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Abstract

The search for additional heavy neutral Higgs bosons predicted in Minimal Supersymmetric
Extensions of the Standard Model is presented, using the direct decay channel into two tau
leptons which themselves decay hadronically. The study is based on proton-proton collisions
recorded in 2011 at a center-of-mass energy of 7TeV with the ATLAS detector at the Large
Hadron Collider at CERN. With a sample size corresponding to an integrated luminosity of
4.5fb~!, no significant excess above the expected Standard Model background prediction is
observed and C'Lg exclusion limits at a 95% confidence level are evaluated for values of the
CP-odd Higgs boson mass ma between 140 GeV to 800 GeV within the context of the mj**
and mhm"di benchmark scenarios. The results are combined with searches for neutral Higgs
bosons performed using proton-proton collisions at a center-of-mass energy of 8 TeV recorded
with the ATLAS detector in 2012, with a corresponding integrated luminosity of 19.5fb~1.
The combination allowed an improvement of the exclusion limit at the order of 1 to 3 units in
tan 5. Within the context of this study, the structure of additional interactions during a single
proton-proton collision (the “underlying event”) in di-jet final states is analyzed using collision
data at a center-of-mass energy of 7TeV recorded with the ATLAS detector in 2010, with a
corresponding integrated luminosity of 37pb~!. The contribution of the underlying event is
measured up to an energy scale of 800 GeV and compared to the predictions of various models.
For several models, significant deviations compared to the measurements are found and the

results are provided for the optimization of simulation algorithms.
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Kurzdarstellung

Im Rahmen dieser Arbeit wird die Suche nach zusétzlichen schweren und elektrisch neutralen
Higgs-Bosonen vorgestellt, wie sie in Minimalen Supersymmetrischen Erweiterungen des Stan-
dardmodells der Teilchenphysik vorhergesagt werden. Dabei wurde der Zerfalls der Higgs-Bosonen
in zwei Tau-Leptonen untersucht, wobei beide Tau-Leptonen selber in weitere Hadronen zerfallen.
Die Studie basiert auf Proton-Proton-Streuereignissen, welche bei einer Schwerpunktsenergie von
7TeV am ATLAS-Detektor, welcher sich am Large Hadron Collider des Kernforschungszentrums
CERN befindet, im Jahr 2011 aufgezeichnet wurden. Bei einer integrierten Luminositdt von
4.5fb~! konnte kein signifikanter Uberschuss an Ereignissen im Vergleich zur Vorhersage des
Standardmodells festgestellt werden. Stattdessen wurden C'Lg Ausschlussgrenzen fiir das mj**
sowie das mi*°%* Scenario bei einem Vertrauensinterval von 95 % fiir Massen des CP-ungeraden
Higgs bosons, my, innerhalb von 140 GeV bis 800 GeV bestimmt. Zusétzlich wurde eine Kombi-
nation mit Messergebnissen durchgefiihrt, die im Jahr 2012 bei Proton-Proton-Streuereignissen
mit einer Schwerpunktsenergie von 8 TeV vom ATLAS-Detektor aufgezeichnet wurden. Die
integrierte Luminositét der zusitzlichen Daten belief sich auf 19.5fb~!. Durch die Kombination
konnte das Ausschlusslimit innerhalb des betrachteten Intervals um 1 bis 3 Einheiten in tan 3
verbessert werden. Im Rahmen der Studie wurden auflerdem zusétzliche Interaktionen wéhrend
eines Proton-Proton-Streuereignisses (dem “underlying event”) mit zwei Jets im Endzustand
untersucht. Dazu wurden Messdaten mit einer integrierten Luminositit von 37 pb~! verwendet die
im Jahr 2010 mit dem ATLAS-Detektor aufgezeichnet wurden. Die Betrdge aus dem “underlying
event” konnten dabei bis zu Energieskalen von 800 GeV vermessen, entfaltet und im Anschluss
mit mehreren Vorhersagen aus Monte-Carlo-Modellen verglichen werden. Dabei wurden fiir einige
Modelle teilweise signifikante Abweichungen festgestellt und die erhobenen Messdaten wurden

fiir die Optimierung von Simulationsalgorithmen bereitgestellt.
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1 Introduction

In the light of modern particle physics, the baryonic matter in the universe is composed of
elementary particles, physical states which, according to present knowledge, do not contain any
further substructure. The properties of these elementary particles and their interactions are the
fundamental building blocks to describe the behavior of nature from sub-atomic scales all the

way up to the large scales found in the universe.

This concept of atomism, the hypothesis that matter is constructed from fundamental particles
which are not further divisible, can be dated back to the ancient Greek philosophers Leucippus
and Democritus® but has been formulated and employed by other philosophers and scientist
throughout the centuries. During the end of the 19th century, the first direct experimental
evidence for elementary particles was established with the discovery of the electron by J.J.
Thomson [1], who observed a ray of charged particles emitted from a heated cathode. From this
point onwards, a series of experiments and discoveries during the 20th and 21th century deepened
the understanding about the nature of elementary particles and lead to the modern picture
of particle physics. Of significant impact was the development and improvement of particle
accelerators and detectors, which allowed the initiation of interactions at sub-atomic length
scales in a controlled environment and the study the underlying physics based on the out-coming
particle spectra from the scattering process. During the early 20th century, E. Rutherford, H.
Geiger and E. Marsden were able to show that the mass of an atom is concentrated in a nucleus
surrounded by electrons?, by scattering an beam of alpha particles at a thin gold foil [2-4].
Further development in collider physics lead, among others, to the discovery of a large number of
new (mostly) unstable particles®, the “particle zoo”, during the 1950th and 1960th, the discovery
of the W* and Z° bosons, as mediators of the weak interaction, at CERN [5-8] during the
1960th and 1970th, the discovery of the top-quark at Tevatron [9] during the 1990th and the
recent observation of a Higgs boson at the Large Hadron Collider [10,11] in 2012.

