relative width of the irradiated diode.
Thus, at this level of precision, no significant impact of fluctuations in the CM process
or in the deposited charge in the CM region on the spectrum is observed, similarly to
measurements with laser light from Sec. 14.1.8. However, measurements with devices
with less noise such as pixel detectors are desirable to improve the precision.

®As explained in Sec. 14.1.8, by normalising o, to @, the dependence on M cancels, so that the
relative width is only sensitive to fluctuations.



Chapter 15

Summary and Outlook

The work performed in this thesis covers two different aspects of modern particle-
physics experiments: on the one hand a particle-physics analysis of differential tt cross
sections; and on the other hand detector research and development towards radiation-
hard silicon sensors for the high-luminosity upgrade of the LHC.

15.1 Differential Top-Quark-Pair Cross Section

A measurement was presented of normalised differential tt cross sections as a function
of kinematic quantities of the tt system, the top quarks and their final decay products
(b jets and electron or muon). The measurement was based on data recorded by CMS
in 2011 corresponding to an integrated luminosity of 5 fb~! and was performed in the
lepton+jets decay channel. Such distributions represent a test of the standard model
(SM), in particular of perturbative QCD, and allow to constrain QCD parameters such
as parton-distribution functions (PDF). Furthermore, they are relevant in searches for
physics beyond the SM, on the one hand because tt events often constitute a major
background, and on the other hand because such distributions are sensitive to potential
new physics effects themselves. For many of the presented quantities, this analysis
represents the first such measurement in pp collisions, or even at all. The results were
published in [6], together with a similar analysis in the dilepton channel.

The data taken is based on a single-muon and an electron-trijet trigger. A high-
purity event selection with a signal fraction of 92% based on the identification of at least
2 b jets was used. The lepton-selection efficiencies and the lepton parts of the trigger
efficiencies were determined in data with the tag-and-probe method using dileptonic Z-
boson decays. Data-to-simulation scale factors close to unity were found and applied to
the simulation as event weights (parametrised as a function of n* in the muon channel).
The jet part of the electron-trijet trigger was determined in a factorisation approach
using a single-lepton reference trigger. This technical work of the analysis contributed
to the joint effort of the CMS top-quark group to determine efficiencies and helped to
commission the triggers developed for recording top-quark events. The resulting scale
factors were also used in other CMS analyses such as the most precise top-quark-mass
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measurement to date [22].

The reconstruction of the tt-event topology was performed with a kinematic fit
constraining the reconstructed W-boson masses to my, = 80.4 GeV and requiring equal
reconstructed top- and antitop-quark masses. In at least 28% of the cases, the correct
permutation was found, whereas the jets were misassigned in about 21% of the events,
mostly due to interchanged b jets. For about 50% of the cases, the jet-parton matching
was not successful, which can either arise from correctly reconstructed events with
ambiguous jet-parton matching or from misreconstructed tt events (e.g. due to jets out
of acceptance).

The reconstructed distributions were corrected for detector effects using a regu-
larised unfolding technique that minimises the average global correlations between the
bins. It was checked that no measurable bias was introduced in case of shape distortions
and that the results were stable with respect to unfolding iterations.

The differential cross sections were normalised using the in-situ determined inclusive
cross section, thereby reducing correlated systematic uncertainties. Thus, particular
effort was made to determine shape uncertainties. The dominant uncertainties turned
out to derive from model variations such as the Q? scale and the MADGRAPH matching
threshold. The level of total systematic uncertainties was typically in the order of 3—
10% and dominated over the statistical uncertainties of 2-5%.

The results were compared to different model predictions from Monte-Carlo event
generators (MADGRAPH + PYTHIA, POWHEG + PYTHIA, MCQNLO + HERWIG) and
fixed-order calculations (approximate NNLO or NLO+NNLL). Generally, a good agree-
ment between data and SM predictions was observed. For the top-quark pr distribu-
tion, the data was observed to be significantly softer than the predictions by the event
generators, but the higher-order approximate NNLO calculation was seen to describe
the data well. This means that top-quark-pair physics is well understood within the
SM and no signs of new physics were observed at the current level of precision. The
results were found to be consistent with those in the dilepton channel [6,7] and by the
ATLAS experiment [155], with this analysis being the most precise one.

Work performed in this thesis also contributed to the application of the analysis to
data at /s = 8 TeV recorded by CMS in 2012 corresponding to 12.1 fb™', presented
in [236]. This time, single-isolated-lepton triggers could be used in both channels. Small
adaptations in the selection were done, especially to cope with the higher level of pile-
up. Lepton-selection and trigger efficiencies and corresponding scale factors were again
determined with the tag-and-probe method, but this time they were parametrised
in two dimensions as a function of pr and n of the lepton. The agreement of the
normalised differential cross sections between data and SM predictions was observed
to be very similar to the one in the 7TeV analysis, especially also with respect to a
better description of the top-quark-pr distribution by an approx. NNLO calculation.
Similar observations were made in the dilepton channel measured at 8 TeV [237]. It
will be interesting to perform a measurement of the ratio of cross-section distributions
at 7 and 8 TeV. In this way, further systematic uncertainties cancel [238].

For the future, different improvements of the analysis are envisaged. The measure-
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ment is already now dominated by systematic uncertainties. Experimental systematic
uncertainties are expected to reduce further with a larger dataset and improved un-
derstanding of the detector, although they are already now at a low level. To reduce
the dominant model uncertainties related to the Q?-scale and matching-threshold vari-
ations, the size of the corresponding simulated samples with a small number of events
(especially for W/Z+jets) needs to be increased to reduce statistical fluctuations. The
use of higher-order event generators might also reduce these uncertainties. Another
option is the improvement of resolution and hence the decrease of bin-to-bin migra-
tion in order to reduce the dependence on uncertainties in the response matrix. The
resolution of the variables obtained from the kinematic fit can be e.g. improved by
discarding events with a low 2 fit probability, which includes a large fraction of badly-
reconstructed events. Another option is to constrain the top-quark masses to a fixed,
nominal value, which was found to reduce especially the permutations with swapped
b jets. Further ideas include a correction for final-state radiation in the kinematic fit
or inclusion of soft jets and correlations between jets and EX in the fit. The reduced
level of migration can be either used to reduce systematic uncertainties or to increase
the numbers of measurement intervals. A completely different approach without a
kinematic fit is the attempt to define top quarks at hadron level (pseudo tops) to avoid
hadronisation corrections [239,240]. At large values of pf and mt, the efficiency and
resolution is limited by jet-merging effects, which could be improved using dedicated
reconstruction techniques such as top tagging with fat jets [153].

Results of this analysis can be used in fits to extract PDFs or o |241]. The analysis
can be also extended to measure two-dimensional differential cross sections such as

dytf;mm which might be even more sensitive to PDFs. It can be also extended to

measure further variables: e.g. Ay* or the top-quark polar angle in the tt rest frame, 6*,
to better separate the parton dynamics from the PDFs; the pr and invariant mass of the
bb system or the invariant mass of lepton and b jet m*, which are sensitive to narrow-
width approximation and spin-correlation effects [242]; angles between top quarks or
their decay products, which are sensitive to spin-correlations, decay properties, new
physics or additional radiation [243,244]; or the invariant mass of the top quarks and
an additional jet m®, which might provide a novel method to measure the top-quark
mass [245].

15.2 Charge Multiplication in Silicon Sensors

A comprehensive study was presented of the novel effect of radiation-induced charge
multiplication (CM) in silicon sensors. This effect was studied as a possible solution
to overcome the signal-to-noise degradation in silicon tracking sensors due to radiation
damage, in particular charge-carrier trapping, at 1-MeV-neutron-equivalent fluences
of about 10'® cm™2, which are relevant for the innermost pixel layers at the high-
luminosity upgrade of the LHC. The results were published in [230,231,235].

To investigate the CM effect, charge-collection measurements for different radiation
(670, 830 and 1060 nm laser light, o and (3 particles) were performed with a TCT and
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a %Sr 3 setup. The studies were done in n-type 75-150 pm thick epitaxial pad diodes
irradiated with 24 GeV protons up to a neutron-equivalent fluence of 101 cm=2.

Exploiting the different penetration properties of the above-mentioned radiation,
the CM region could be localised near the p* implant at the front side because the
charge-collection efficiency (CCE) at high voltages was observed to increase for de-
creasing distance of charge deposition to the p™ implant. CM was observed to set in
unambiguously (indicated by CCE>1 for voltages below 1000 V) in highly irradiated
sensors, starting from fluences of 4-10* cm™2. Tt was observed to be higher for thinner
sensors, which are expected to have a higher electric field above full depletion than
thicker ones, and for oxygen-enriched material with a higher donor-introduction rate
compared to standard material. The CCE annealing curve in the CM regime exhibited
a similar behaviour as the one of Ug.p. All this confirms the assumption of CM as a
combined effect of thin sensors and large radiation-induced space-charge densities, lead-
ing to high electric fields. These aspects could be reproduced by a simple model with
a linear electric field and donor introduction rates extrapolated from measurements at
lower fluences. However, this model could not explain all details of the observations.
For instance, against expectation, the CCE in the CM regime in sensors irradiated to
7-10% cm™2 was higher than for 106 cm~2. Also, the CCE was observed to decrease for
decreasing temperature despite an increase of the ionisation rates. Thus, for a deeper
understanding, an inclusion of trapping effects and in particular a better knowledge
of the electric field is required. For this, effects arising from the high level of reverse
current need to be taken into account, such as double junctions and possibly altered
trapping times due to a non-uniform change of defect occupation. First simulations
for n-in-p strip sensors can qualitatively describe observational data [232]. Experimen-
tally, the recently developed method of Edge-TCT [233] allows further insights into
the electric-field distribution and position-dependent charge-collection mechanisms in
sensors in the CM regime.

Further properties of CM were measured. The collected charge in the CM regime
was found to be proportional to the deposited charge, uniform over the sensor area at
the percent level and stable over many days except for an increased rate of microdis-
charges setting in at high voltages.

The absolute amount of collected charge in response to MIP-like [ particles at
a fluence of 10’ cm™2 was found to exceed a mean of 9ke (tentatively convertible
to a most probable value (MPV) of 6.8ke) for all thicknesses and materials at the
highest measured voltage. Even at 600V, the voltage limit for current LHC detectors,
mean signals between 5 and 8ke could be achieved (tentatively convertible to MPVs
between 3.8 and 6 ke). These values are significantly higher than the readout threshold
of 2.5-3ke in current pixel detectors, and readout chips with a lower threshold are
under development. This demonstrates that large enough signals are achievable in thin
epitaxial silicon detectors at HL-LHC fluences.

However, to keep the threshold level (given a maximum tolerated noise occupancy),
the noise must not increase too much in the CM regime. Two different scenarios were
observed. For the TCT setup, only a moderate noise increase above the high pre-
irradiated level (= 25ke) was observed in the CM regime, leading to a steady increase
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of the signal-to-noise ratio (SNR) up to 900 V for 670 and 1060 nm laser light. In
contrast, for the [ setup with low intrinsic noise (2-3 ke), a strong noise increase was
observed already starting from low voltages up to several 10ke, along with a strong
reverse-current increase. The dependence on material and thickness was the same as
for the signal, indicating that the same mechanism is responsible for both. The SNR
was observed to attain a maximum around 200-600 V and decreased for large voltages,
which shows that the noise increased faster than the signal. To conclude, it depends on
the readout and individual sensor type whether CM is beneficial for the SNR or not.
The relative width of charge spectra in the CM regime remained constant in the case
of laser light and [ particles (within large uncertainties), which shows that statistical
fluctuations in the CM process are small for the used setup. Microdischarges, which
are especially detrimental for detector stability, readout electronics and discrimination
between signal and noise, occasionally occurred at high voltages, but not in all sensors
at 10'% cm™2, and the rate was even observed to be higher at lower fluences. Thus,
this is probably not a specific problem of operation in the CM regime and might be
improved by device technology.