The theoretical framework used to described the interactions between elementary particles is
known as the Standard Model of Particle Physics, containing all known fundamental matter
particles and three of the four known fundamental interactions: the strong interaction, the weak
interaction and the electro-magnetic interaction. Based in the concepts of quantum field theories,
the Standard Model allows predictions for a wide range of interactions between elementary
particles which are in excellent agreement which the observations [12]. However, despite the
tremendous success of the Standard Model, it is widely assumed that the Standard Model doesn’t
provide a full description of nature at quantum level, not in the sense that the Standard Model

IWhich lived, according to the current state of research, during the 5th cent. BCE.

2In contrast to the atom model developed by Thomson, which assumed that the electrons of an atom are
embedded inside a larger positive structure.

3Which are today understood as bound states of quarks and gluons, classified in mesons and baryons.
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CHAPTER 1. INTRODUCTION

is wrong but rather an effective low energy approximation of a more fundamental theory, in a
way similar like the theory of classical mechanics can be seen as an approximation of quantum
mechanics at larger scales. These considerations are motivated by several open questions of
the Standard Model, including: a missing theoretical description of the gravitational force at
quantum level, a missing candidate for dark matter or an explanation for the observed mass
hierarchy between the different elementary particles. During the last decades, many experiments
have been performed to search for hints of new physics beyond the Standard Model but so far

without a conclusive observation.

The aim for this study is the search for new physics using proton-proton collisions recorded
the ATLAS experiment which is located at the Large Hadron Collider at CERN. The search
is performed within the context of the Minimal Supersymmetric Extension of the Standard
Model, which introduces an extended Higgs sector with two additional neutral Higgs bosons.
The targeted final state is the decay of the Higgs bosons into two tau leptons, which themselves
decay further into bundles of hadrons via the weak interaction. A central part for this study is
the reconstruction and identification of the hadronically decaying tau leptons, which was part
of the thesis work, as well as the understanding of the possible Standard Model background
processes containing themselves two tau leptons or objects which are mis-classified as taus. All
studies are performed using measurements recorded during the Run I data taking period of the
ATLAS experiment, covering the years 2010, 2011, 2012 and early 2013, at a center-of-mass
energy of 7TeV and 8 TeV. The search for an extended Higgs sector is primarily performed on
the dataset recorded in 2011, employing new background estimation techniques which have been
developed during Run I. The obtained results are evaluated using statistical methods to allow
an interpretation within the context of the Minimal Extension of the Standard Model and to

draw conclusions on the agreement between the considered physical models and the observed data.

In addition, a measurement of the underlying event, which collectively terms additional in-
teractions during a single proton-proton collision, has been performed using proton-proton
collisions recorded with the ATLAS detector in the year 2010. These kinds of measurements
allow to study the regime of strong interactions at low energies, which is up to date a field of
intensive research because the strong interactions at low energies are typically not predictable
via perturbation theory and need to be modeled using phenomenological approaches. Within
this thesis, measurements of the underlying event in a di-jet environment are presented and the
unfolded? distributions are compared with the predictions of various models. Measurements of
the underlying event allow a deeper understanding in the structure of strong interactions and

are, inter alia, used for the optimization of the simulation of proton-proton interactions.

The thesis is structured in the following way: Chapter 2 will give a brief introduction about
the theoretical fondations of the Standard Model and the Minimal Supersymmetric Extension
as well as the simulation of proton-proton interactions. Afterwards the experimental setup,
including the Large Hadron Collider and the ATLAS experiment, are discussed in Chapter 3
as well as the reconstruction and identification of physical objects from the electrical signals

provided by the ATLAS detector in Chapter 4. The next two parts contain the two main analyses:

4The measured results are corrected for smearing and resolution effects caused by the experimental setup.
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CHAPTER 1. INTRODUCTION

starting with the underlying event analysis in Chapter 5, by presenting the event selection and
correction procedures as well as the comparison with the underlying event prediction of various
Monte Carlo event generators. Within the final Chapter 6, the search for new Higgs bosons
is presented: comprising the event selection, various background estimations techniques and
auxiliary measurements and the setting of exclusion limits for three different scenarios in the

context the Minimal Supersymmetric Extension model.

1.1 Nomenclature and Unit Systems

Within the context of this thesis, all physical units are either expressed in terms of natural units
or the International System of Units (SI) [13,14]. The definition of the natural units systems
follows the usual conventions in high energy physics by setting the reduced® Planck constant B,

the speed of light ¢ and the Boltzmann constant kg dimensionless and equal to one:
h=c=kg=1. (1.1)
In addition, the Lorentz-Heavyside unit system is deployed by stetting:
€= =1, (1.2)

where €y and g represent the permittivity and permeability of the free space, respectively. Since
these five constants are set dimensionless and equal to one, they are usually suppressed in
equations. For example, the relationship between the energy, F, the momentum p and the rest

mass, mg, of a relativistic particle can be expressed in the form:
E? =p?c? + mict = p* +m. (1.3)
The fundamental electric charge, e, follows the relation:
e =Vinae, (1.4)

where «, = 1/137 represents the electromagnetic fine-structure constant. Quantities of energy,

momentum or mass share the same units and are expressed in multiples of electron volt (eV):
[E]=[p] =[m]=1eV. (1.5)

Quantities of lengths or times also share the same units, which are usually expressed in multiples
of éV™! in the natural unit system. However, their usage is not so common as for energy related

quantities and within this thesis all quantities related to lengths or times are expressed in SI units.

In quantum theory, spin components of elementary particles can be expressed in terms of h:
La-h, 1-h, 3/2-h, etc. Similar to the energy relation, & will be suppressed in the spin no-

tation and (for example) a particle with a spin value of #/2 will be referred to as “spin 1/2” particle.

5The reduced Planck constant is defined as the Planck constant, h, divided by 2.
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2 Standard Model of Particle Physics and
Beyond

2.1 Standard Model of Particle Physics

2.1.1 Overview of the Standard Model of Particle Physics

The Standard Model of Particle Physics (SM) is a theoretical framework to describe three of the
four known fundamental interactions between elementary particles: the strong [15-19] and the
electroweak [20-22] interaction!, which combines the weak and electromagnetic interaction. All
three fundamental forces are described in terms of Quantum field theories: Quantum Chromo Dy-
namics (QCD) for the strong interaction, Quantum Flavor Dynamics (QFD) for the electroweak
interaction und Quantum FElectrodynamics (QED) for the electromagnetism, which remains after
the electroweak symmetry breaking. Developed predominantly during the 1960s and 1970s, the
Standard Model has been tested in a myriad number of experiments during the last decades,

proving that the model allows reliable predictions of the three interactions on quantum level?.

The theoretical description of the three forces is based on the gauge symmetry group
SU@3) x SU2);, x U(1)y » (2.1)

where SU(2);, x U(1)y corresponds to the theory of electroweak interaction and SU(3) to
the theory of strong interaction. Within this picture, the interactions between two particles
are transmitted via spin-one gauge bosons which are closely related to the generators of the

corresponding gauge group, summarized in Table 2.1. The strength of each interaction is

Gauge Group Generators Gauge Fields

U(1)y Y B,
SU(2);, T =170 we a=1,23
SU(3)¢ T = L) G a=1,...,8

Table 2.1: Overview about the gauge field structure in the SM. The generators of the gauge
groups are the described by the hypercharge Y, the Pauli matrices 7* and the
Gell-Mann matrices \“.

defined by the coupling constants g1, g» and gz (for the U(1)y,, SU(2);, and SU(3), gauge group,

Hnteractions via the gravitational force are not included in the Standard Model of Particle Physics. The
understanding of gravity on a quantum level and the combination of the concepts of general relativity and
quantum mechanics are the topic of ongoing studies (see for example [23-25]).

2 Assuming that the theory behaves perturbative and renormalizable at the considered energies.
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CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

respectively) and the charge carried by the involved particles. The structure of the charge
is defined by the structure of the gauge group: the charge for the U(1), group is the scalar
hypercharge Y, for the SU(2); group the weak isospin Iw and for the SU(3), a color triplet.
Note that the electric charge®, @, is not a fundamental charge in the SM gauge group, but it can
be related to the hypercharge via:

Y =2(Q - Iy), (2.2)

where I3 represents the third component of the weak isospin. Like the theory of classical
electrodynamics, the physical properties of the fields can be expressed in terms of a field strength

tensor for each gauge group:

B,, = 0,B,—0,B, (2.3)
W2, = 0.W2—0,W+ goep WLW; (2.4)
G, = 0,GY =W+ gsfg WIW) (2.5)

where €}, represents the antisymmetric tensor and fgy the structure constant of the SU(3).
group. Given the definition of the field strength tensors, the Lagrangian of the gauge boson fields
can be expressed in the form

1 v 1 a v 1 ng
Egauge = _EGZLVGZ - ZWHVW; - ZBuuBl . (26)

Since the SU(2),, and SU(3), are non-abelian groups, triple and quartic self-interaction between
the gauge bosons of the same group are allowed. The eight fields of the SU(3), G, are identified
with the gluon fields of the QCD. The SU(2);, x U(1)y gauge fields, W and By, can be related
to the physical gauge bosons let, Z,, and the photon A, which will be discussed within the

context of the spontaneous breaking of the electroweak symmetry.

The known matter content observed in nature consist of three generations of spin-1/2 fermions,
divided into six leptons and six quarks. With respect to the gauge symmetries, the quarks
are triplets under SU(3)., while leptons are singlets, which reflects that quarks, in contrast to
leptons, carry a color charge and participate in the strong interaction. Left-handed fermions are
weak iso-spin doublets, while right-handed fermions are weak iso-spin singlets, representing that
only left-handed fermion fields participate in the weak interaction. For the first generation, the

iso-spin doublets and singlets are

L= <V6> ,ep and Q= (Z) , UR, dR, (2.7)
e
L L

where the subscripts L and R represents the left-handed and right-handed fermion field. A

full summary over all three generations is provided in Table 2.2. In addition, each known

3The electric charge Q is expressed in multiples of the electric charge of a positron.
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CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

particle is accompanied by its corresponding anti-matter partner®. Between each generation, the

Generation
1st 2nd 3rd Q I%V Y
U c t +2 +3 41
s b _1 _1 3
Quarks L L L 3 2
UR R tr +2 0 +4
dR SR bR —% 0 —%
Ve vy, vy 0 +1 1
Leptons e )L By )L -1 -3
er Hy TR -1 0 -2

Table 2.2: Overview about the matter content in the SM. The fermions are presented in
their left-handed and right-handed weak isospin doublets and singlets.

corresponding particles share the same quantum numbers, except for a different flavor and an

increasing mass value towards the higher generations.

The Lagrangian for the fermion fields can be expressed by

3
Efermion = Z (EjiDu'yuLj + éRj iDu’VHeRj
j=1 (2.8)

QD" Qs + fin, iDy Y un, + dr,iDy " dr, )

where j represents the generation index. The coupling between the fermionic matter field and

the gauge bosons is comprised in the covariant derivative,

. « . a . Y
D, =0, —igsTu G, —igeTu Wy —iga EB“ . (2.9)

The resulting Lagrangian,
L= £fermion + £gauge7 (210)

is invariant under a local gauge transformation in the SU(3), x SU(2);, x U(1)y symmetry group
and describes the physics of massless matter and gauge fields.