Pad diodes are a useful tool to study fundamental material and sensor properties.
However, a transfer of the results to realistic segmented devices is difficult. The signal
magnitude is expected to be similar, although a bending of the electric field lines
near the implants and a non-constant weighting field can lead to different results (and
in particular to non-uniform charge collection over the sensor area). The noise in
segmented sensors is expected to be much lower (naively by a factor of the square root
of the area ratio of ~ 40, if shot noise dominates), so that it might be possible to keep
the same readout threshold even in the CM regime. Measurements in highly-irradiated
epitaxial pixel sensors are needed to find this out. Also, the influence of CM on the
position resolution should be studied in segmented devices.

The observation of CM in highly-irradiated silicon sensors triggered a boost of
research activities related to this topic. In addition to the study of CM in classical sili-
con sensors, a new field of multiplication engineering opened, which aims at developing
completely new device structures with enhanced CM. Examples include: a change of
processing parameters (implantation ion energy and diffusion time), implant geometry
(width /pitch of strips) and sensor thickness [246,247|; completely new junction geome-
tries by adding deep trenches to the n™ electrode or adding a highly-doped p™ layer
between nt implant and low-doped p-type bulk (similar to APDs) [248-250]; the de-
velopment of ultrafast thin epitaxial silicon detectors for timing applications [251]; or
low-resistivity 3D detectors [250, 252].

To conclude, this study has shown that high signals in silicon sensors at HL-LHC
fluences are possible exploiting CM, and a better understanding of its formation and
properties has been gained. For the application in real pixel detectors, the observed
associated noise increase needs to be controlled, but due to the much smaller cell sizes
compared to pad diodes and with the help of optimisation of device structure, readout
and operation point, it seems achievable. CM in silicon tracking sensors has opened up
a new exciting and dynamic research field with promising prospects to find radiation-
hard detectors for high-luminosity colliders.



Appendix A

Result Tables and Correlation

. 1 do
Matrices for X

In Tabs. A.1 to A.3, the analysis results for all normalised differential distributions
are summarised for the tt and top-quark quantities in the visible and full phase space
at parton level and for the lepton and b-jet quantities in the visible phase space at
particle level. For each bin, the central normalised cross-section value for the MAD-
GRAPH prediction (MC) and the experimental result (exp) are quoted, as well as the
corresponding statistical, systematic and total uncertainties.

In Tabs. A.4 to A.6, the statistical correlation matrices for the final results after
normalisation are presented. The values are given in %.

The statistical covariance matrices cov can be obtained from these correlation ma-
trices by rearranging Eq. 8.11 to:

COVij = pij . 51 . 5j. (Al)

Here, the correlation coefficients p;; from Tabs. A.4 to A.6 are multiplied with the
absolute statistical uncertainties d;, 9, of the corresponding bins, which can be deduced
from the relative statistical uncertainties and central values from Tabs. A.1 to A.3.
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do
ax

221

bin [GeV | (%di‘;g)Mc [GeV ™! (%di‘b’tf) [GeV™!] || stat. [%] | sys. [%] | total [%]
exr
345 to 400 0.004387 0.004p302 5.4 10.3 11.6
400 to 470 0.004316 0.004430 4.9 8.0 9.4
470 to 550 0.002572 0.002513 5.2 10.0 11.2
550 to 650 0.001288 0.001252 5.6 10.6 11.9
650 to 800 0.000519 0.000515 6.1 7.6 9.8
800 to 1100 0.000123 0.000129 7.1 19.9 21.2
1100 to 1600 0.000014 0.000021 13.5 21.3 25.2
bin | GeV | (l ddg) [GeV ] (l o) [GevTl] || stat. (%] | sys. (%] | total %]
7 dpr ) MC 7 dpy exp
0 to 20 0.014303 0.014180 4.2 12.0 12.7
20 to 45 0.011082 0.011775 3.5 7.1 7.9
45 to 75 0.005759 0.005862 3.8 8.9 9.7
75 to 120 0.002817 0.002692 4.3 13.9 14.5
120 to 190 0.001181 0.001135 4.5 8.2 9.3
190 to 300 0.000359 0.000305 6.3 16.2 174
bin (% diff)Mc (%d‘i‘&)mp stat. [%] | sys. [%] | total %]
-2.5t0-1.3 0.024756 0.023314 6.6 12.0 13.8
-1.3 to -0.9 0.202895 0.193961 3.4 6.0 6.9
-0.9 to -0.6 0.345553 0.332338 3.5 4.3 5.6
-0.6 to -0.3 0.447358 0.455695 3.1 3.2 44
-0.3 t0 0.0 0.499325 0.505785 3.1 4.7 5.6
0.0 to 0.3 0.505010 0.550340 2.8 3.8 4.7
0.3 to 0.6 0.450145 0.450755 3.1 5.4 6.2
0.6 to 0.9 0.345083 0.336392 3.3 4.3 5.4
0.9to1.3 0.204939 0.199892 3.3 5.7 6.6
1.3 to 2.5 0.024514 0.020908 7.0 11.9 13.8
bin [GeV | (5 s )Mc [GeV~!] (g = )m [Gev] || stat. [%] | sys. [%] | total [%]
0 to 60 0.003012 0.003669 2.6 4.1 4.9
60 to 100 0.005857 0.006062 24 5.2 5.7
100 to 150 0.005066 0.004834 2.3 2.7 3.6
150 to 200 0.003061 0.002846 2.6 4.8 5.5
200 to 260 0.001605 0.001430 2.9 5.0 5.8
260 to 320 0.000741 0.000631 3.7 8.7 94
320 to 400 0.000295 0.000235 5.7 10.1 11.6
bin (%%)MC (%ﬁ)ew stat. [%] | sys. [%] | total [%]
-2.5to0-1.6 0.027730 0.029043 5.3 11.5 12.7
-1.6 to -1.2 0.157891 0.159814 2.9 6.1 6.8
-1.2 to0 -0.8 0.267341 0.278922 2.8 3.7 4.6
-0.8 to -0.4 0.355913 0.352371 2.6 3.8 4.6
-0.4 t0 0.0 0.403630 0.377670 2.6 4.7 5.4
0.0 to 0.4 0.406499 0.406168 24 3.5 4.3
0.4 to 0.8 0.356712 0.365411 2.5 4.6 5.2
0.8 to 1.2 0.270889 0.275212 2.7 5.5 6.1
1.2to 1.6 0.156691 0.154626 3.0 6.2 6.9
1.6 to 2.5 0.027543 0.028616 5.2 8.9 10.3

Table A.1: Normalised differential cross sections and uncertainties for the ¢ + jets
channel in the visible phase space at parton level as a function of tt and top-quark

quantities: m®", pif, y**, p%. and y*. The MC value refers to MADGRAPH.
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Result Tables and Correlation Matrices for =

1

do

aX

bin [ GeV | (g dijﬂ)Mc [GeV~!] (g d;i;g) [GeV] || stat. [%] | sys. [%] | total [%]
345 to 400 0.004899 0.004p812 5.2 9.7 11.1
400 to 470 0.004477 0.004603 5.0 8.4 9.8
470 to 550 0.002516 0.002462 5.2 10.2 114
550 to 650 0.001175 0.001144 5.6 10.6 12.0
650 to 800 0.000435 0.000432 6.2 8.3 10.3
800 to 1100 0.000095 0.000099 7.1 20.0 21.2
1100 to 1600 0.000009 0.000014 13.5 19.4 23.7

bin [GeV | (lddf;) [GeV™!] (l d‘;) [GeV™'] || stat. [%] | sys. [%] | total [%]

7 dpy C 7 dpip exp

0 to 20 0.015187 0.015011 4.1 11.8 12.5
20 to 45 0.011405 0.012083 3.5 7.0 7.8
45 to 75 0.005723 0.005808 3.8 9.2 10.0
75 to 120 0.002706 0.002578 4.3 14.0 14.6
120 to 190 0.001077 0.001032 4.5 7.8 8.9
190 to 300 0.000291 0.000247 6.3 18.0 19.1

bin (%di‘g)Mc (%d‘j}%)ew stat. [%] | sys. [%] | total [%]
-2.5to-1.3 0.058060 0.055296 6.4 10.8 12.5
-1.3t0-0.9 0.224558 0.217093 3.4 5.8 6.7
-0.9 to -0.6 0.321032 0.312239 3.6 4.4 5.7
-0.6 to -0.3 0.388325 0.400025 3.1 3.3 4.5
-0.3 t0 0.0 0.424172 0.434507 3.1 4.1 5.1
0.0 to 0.3 0.425370 0.468782 2.8 3.8 4.8
0.3 to 0.6 0.388678 0.393596 3.1 5.9 6.7
0.6 to 0.9 0.321439 0.316880 3.4 4.7 5.8
09to1.3 0.225316 0.222247 3.3 5.8 6.6
1.3 to 2.5 0.057744 0.049806 6.8 9.7 11.9

bin [GeV | (%di‘{,T)MC [GeV ] (%d‘L‘IT)wp [GeV™!] || stat. [%] | sys. [%] | total [%]
0 to 60 0.003806 0.004536 2.5 3.6 4.4
60 to 100 0.006574 0.006658 2.4 4.9 5.5
100 to 150 0.005077 0.004740 2.4 3.2 4.0
150 to 200 0.002748 0.002501 2.6 5.1 5.8
200 to 260 0.001195 0.001042 2.9 5.5 6.2
260 to 320 0.000454 0.000378 3.7 8.2 9.0
320 to 400 0.000154 0.000120 5.8 9.5 11.1

bin (%j—;)Mc (%j—;)ew stat. %] | sys. [%] | total %]
-2.5to-1.6 0.062394 0.065109 5.1 10.3 11.5
-1.6 to -1.2 0.171139 0.172594 2.9 5.9 6.6
-1.2 to -0.8 0.252392 0.262370 2.8 4.1 5.0
-0.8 to -0.4 0.320539 0.316197 2.6 3.8 4.6
-0.4 t0 0.0 0.358094 0.333846 2.7 4.8 5.5
0.0to 0.4 0.359286 0.357691 2.5 2.6 3.6
0.4 to 0.8 0.320713 0.327341 2.5 5.2 5.8
0.8 to 1.2 0.252567 0.255667 2.7 5.0 5.7
1.2to 1.6 0.170898 0.168034 3.0 5.7 6.4
1.6 to 2.5 0.062206 0.064393 5.0 7.1 8.7