2.1.2 Spontaneous Breaking of the Electroweak SU(2); x U(1), Symmetry

So far, the fermionic matter fields as well as the bosonic gauge fields are treated as massless
particles. Since all observed particles, except for photons and gluons, are found to be massive, it

is necessary to reflect this property in the SM. Unfortunately, the introduction of simple mass

4The neutrino particles are a special case, because the underlying nature of neutrinos is the subject of ongoing
studies (for example if neutrinos are Dirac or Majorana fermions). Within this SM overview, neutrinos are
treated massless (which is a simplification, because it is known from observations of neutrino oscillations that
at least two of the three neutrinos are massive) and right handed neutrinos are neglected.
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CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

terms in the form of
~ miyWEW®H or ~ mipy, (2.11)

would violate the invariance of the Lagrangian against the SU(2); x U(1)y electroweak symmetry.
The solution to this problem is the concept of the spontaneous breaking of the electroweak

symmetry [26-30] into the remaining electromagnetic symmetry U(1),
SU(2);, x U(1)y — U(1)q (2.12)

which was proposed during the mid 1960s. The baseline is the introduction of an SU(2); doublet®

P = (1’;) : (2.13)

consisting of two complex scalar fields: a charged field ¢1 and a neutral field ¢°, each with a

hypercharge of Y, = 1. The corresponding Lagrangian can be expressed in the form

Litiges = (D'®)1(D,®) — > @10 — \(@TD)2 . (2.14)

-V(®)

For values p? < 0, the “Higgs” potential will develop a non-zero vacuum expectation value

(VEV), v, in the neutral component (illustrated for the one-dimensional case in Figure 2.1),

(0l2j0) = ( ) ) , (2.15)
V2

with )
2 I

= ——. 2.16

v =L (2.16)

u? >0 u? <0

v=20 ¢O ¢0

Figure 2.1: [llustration of the vacuum expectation value of the scalar Higgs potential in the
case of one-dimension for p? > 0 and p? < 0.

However, the VEV of the charged component is still forced to zero to preserve the electromagnetic

gauge symmetry U(l)Q and to be therefore in agreement with the experimental observations.

5Within the literature, the doublets or the single components are commonly referred to as “Higgs field”, referring
to one of the main authors P. W. Higgs.
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For the full complex field, ¢°, the Higgs potential will develop a concentric (“Mexican-hat” like)

form in the complex plane, illustrated in Figure 2.2.

Four spin-zero bosons can be associated with the four degree of freedoms in the Higgs doublet:
one electrically neutral Goldstone boson G, two electrically charged Goldstone bosons G* and
the Higgs field h. The Goldstone bosons themselves are not observed but rather “absorbed” by
the W+ and Z bosons to create their longitudinal components and to generate their mass values.
The observed gauge bosons can be related to the gauge bosons of the unbroken SU(2); x U(1)y

symmetry:
1

V2

Au) [ cosOw  sinfw B, (2.18)
Zy, N —sinfw cosOw Wi’ ’ ’

where Oy represents the Weinberg angle,

w* (W, FiW;) (2.17)

and

2
cos Oy = % _'w (2.19)

Vei+gs Mz

which describes the mixing between the B, and WS field. Given the definitions above, it is

possible to obtain gauge boson mass terms,

1 1
myWiIw =+ + im%ZuZ" + émiAﬂA” : (2.20)

mw = %92, mz = %\/9%4‘795 and ma =0. (221)

While the gauge bosons of the weak interaction obtain mass values via the Goldstone bosons,

where

the photon A, remains massless after the symmetry breaking, reflecting that the U(l)Q gauge
symmetry is still unbroken. Following the relation between the VEV and the W mass, it is

possible to estimate the value of the VEV via the Fermi constant, G,

2:2mw_ 1

= ~ (246 GeV)2. 2.22
s NoleR ( eV) (2.22)

Fermion masses are obtained via the Yukawa interaction with the Higgs field,

Lyukawa = —AeLPer — \aQ®Pdr — A\yQPur + h.c., (2.23)

where Ae, Ay and Aq represent the Yukawa couplings for the electron, up-quark and down-quark,

respectively. The couplings are directly proportional to the mass of the particle:

v v v
Me = —=Ae, My =—=Ay and mq = —=X\q . 2.24
NG 7 1= g (2.24)

The remaining two generations of fermions are described by the same structure.

The remaining degree of freedom translates into the Higgs boson, h, which is an additional
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V(¢?)

pu? <0

Re(¢”) |
v Im(¢")

Figure 2.2: Illustration of the scalar Higgs potential for pu? < 0.

particle postulated by the mechanism of symmetry breaking. Following the Lagrangian for the
Higgs field,

1 A
5((’)Hh)2 — A2?h? — Avh? — Zh‘*, (2.25)
the Higgs boson mass at tree level can be expressed with
mi =2\%, (2.26)

which is a free parameter in the SM. The Lagrangian also allows triple and quartic Higgs
self-interactions with a coupling strength of

2 2
.m .m
Ghhh = 327;1 and ghhhn = 32751 . (2.27)

Similar, the interaction strengths between the Higgs bosons and fermions, f, as well as gauge

bosons, W+ and Z, are proportional to the mass of the involved particles [31]:

.m
g =i— (2.28)
v
.m3 m3
Ihw+w- = *QZTW, 9nzz = *QZTZ, (2.29)
.m3 m2
Ihhw+w- = —QZT\QN » 9hhzz = *21722 . (2.30)

Given the definitions above, the full Lagrangian of the SM can be written in the form:
L:SM = ACfcrmion + Egaugc + EHiggs + L:Yukawa ) (231)

which preserves gauge invariance under SU(3), x SU(2); x U(1)y,, while allowing massive physical
gauge boson states and fermions due to the spontaneous breaking of the electroweak symmetry

SU(2);, x U(1)y. The remaining electromagnetic gauge symmetry U(l)Q and the gauge symmetry
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of the strong interaction SU(3), remain unbroken in the SM.