Table A.2: Normalised differential cross sections and uncertainties for the ¢+ jets chan-
nel in the full phase space at parton level as a function of tt and top-quark quantities:
m', pft ¢t ph and y*. The MC value refers to MADGRAPH.
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bin [GeV | (%J‘iﬁ)m [GeV™!] (gd%)p [Gev] || stat. [%] | sys. [%] | total [%]
30 to 35 0.023135 0.022467 2.4 6.1 6.6
35 to 40 0.021859 0.022432 2.5 3.8 4.5
40 to 45 0.019937 0.021218 2.5 6.0 6.5
45 to 50 0.017849 0.018795 2.6 3.7 4.5
50 to 60 0.015048 0.014960 2.1 2.2 3.0
60 to 70 0.011546 0.011378 2.3 3.6 4.3
70 to 80 0.008683 0.008993 2.5 4.3 5.0
80 to 100 0.005456 0.005349 2.4 3.7 44
100 to 120 0.002857 0.002738 3.3 5.6 6.5
120 to 150 0.001300 0.001211 3.9 5.9 6.7
150 to 200 0.000414 0.000358 5.8 8.5 10.3
bin (%ﬁ)MC’ (%ﬁ)ew stat. %] | sys. [%] | total |%]
-2.1to-1.8 0.078139 0.082910 5.4 10.0 11.4
-1.8 to -1.5 0.123611 0.134900 4.1 6.1 7.4
-1.5 to -1.2 0.182927 0.173754 3.3 8.3 8.9
1.2 to -0.9 0.244145 0.253799 2.8 4.2 5.1
-0.9 to -0.6 0.306812 0.302701 2.4 4.2 4.8
-0.6 to -0.3 0.353602 0.349279 2.2 2.9 3.6
-0.3 t0 0.0 0.373260 0.352434 2.3 3.8 4.4
0.0 to 0.3 0.375999 0.368476 2.3 3.2 3.9
0.3 to 0.6 0.348645 0.356583 2.2 3.4 4.0
0.6 to 0.9 0.307721 0.310965 2.3 2.2 3.2
0.9 to 1.2 0.247001 0.234381 2.7 4.3 5.1
1.2 to 1.5 0.184545 0.194789 3.2 6.8 7.5
1.5t0 1.8 0.128012 0.141218 4.1 5.1 6.5
1.8 to 2.1 0.078914 0.077145 5.4 12.8 13.9
bin [GeV | (gd%)m [GeV ] (gd%)m [Gev] || stat. [%] | sys. [%] | total [%]
30 to 60 0.012561 0.013534 1.0 4.5 4.6
60 to 95 0.009467 0.009594 1.3 2.6 2.9
95 to 140 0.004236 0.003824 1.8 3.6 4.0
140 to 200 0.001252 0.001073 2.6 9.7 10.0
200 to 400 0.000125 0.000104 5.3 16.3 17.1
bin (%%)Mc <é;7;rb)ewp stat. %] | sys. %] | total |%]
-2.4 to -1.5 0.086963 0.101215 2.1 4.2 4.7
-1.5to -1.0 0.202040 0.201326 1.7 2.8 3.3
-1.0 to -0.5 0.292136 0.286412 1.4 2.2 2.6
-0.5 t0 0.0 0.345742 0.339115 1.3 2.5 2.8
0.0 to 0.5 0.347446 0.329709 1.3 3.2 3.5
0.5 to 1.0 0.293696 0.284156 1.5 3.0 3.3
1.0 to 1.5 0.203470 0.205945 1.8 2.6 3.1
1.5t024 0.088298 0.095083 2.1 6.1 6.5

Table A.3: Normalised differential cross sections and uncertainties for the ¢ + jets
channel in the visible phase space at particle level as a function of the lepton and b-jet
quantities: p%, 0, ph and n°. The MC value refers to MADGRAPH.
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Bins 345 - 400- 470- 550—- 650—- 800 - 1100 —
m”[ GeV] 400 470 550 650 800 1100 1600
345 — 400 100.0 -82.7 4.8 6.4 -15.2 -5.5 4.4
400 — 470 -82.7 100.0 -48.5 4.9 12.7 -3.5 1.2
470 — 550 4.8 -48.5  100.0 -46.1 -7.5 4.9 -7.2
550 — 650 6.4 -4.9 -46.1 100.0 -40.0 -17.2 5.1
650 — 800 -15.2 12.7 -7.5  -40.0 100.0 -25.4 -31.4
800 — 1100 -5.5 -3.5 4.9 -17.2 -25.4  100.0 26.2
1100 — 1600 4.4 1.2 -7.2 5.1 -31.4 26.2 100.0
Bins 0- 20 — 45 — 75—  120- 190 —
p’%[GeV] 20 45 75 120 190 300

0-20 100.0 -77.8 -66.0 19.1 43 -16.8
20 - 45 -77.8  100.0 26.0 -59.2 -5.0 12.8
45 - 75 -66.0 26.0 100.0 -4.5  -435 2.3
75 — 120 19.1  -59.2 -4.5  100.0 11.8 -42.4

120 - 190 4.3 -5.0  -43.5 11.8 100.0 -23.3
190 - 300 | -16.8 12.8 23 -424 -233 100.0

Bins -25- -13- -09- -06- -03- 00- 03- 06- 09- 13-

ytt -1.3 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.3 2.5
-2.5--1.3 | 100.0 -5.3 -26.2 1.1 -3.8 -7.5 -0.8 -4.0 -6.2 0.2
-1.3--0.9 -5.3  100.0 -0.3  -37.3 -2.9 0.7 -8.5 -9.3 -6.3 -0.9
-0.9 --0.6 | -26.2 -0.3 100.0 -17.0 -34.7 -3.7 -5.3 -5.8 -4.3 -14
-0.6 - -0.3 1.1 373 -17.0 100.0 -179 -34.0 1.3 -2.6 -7.1 -2.8
-0.3-0.0 -3.8 -29 347 179 100.0 -23.1 -34.2 3.7 -3.5 -4.4

0.0 -0.3 -7.5 0.7 -3.7 =340 -231 100.0 -151 -32.1 -3.4 -1.6

0.3-0.6 -0.8 -8.5 -9.3 1.3  -342 -15.1 100.0 -188 -32.3 -2.1

0.6 -0.9 -4.0 -9.3 -5.8 -2.6 3.7 -321 -188 100.0 -3.0  -30.3

09-13 -6.2 -6.3 -4.3 -7.1 -3.5 -34  -32.3 -3.0 100.0 -7.9

1.3-25 0.2 -0.9 -1.4 -2.8 -4.4 -1.6 -2.1 -30.3 -7.9 100.0
Bins 0- 60 - 100- 150- 200- 260 - 320 -