The search for the SM Higgs boson was a subject of various studies over the past ~ five decades,
including studies from LEP, SLC and Tevatron [32-34] in the pre-LHC area. At this point, no
observation of a SM Higgs boson like particle could be claimed® and constraints on the Higgs
mass from direct and indirect searches have been set. At the end of Run 1 in 2012, the ATLAS
and CMS collaborations are able to state the observation of a SM Higgs boson [10,11] like particle
with a mass value of my = 125.09 + 0.21 (stat.) £ 0.11 (syst.) GeV [35]. Down to the present
day, the measured properties of the new particle are in good agreement with the predictions of
the SM Higgs boson [36].

2.1.3 Confinement Property of the Strong Interaction

Neither quarks nor gluons have been observed as free particles so far, instead interactions
with quark/gluon final states resolve into bunches of hadrons and mesons, referred to as jets.
This particular phenomenon is known as confinement property of the strong interaction which
has its origin in the structure of the QCD gauge symmetry group. In contrast to the pho-
tons of the QED, gluons are allowed to participate in self-interactions (see Eq. (2.5)) which

reflects the fact that the gluons carry a color charge” due to the non-abelian nature of the SU(3) .

The effects can be expressed in terms of the running coupling strength as(Q?), reflecting the
strength of the strong interaction at a certain energy scale 2, which has been determined in

various scattering experiments [12], presented in Figure 2.3. With an increase of the energy

October 2015
o ( 2) v Tdecays (N3LO)
(Q a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
03} o ¢’ jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)
v pp—> jets (NLO)
v pp —> tt (NNLO)
02+
Bte 1‘
Yo :,v'(”‘,":v“
0.1» i AR .
— QCD 0g(M,)=0.1181 +0.0013
1 100 1000

" QrGev]

Figure 2.3: Summary of measurements for coupling strength as(Q?) [12].

scale @), the coupling strength is significantly reduced and thus leading to a weaker coupling
between quarks and gluons (for example inside of a proton) which is known as asymptotic freedom.
In contrast, gluons and quarks are strongly coupled for relatively low energy scales, thus the
separation of quarks and gluons from a bound state will increase the amount of gluon radiation

and quark anti-quark pair production and subsequently leading to the development of new

SIn the latest Tevatron results, an excess with a global significance of 3.1¢ has been observed in a mass window
of 120 GeV to 135 GeV, which is compatible with the observation by ATLAS and CMS.

"The photons, in contrast, do not carry any electric charge und thus self-interactions between photons (at leading
order) are prohibited.
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hadronic bound states (baryons and mesons). This hadronisation process conceals the quarks
and gluons and results in the observed hadron jets. Except for the top quark, all known quarks
and gluons are affected by the hadronisation process. The top quark is a special case, because
the proper life time of a top quark is lower than typical timescales for hadronisation processes

(due to its high mass) and thus the top quark decays before a bound top quark state is formed.

This confinement property also applies to sub-sequent decays of particles into quarks, for example
a tau lepton decaying into quarks via the weak interaction will resolve into a jet of baryons and

mesons in the final state.

2.1.4 Simulation of High-Energy Interactions using Monte Carlo
Techniques

The simulation of high-energy scattering processes is an important tool for many tasks in the
field of particle physics. One of the most common tasks is the comparison between measurements
and the predictions from various models (either the SM or other hypotheses) even in complicated
regions of the phase-space which are only numerically accessible. In addition, simulations are used
in a wide scope of activities including the optimization of background selections and estimations,
training and tuning of reconstruction methods and algorithms and the planning and evaluation of
new detector designs and concepts. In general, the simulations are preformed using Monte Carlo
(MC) techniques. During the past decades, a wide range of different Monte Carlo event generators
has been developed, covering various numbers of possible scattering processes at different levels of
perturbation theory. The choice of a certain generator usually depends on the considered process
and measurement and is discussed in the corresponding analysis sections. In this section, a

brief review about the general concepts of the simulation of proton-proton interactions is presented.

The simulation of a certain scattering process
pip2 = X, (2.32)

with two protons p; and ps in the initial state and a set of particles X in the final state, comprises
several sub-activities which need to be modelled, including: the hard scattering process including
possible contributions from higher orders of perturbation theory, additional photon and gluon
bremsstrahlung, hadronisation of final state quarks and gluons, the structure of the incoming
protons, multiple parton interactions and interactions with the beam remnants (underlying event)
and the decay of instable particles (usually hadrons and tau leptons). All sub-activities together
form a complex collision landscape, which is modelled by separating the simulation into different
distinguishable phases. The cross section, o(p;p2s — X)), for the considered process is factorized

in
o(pips = X) ~ S / das / Ay (1, 12) F2 (2o 12) Gijsx (0, 22 p2 p2) . (2.33)
iy

where 4, j are the corresponding parton indices and &;; the corresponding cross section at parton

level [12], which is commonly referred to as parton or matriz element level. The parton level
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cross section is usually provided up to a fixed order in perturbation theory. The proton structure
is parameterized by the parton distribution function (PDF), f&(z,Q?), which represents the
probability to find a parton ¢ within the proton a carrying a momentum fraction x of the total
proton momentum. In general, the PDFs are functions of the considered energy scale Q? and are
derived from measurements of deep-inelastic-scattering processes [37,38]. The parameter 2 and

p% represent the factorization and renormalization scale, respectively.

Electric and/or color charged particles in the initial and final state can emit additional radiation
in form of photons or gluons. These initial or final state radiations are either incorporated
into the matrix element (up to a certain order in perturbation theory) or modelled using a
parton-shower algorithm. A parton shower allows to add an arbitrary number of additional
radiation (which is an approximation for the exact perturbative expansion) but need to be

modelled phenomenologically and matched to the matrix element calculation.

Quarks/gluons in the final state are bundled into hadrons to account for the hadronisation effect
of the QCD. The underlying fragmentation process is not evaluable via perturbation theory
but rather modelled using a phenomenological approach, which can differ between the various
MC event generator frameworks. Additional contributions from multiple parton scatterings or
interactions with the beam remnants are not covered by the factorization approach and need to

included using phenomenological models (e.g. [39]).

In order to compare the predictions of the MC generators with measurements, which are recorded
within an experimental setup, it is necessary to take various effects during the measurement
process itself into account, collectively referred to as detector simulation. The detector simulation
process includes: the limited acceptance, efficiency and resolution of the detector components,
the influence of the trigger decision on the collected data sample, effects originating from re-
construction, calibration and identification algorithms and additional sources of background

processes which relate to the experimental setup.

The simulation of the ATLAS detector is performed using the GEANT4 [40,41] software package
which has been embedded within the ATLAS software framework Athena [42], based on the
Gaudi [43,44] framework, developed by the LHCb collaboration. Starting from the particle
spectra produced by the MC event generators, the interactions of the particles with the mag-
netic fields (which are generated within the volume of the tracking detectors) and with the
actual detector material is simulated [45]. Subsequent decays of particles during the detector
simulation are considered. The considered geometry of the ATLAS detector incorporates the
conditions of the real detector, e.g. alignment of detector components or the temperature within
the detector [45]. Subsequently, the resulting energy deposits within the individual detector
modules are translated into the expected voltages and currents, which are digitized to create an
output format which is comparable with the output of the real detector. In the final step, the
digitized samples are passed to the same reconstruction and trigger algorithms as the measured
data samples. Only particles with a proper lifetime of ¢ > 10 mm are declared to be stable
enough to reach active detector material and are passed to the detector simulation [45]. The de-

cay of particles with a shorter lifetime is instead simulated within the MC event generation process.
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During the detector simulation, additional background sources are added, including: effects of
multiple proton-proton scatterings during the same bunch crossing (in-time pile-up) and adjacent
bunch crossings (out-of-time pile-up), background from interactions of the remaining gas in the

cavern and background from additional interactions within the beam pipe [46].
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2.2 Minimal Supersymmetric Extension of the Standard Model

Up to this point the Standard Model of Particle Physics has been introduced as the fundamental
theoretical framework to describe strong and electroweak interactions in the context of quantum
field theories. Recent measurements at the LHC substantiate again the statement that the
SM is capable of describing the physics even up to energy scales of several TeV and with the
discovery of a SM-like Higgs boson, possibly the last missing component of the SM has been
found. However, even in the light of its tremendous success, it is commonly expected that the
SM will not be valid all the way up to the Planck scale (~ 1012 GeV) and instead it is assumed
that the SM is an effective low-energy approximation of some (still unknown) more fundamen-
tal theory. The related physics is usually referred to as physics Beyond the Standard Model (BSM).

BSM theories are motivated by open question of the SM itself or by indications for new physics

provided by different measurements, including®:
o the absence of a quantum theory of gravity in the SM,
o the hierarchy (or fine-tuning) effect in the SM Higgs sector,

« a possible unification of forces at large energies, usually referred to as Grand Unified Theory
(GUT),

 discrepancies between the measurement of the anomalous magnetic moment of the muon
and the SM prediction at the level of three standard deviations [49-51],

e a missing candidate for dark matter.

Over the past decades various BSM models have been developed. Although a great effort in
finding BSM effects has been performed so far, no experimental evidences of BSM physics has
been found. One large group of BSM models include Supersymmetric extensions of the SM, which
allow to relate fermion fields with boson fields [52]. The roots of supersymmetry extend back
to the early 1970s, when the foundation of the supersymmetric algebra was developed [53-55].
From this point onwards a rich development of supersymmetric theories within the context of
relativistic quantum field theories started” in order to use supersymmetric models as description

for physics at high energies [56,57].

2.2.1 Supersymmetric Extension of the Standard Model

The baseline for a supersymmetric extensions of the SM is the introduction of a symmetry

between fermionic and bosonic states, denoted as supersymmetry (SUSY'). The corresponding
operator ) allows a transformation between both states [58]:

Q |boson) = |fermion) (2.34)

Q |fermion) = |boson) , (2.35)

8 A good overview about the implications of these results, among others, can be for example found in Refs. [47,48].
9A more detailed overview of the development of supersymmetry can be found in Ref. [52].
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in which the operator changes the spin of the corresponding particle in units of /2. Each
fundamental particle in the Standard Model will receive its corresponding superparter due to
this transformation. The operator Q itself and its Hermitian conjugate, Qf, must satisfy the

following relations:

{Q.Q"} =P+ (2.36)
{Q.Q}={Q",Q"} =0 (2.37)
[P*,Ql = [P*,Q'] =0, (2.38)

where P* represents the generator of the four-momentum and [X,Y] and {X,Y} are the com-

mutator and anti-commutator relations, respectively.

Fermions, f, in the SM (quarks and leptons) are composed of a left and right handed component,
fr and fr, and each has its own supersymmetric partner with spin zero. Partners for the
fermions are denoted as scalar quarks (squarks) and scalar leptons (sleptons) and are usually
marked with a tilde (“~”). The scalar fermions participate in same gauge interactions as their
SM counterparts. The fermionic and bosonic state of a single particle can be combined to a

chiral supermultiplet.

The superpartners of the spin one gauge bosons, usually denoted as gauginos, are fermions with

spin 1/2 and are combined with their SM counterparts in gauge or vector supermultiplets.

Superpartners to the Higgs scalar fields are logically fermionic states and are represented together
with the SM parts in chiral multiplets. A superpartner for a Higgs field is, like the gauge bosons
partners, denoted with higgsino. To avoid gauge anomalies [58] it is necessary that (at least) two
chiral multiplets exists, which subsequently lead to a quite rich Higgs sector in SUSY theories.
The details of the Higgs sector will be discussed in Section 2.2.3 for the minimal supersymmetric

extension of the SM.