[ GeV] 60 100 150 200 260 320 400

0 - 60 100.0 -534 -451 3.7 -3.9 -2.7 -4.3
60 — 100 -53.4  100.0 -25.9 -33.7 0.1 -3.7 -4.3
100 - 150 | -45.1 -25.9 100.0 -19.6 -20.1 -1.2 -11.8
150 — 200 3.7 -33.7 -19.6 100.0 -16.5 -26.2 -4.4
200 - 260 -3.9 0.1 -20.1 -16.5 100.0 11.7  -314
260 — 320 -2.7 -3.7 -1.2 -26.2 11.7  100.0 -0.6
320 - 400 -4.3 -43 -11.8 -44  -314 -0.6  100.0

Bins -25- -16- -12- -08- -04- 00- 04- 08—~ 12- 1.6~

yt -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.5
-25--1.6 | 100.0 3.7 -34.2 -3.1 -0.6 -3.6 0.6 -3.3 -4.2 14
-1.6 - -1.2 3.7 100.0 3.2  -379 -4.7 2.2 -6.1 -8.6 -4.6 0.6
-1.2 --0.8 | -34.2 3.2 100.0 -21.0 -31.3 -5.5 -6.2 -4.9 -2.9 -0.9
-0.8 --04 -31 -379  -21.0 100.0 -219 -29.2 -0.1 -3.2 -4.5 -1.8
-0.4 -0.0 -0.6 -4.7 -31.3 -219 100.0 -272 -29.3 1.8 -2.0 -1.6

0.0-04 -3.6 2.2 -5 -29.2  -272 100.0 -19.6 -29.5 -4.9 1.9
0.4 -0.8 0.6 -6.1 -6.2 -0.1  -293 -19.6 100.0 -23.3 -31.7 -6.0
0.8 -1.2 -3.3 -8.6 -4.9 -3.2 1.8  -295 -23.3 100.0 -0.9 -36.8
1.2-1.6 -4.2 -4.6 -2.9 -4.5 -2.0 -4.9  -31.7 -0.9  100.0 -0.5
1.6 - 2.5 14 0.6 -0.9 -1.8 -1.6 1.9 -6.0 -36.8 -0.5 100.0

Table A.4: Correlation matrices (statistical, in %) for the ¢+ jets channel in the visible
phase space at parton level for tt and top-quark quantities.
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Bins 345 - 400- 470- 550—- 650—- 800 - 1100 —
m“[ GeV] 400 470 550 650 800 1100 1600
345 — 400 100.0 -84.6 2.9 4.7 -16.6 -6.0 4.3
400 — 470 -84.6 100.0 -46.4 -3.6 14.1 -14 2.7
470 — 550 2.9 -46.4  100.0 -45.6 -6.6 6.2 -6.0
550 — 650 4.7 3.6 -45.6 100.0 -39.0 -15.9 6.1
650 — 800 -16.6 14.1 -6.6 -39.0 100.0 -23.6 -29.9
800 — 1100 -6.0 -1.4 6.2 -15.9 -23.6 100.0 27.1
1100 — 1600 4.3 2.7 -6.0 6.1 -29.9 27.1 100.0
Bins 0- 20 — 45 — 75—  120- 190 —
p%[GeV] 20 45 75 120 190 300

0-20 100.0 -79.5 -66.9 17.9 3.0 -15.9
20 - 45 -79.5  100.0 273  -58.5 -4.5 15.1
45 - 75 -66.9 273 100.0 -3.7  -42.3 5.0
75— 120 179  -58.5 -3.7  100.0 11.6  -40.2

120 — 190 3.0 -4.5 -42.3 11.6 100.0 -21.3
190 - 300 | -15.9 15.1 5.0 -40.2 -21.3 100.0

Bins -25- -13- -09- -06- -03- 00- 03- 06- 09— 13-
ytt -1.3 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.3 2.5
-2.5--1.3 | 100.0 -13.8 -32.9 -6.6 -11.4 -159 -84 -104 -145 -7.8
-1.3--09 | -13.8 100.0 1.5 -359 -1.6 2.1 -7.2 -6.8 -6.7 -8.8
-09--0.6 | -32.9 1.5 100.0 -12.5 -29.2 1.0 -1.1 -0.6 -1.9 -7.4
-0.6 - -0.3 -6.6 -359 -125 100.0 -13.6 -28.6 4.9 2.1 -5.2  -10.2
-0.3 -0.0 -11.4 -1.6 -29.2 -13.6 100.0 -17.7 -29.1 8.4 -1.5 -11.7
0.0-0.3 -15.9 21 1.0 -286 -17.7 100.0 -10.3 -25.0 -1.0 -9.6
0.3 -0.6 -8.4 -7.2 -1.1 49 -291 -10.3 100.0 -13.2 -29.8 -9.5
0.6 -0.9 -10.4 -6.8 -0.6 2.1 84 -25.0 -13.2 100.0 0.1 -36.7
09-1.3 -14.5 -6.7 -1.9 -5.2 -1.5 -1.0  -29.8 0.1 100.0 -15.9

1.3-25 -7.8 -8.8 -74  -10.2  -11.7 -9.6 -9.5 -36.7 -15.9 100.0
Bins 0- 60 - 100- 150- 200- 260 - 320 -
[ GeV] 60 100 150 200 260 320 400

0 - 60 100.0  -60.7 -48.6 0.9 -6.4 -4.0 -2.5
60 — 100 -60.7 100.0 -23.1 -31.9 1.5 -1.9 -0.3
100 - 150 | -486 -23.1 100.0 -152 -15.8 2.3 -6.2
150 — 200 09 -31.9 -152 100.0 -134 -228 0.1
200 - 260 -6.4 1.5 -15.8 -134 100.0 139 -26.5
260 — 320 -4.0 -1.9 23 -228 13.9 100.0 2.8
320 - 400 -2.5 -0.3 -6.2 0.1 -26.5 2.8 100.0