If SUSY would be perfectly realized in nature, then each SUSY particle would have the same mass
and quantum numbers as their SM counterparts, except for the spin. This includes the electric
charge, the weak isospin and a possible color charge. In this case, no additional fundamental
parameter would be introduced by SUSY and (except for the superpotential) the physics content
would be determined by the SUSY and gauge invariance.

But no supersymmetric partners of the known SM particles have been observed so far [12]. In fact,
the Higgs boson candidate, which was discovered in 2012 by the ATLAS and CMS collaborations,

is the first observed candidate for a fundamental scalar particle.

In consequence, SUSY can only be realized as a broken symmetry in nature, in which the masses
of the SUSY particles are shifted towards higher values. This can be achieved by adding SUSY
breaking terms to the Lagrangian density, resulting in an effective SUSY theory valid for a
relatively low energy scale. Due to the ignorance about the true fundamental physic of the

SUSY breaking mechanism, the SUSY breaking is parametrized [59], leading to an increased
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number of additional parameters of the theory. One of the most widely considered versions is
the Minimal Supersymmetric Standard Model (MSSM), which will be discussed in greater detail

in the following sections.

2.2.2 Introduction to the MSSM

The Minimal Supersymmetric Standard Model is a possible extension of the Standard Model of

particle physics. It is based on the general SUSY deliberations, discussed in Section 2.2.1, and

specified by the four following assumptions [59]:

1. The gauge group of the MSSM is the same as in the Standard model:

SU@3) e x SU2), x U(1)y (2.39)

which is the minimal possible gauge group for an extension of the SM. This requirement
leads to the following particle content: the usual gauge bosons of the SM, G* (gluons)
and W/'/B" (gauge bosons of the electro-weak symmetry) and their super-partners: Ga
(gluinos), W, (winos) and B (bino), with a =1...8 and b= 1,2, 3.

. No additional generation of fermions (either leptons or quarks) is assumed, so any additional
SUSY particles are the super-partners of the corresponding SM fermions. This ensures the
minimal possible particle content of the SUSY model. In addition, two super-fields for the
Higgs sector are introduced, which separately generate masses to particles with positive
or negative isospin. The introduction of two fields leads to five physical Higgs bosons in
the MSSM: two CP-even Higgs bosons, h and H, one CP-odd boson, A, and two charged
bosons, H*.

. The following discrete symmetry, denoted as the R-parity [60], should be preserved:

R, = (—1)®FE (2.40)
where s is the spin quantum number and B and L are the baryon and lepton numbers,
respectively. Given the definition in Eq. (2.40), the R-parity is positive for SM particles
and negative for their super-partners. The conservation of R, leads to the following

consequences:
e Lepton and baryon numbers are conserved.
e Supersymmetric particles are always produced in pairs.

e The decay of SUSY particles need to contain an odd number of SUSY particles. The
lightest particle in the SUSY sector is therefore stable and can provide a possible

candidate for dark matter.

. The breaking of SUSY should be provided by a minimal set of additional terms [59],
including the mass terms for gauginos, scalar fermions, Higgs bosons, bilinear terms
between the Higgs bosons and trilinear couplings between the Higgs bosons and scalar

fermions.
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A SUSY model following the four assumptions above is usually referred to as the unconstrained
MSSM.

Although the unconstrained MSSM is already designed as a minimal extension of the SM, it still
introduces a large number (> 100 [61]) of new unknown parameter to the theory!?. The large
number of parameters complicate the interpretation of experimental results in the context of
the unconstrained MSSM. It is therefore useful to reduce the number of free parameter to 22 by

assuming the following additional requirements [59].

1. The SUSY breaking terms are assumed to by real. This ensures that, beside the CMK
and PMNS mechanism, no CP violation processes are possible within the context of the
theory [59].

2. Mass matrices for scalar fermions and coupling matrices for trilinear couplings are assumed

to be diagonal.

3. The mass terms and trilinear couplings for the first and second scalar fermion generation

are assumed to the equal.

This model is often referred to as phenomenological MSSM (pMSSM). The remaining 22 parame-
ters of the pMSSM are:

¢ The mass of the CP-odd Higgs boson, m, and the Higgs mixing parameter p. Alternatively

it is also possible to use the two Higgs mass parameter m3; and m%, instead.

e The ratio of the vacuum expectation values, v; and wvs, of the two Higgs doublets:

tan 8 = %2 (2.41)
U1

o Mass parameters for the gauginos (bino, wino and gluino): M;, Ms, Ms.

o Mass parameters and trilinear couplings for the first (and therefore also the second)

generation of scalar fermions: mg, Mmag, Mg, , Mi, Mey and Ay, Aq, Ae, with

§= (Zi) and | = <:i> . (2.42)

 Mass parameters and trilinear couplings for the third generation: mg, mg, mg_, myg,, My

and A, Ay, A,, with
- t - 7
O = <L> and [ = <'fL> . (2.43)
by, L

Within the context of this thesis the experimental results of the Higgs boson searches are
interpreted in certain benchmark scenarios of the MSSM. In these scenarios, the number of free
parameters is further reduced to two: ma and tan 3, by fixing the remaining parameters using
additional assumptions or limits from previous experimental measurement. An overview about

the benchmark scenarios used is presented in Section 2.2.6.

10In addition to the 19 a-priori unknown parameters of the SM.
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2.2.3 Higgs Sector of the MSSM

The Higgs sector of the MSSM is slightly more complicated than in the SM. Instead of one

complex doublet of scalar Higgs fields, one needs to introduce two doublets H; and Hs with

HY HY
Ho =1 ., Hy=| 2. (2.44)
Hy Hj

Both doublets are complex scalar fields, which lead to eight degrees of freedom. Two doublets
are necessary to ensure that the theory is free of chiral or Adler-Bradeen-Jachiw anomalies [59].
A higher number of doublets is in principle possible but a rotation in the field space can ensure

that only H; and Hy have a non-vanishing vacuum expectation value [62].