Bins -25- -16- -12- -08- -04- 00- 04- 08—~ 12— 1.6~

yt -1.6 -1.2 -0.8 -0.4 0.0 0.4 0.8 1.2 1.6 2.5
-25--16 | 100.0 -3.8 -406 -104 -7.8 -11.6 -6.9 9.2 -11.5 -6.7
-1.6 - -1.2 -3.8  100.0 4.8 -37.1 -4.6 2.3 -5.6 -6.2 -5.6 -6.9
-1.2--0.8 | -40.6 4.8 100.0 -16.0 -26.4 -1.3 -1.6 1.1 -0.6 -6.6
-0.8--04| -104 -371 -16.0 100.0 -18.7 -25.7 3.0 1.7 -3.4 -8.8

-0.4 - 0.0 -7.8 -4.6 -264 -187 100.0 -242 -25.8 6.1 -1.2 -8.7
0.0-04 -11.6 2.3 -1.3 -25.7 -242 100.0 -16.2 -23.6 -4.0 -5.7
0.4-0.8 -6.9 -5.6 -1.6 3.0 -25.8 -16.2 1000 -172 -30.1 -13.5
0.8 -1.2 -9.2 -6.2 1.1 1.7 6.1 -23.6 -17.2 100.0 1.9 427
1.2-1.6 -11.5 -5.6 -0.6 -3.4 -1.2 -4.0 -30.1 1.9 100.0 -7.4
1.6 - 2.5 -6.7 -6.9 -6.6 -8.8 -8.7 -5.7  -13.5 427 -74  100.0

Table A.5: Correlation matrices (statistical, in %) for the ¢ + jets channel in the full
phase space at parton level for tt and top-quark quantities
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Bins 30 — 35 — 40 — 45 — 50 — 60 — 70 — 80 - 100- 120- 150 -
pfr[ GeV] 35 40 45 50 60 70 80 100 120 150 200
30 — 35 100.0 -15.0 -18.4 -17.4 -13.0 -10.6 -6.6 -11.2 -3.7 4.1 -10.6
35 — 40 -15.0 100.0 -10.4 -12.2 -17.2 -10.5 -14.7 -11.2 9.1 -10.2 -5.4
40 — 45 -184 -104 100.0 -12.8 -153 -10.9 -6.1 -7.5 5.7 -109  -12.7
45 — 50 -174  -12.2  -12.8 100.0 -182 -11.8 -34 -6.4 -7.5 -24 -2.2
50 — 60 -13.0 -17.2 -15.3 -18.2  100.0 -15.9 -16.0 -13.0 -10.7 -04 -3.9
60 — 70 -10.6  -10.5 -10.9 -11.8 -159 100.0 -9.3 -19.0 -5.1 -7.2 -7.6
70 — 80 -6.6 -14.7 -6.1 -3.4 -16.0 -9.3 100.0 -13.5 -3.4 9.1 -11.7
80 — 100 -11.2 -11.2 -7.5 -6.4 -13.0 -19.0 -13.5 100.0 -13.4 -6.6 -2.6
100 — 120 -3.7 9.1 -5.7 -7.5 -10.7 -5.1 34 -13.4  100.0 -2.9 -11.4
120 - 150 41  -10.2  -10.9 24 -04 7.2 9.1 -6.6 -2.9 100.0 6.1
150 — 200 -10.6 -5.4 -12.7 -2.2 -39 -7.6 -11.7 -2.6 -11.4 6.1 100.0
Bins 2.1 — -1.8 — -1.5 — -1.2 — -0.9 — -0.6 — -0.3 — 0.0 — 0.3 — 0.6 — 0.9 — 1.2 — 1.5 — 1.8 —
ne -1.8 -1.5 -1.2 -0.9 -0.6 -0.3 0.0 0.3 0.6 0.9 1.2 1.5 1.8 2.1
2.1 —-1.8 100 -2.2 -5.8 -5.7 -5.9 -6.8 -10.3 -7.9 10.6 -2.8 2.0 -7.5 3.5 -1.1
1.8 - -1.5 -2.2 100 -6.0 -4.4 -2.1 10.5 -10.7 -11.9 -5.1 =77 -3.3 -7.6 -2.5 -5.0
1.5 —--1.2 -5.8 -6.0 100 -8.6 -5.2 -7.2 -5.8 -4.5 -1.1 -13.7 -9.6 -7.4 -10.6 -1.4
1.2 --0.9 -5.7 -4.4 -8.6 100 -6.2 -8.0 -11.0 -12.7 10.8 -4.8 -6.7 -14.6 -4.1 -8.4
0.9 - -0.6 -5.9 -2.1 -5.2 -6.2 100 17.0 -4.6 -5.6 16.8 -9.2 -7.9 -7.9 -9.7 -10.4
0.6 — -0.3 -6.8 10.5 -7.2 -8.0 -17.0 100 -5.7 -12.2 14.0 -3.1 11.9 -2.8 -13.6 -1.5
0.3 - 0.0 -10.3 -10.7 -5.8 -11.0 -4.6 -5.7 100 -12.7 12.5 -14.7 11.0 -13.8 -7.7 -4.7
0.0 - 0.3 -7.9 -11.9 -4.5 -12.7 -5.6 12.2 -12.7 100 10.3 -15.3 12.6 -4.6 -8.6 -6.1
0.3 - 0.6 -10.6 -5.1 -1.1 -10.8 -16.8 -14.0 -12.5 -10.3 100 -10.4 -5.4 -4.4 -8.3 -3.9
0.6 — 0.9 -2.8 -7.7 -13.7 -4.8 -9.2 -3.1 -14.7 -15.3 -10.4 100 -1.4 -7.0 -9.6 -2.5
0.9-1.2 2.0 -3.3 -9.6 -6.7 -7.9 -11.9 -11.0 -12.6 -5.4 -1.4 100 -11.1 -5.2 -6.7
1.2 -1.5 -7.5 -7.6 -7.4 -14.6 -7.9 -2.8 -13.8 -4.6 4.4 -7.0 11.1 100 -0.2 -3.7
1.5 -1.8 3.5 -2.5 -10.6 -4.1 -9.7 -13.6 -7.7 -8.6 8.3 -9.6 -5.2 -0.2 100 -4.8
1.8 -2.1 -1.1 -5.0 -1.4 -8.4 -10.4 -1.5 -4.7 -6.1 3.9 -2.5 -6.7 -3.7 -4.8 100
Bins 30 — 60 — 95— 140 - 200 —
P GeV] 60 95 140 200 400
30 — 60 100.0 -71.4 -19.7 -13.7 -19.9
60 — 95 -71.4  100.0 -39.3 -14.6 3.9
95 — 140 -19.7  -39.3  100.0 -16.1 -19.7
140 — 200 -13.7 -14.6 -16.1  100.0 5.1
200 — 400 -19.9 3.9 -19.7 5.1 100.0
Bins 24— -15- -10- -05- 00- 05- 10- 15-
n® 1.5 <10 -05 0.0 0.5 1.0 1.5 2.4
-24--1.5 | 100.0 -10.6 -12.2 -18.6 -15.4 -13.9 -12.6 -10.2
-1.5--1.0 -10.6  100.0 -6.3 -23.2 -18.5 -12.1 -5.4 -7.6
-1.0 - -0.5 -12.2 -6.3 100.0 -18.0 -20.9 -19.2 -14.0 -9.2
-05-00 | -186 -232 -180 100.0 -129 -13.1 -13.8 -16.3
0.0-0.5 -15.4 -18.5 -20.9 -12.9 100.0 -18.7 -19.8 -7.3
05-1.0 | -139 -12.1 -19.2 -13.1 -187 100.0 9.7  -20.3
1.0-1.5 -12.6 -5.4 -14.0 -13.8 -19.8 -9.7 100.0 -16.4
1.5-24 -10.2 -7.6 -9.2 -16.3 -7.3 -20.3 -16.4  100.0

Table A.6: Correlation matrices (statistical, in %) for the £+ jets channel in the visible
phase space at particle level for the lepton and b-jet quantities.




Appendix B

Individual Components of the
Lepton-Selection Efficiencies

As introduced in Sec. 6, the muon- and electron-selection efficiency is factorised into its
individual components (see Eq 6.6 and 6.7): identification (ID) and relative-isolation
efficiency for the muon channel and impact-parameter (dy), CiC-identification (ID¢;ic),
relative-isolation and conversion-rejection efficiency for the electron channel. These
individual contributions are shown separately in the following as a function of pr and
n of the lepton, the number of reconstructed primary vertices in the event and the
distance AR between the lepton and the closest jet.
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Figure B.1: The muon-ID efficiency for simulation and data with corresponding SF as
a function of pr and 7 of the muon (first row) and the number of primary vertices in
the event and the distance between the muon and the closest jet AR (second row). A
preselection of I, < 0.2 is applied to the AR distribution.
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AR (second row). A preselection of I, < 0.2 is applied to the AR distribution.
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Figure B.3: The electron-d; efficiency obtained with the IsoEle25TriJet cross trigger
for simulation and data with corresponding SF as a function of pr and 7 of the electron
(first row) and the number of primary vertices in the event and the distance between
the electron and the closest jet AR (second row). A preselection of I,.,; < 0.2 is applied
to the AR distribution.
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Figure B.4: The electron-ID¢;¢ efficiency obtained with the IsoEle25TriJet cross trigger
for simulation and data with corresponding SF as a function of pr and 7 of the electron
(first row) and the number of primary vertices in the event and the distance between
the electron and the closest jet AR (second row). A preselection of I,.,; < 0.2 is applied

to the

AR distribution.
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Figure C.2: The residuum distributions (relative to the generated value in case of
pr and mass quantities) in the muon channel for the tt and top-quark quantities at
parton level for the dominating permutations. This is shown for two selected bins of
the generated quantity according to the final binning.
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Figure C.3: The residuum distributions (relative to the generated value in case of
pr quantities) in the muon channel for the lepton and b-jet kinematic quantities at
particle level for the dominating permutations. This is shown for two selected bins of
the generated quantity according to the final binning.
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Figure C.4: The residuum distributions (relative to the generated value in case of pr
quantities) in the electron channel for the tt and top-quark quantities at parton level
for the dominating permutations. This is shown for two selected bins of the generated
quantity according to the final binning.
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Figure C.6: Event yields as a function of reconstructed quantities of the tt system and
top quarks in data and simulation for the muon channel. Shown uncertainties and
applied corrections are the same as detailed in Sec. 5.2.6.
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Figure C.7: Event yields as a function of reconstructed lepton (first row: p%, n*) and
b-jet (second row: p%, n°) quantities in data and simulation for the muon channel.
Shown uncertainties and applied corrections are the same as detailed in Sec. 5.2.6.
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Figure C.8: Event yields as a function of reconstructed quantities of the tt system and
top quarks in data and simulation for the electron channel. Shown uncertainties and
applied corrections are the same as detailed in Sec. 5.2.6.
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Figure C.9: Event yields as a function of reconstructed lepton (first row: p%, n*) and

b-jet (second row: p%, n°) quantities in data and simulation for the electron channel.
Shown uncertainties and applied corrections are the same as detailed in Sec. 5.2.6.
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Generated quantities at parton level.
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Figure E.1: Comparison of different decay channels for the normalised differential cross
sections for the tt and top-quark quantities in the visible phase space at parton
level.
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Figure E.2: Comparison of different decay channels for the normalised differential cross
sections for the tt and top-quark quantities in the full phase space at parton level.
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