The fields Hy and H> generate the masses of the matter particles with negative or positive weak
iso-spin independently, in contrast to the SM, in which the masses of the fermions are generated

by the same Higgs field, independent of the iso-spin.

The potential of the Higgs sector, Vi, in the MSSM can be written in the following form [58,59]:

Vie = (| +m%,) [Hi|* + (Ju? +m%,) |Hs|

— puB (Hy Hf — HYHY +h.c.) (2.45)
2 2
+ 2 1 s . 2
+ B (1P — | Haf*) + So3 [HyHY + H B
in which
2 12
\Hy|? = [HY|” + |Hf | (2.46)
2 2
\Ho|* = |HY|” + |HS|” . (2.47)

The parameters g; and g, represent the gauge couplings of the U(1),, and SU(2); symmetry,

respectively.

Like the SM, the electro-weak symmetry SU(2); x U(1)y should be broken at the minimum of
the Higgs potential but not the QED symmetry. Using the freedom of gauge transformation in
SU(2)y, allows to set the vacuum expectation value of one of the charged components to zero:
(H{) = 0. The VEV of the second charged component, <H2+ ) = 0, is subsequently also vanishing
at the minimum of the potential [58, 59]:

M _ . (2.48)
OH;

The vanishing VEVs of the charged components ensures an unbroken potential of the electro-

magnetic sector of the theory [58,59].

To break the electro-weak symmetry, the VEVs of the neutral components acquire non-vanishing
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values [59]:
moy =L gl =2 2.49
(H7) 7 (H3) 7 (2.49)
in which v; and vy are related via:
v? = (v +0l) = Amg (246 GeV)? (2.50)
91 + 95 ’

at lowest order of perturbation theory. The ratio of the vacuum expectation values is usually
defined as tan 8, with:
tan = 2. (2.51)
U1

Evaluating the Higgs potential at its minimum with respect to the neutral components,

M e,

oHY | 9HY
allows to gain conditions for B and p? as functions of m%IN m%b and tan 8. Developing the
Higgs potential around the minimum leads to the physical Higgs fields: three of the eight degrees
of freedom can be associated with the Nambu-Goldstone bosons, G° and G*, which will give
masses and longitudinal polarization modes to the gauge bosons Z° and W# [58]. The remaining
degrees of freedom introduce five Higgs scalar mass eigenstates [58]: three neutral Higgs bosons,
h, H and A, as well as the two charged Higgs bosons H*. Assuming an expansion in the neutral

parts of the Higgs fields (separated in the real and imaginary part) [59]:

1 HY +ipPY 1 HY
Hy = (i) oy 2 ) (2.52)
V2 H; V2 \vo + HY +iP)

one obtains the following relations [59] between the gauge eigenstates and the mass eigenstates:

H cosa  sina\ [ HY
_ [ (2.53)
h —sina cosa) \ HY
G° cosB  sinf\ [P G* cosf  sinf\ (HE
— [ , — L) (2.54)
A —sinfB cosB) \PY H* —sinf8 cosfB) \ H,

The mixing angle g is defined via the ratio of VEVs according to eq. (2.51). At tree level, two
parameters are sufficient to fix the Higgs boson mass values. It is common to choose ma and

tan 8 as the free parameters, which leads to the relations [59]:

1
mpy = 3 <mi +mZ F \/(mi +m2)? — 4m3%m2 cos? 25) (2.55)
mie =ma +miy . (2.56)
This also defines the mixing angle o with:

+m

1 2 2
o= §arctan (tan 2ﬂm> , —g <a<0. (2.57)
my —myg
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The mass values of the A, H and H* bosons are unbounded, but the mass of the (light'!) h
boson has an upper bound of
mp < my |cos(28)| (2.58)

at tree level. Consequently the maximum allowed mass values would be my, = myz (| cos(25)| = 1)
but the parameter space for such a light MSSM Higgs boson is already largely excluded by the
MSSM Higgs searches at LEP [63].

If the MSSM is realized in nature, the mass value of h is expected to be larger than my
which is possible when taking radiative corrections into account. Corrections at higher order of
perturbation theory modify the Higgs boson masses. In particular, the mass of the lightest Higgs

boson, my,, can be increased above the Z-boson mass boundary up to a maximum value of:
mp®* ~ 130 — 140 GeV. (2.59)

This allows to raise the mass of the light MSSM Higgs boson above the exclusion limit of LEP and
it also allows a possible interpretation of the new particle, discovered by ATLAS and CMS [10,11],
to be the light MSSM Higgs boson. These corrections depend on the top-sector and bottom-sector
as well as the mixing between the corresponding SUSY particles. The number of parameters
necessary to provide a full description of the MSSM Higgs sector increases and the additional
parameters are usually fixed within certain benchmark scenarios to allow an interpretation of

experimental results.

In contrast, the mass values of the four remaining heavy Higgs bosons (A, H, H¥) will degenerate

and converge to the value of ma,
ma ~ My ~ My= . (2.60)

The evolution of the neutral, CP-even Higgs boson masses, my and my, are presented in
Figure 2.4 as a function of mu for two different values of tan $ in the m}'** benchmark scenario.
The left plot presents the low mass region, showing the saturation of the A boson mass around
130 GeV, while the right plot shows the same distribution for a larger range in my, emphasizing
the degeneration for ma and my in the decoupling limit of the MSSM:

mp >>my and tanf >>1. (2.61)
mod+

The corresponding distributions for the my benchmark scenarios can be found in Section A.1.1.

Coupling of the neutral MSSM Higgs bosons to SM particles

The physics of the MSSM Higgs sector is not only affected by the mass parameters of the Higgs

bosons but also by their interaction strengths to other particles.

Yukawa interactions between the scalar Higgs boson fields and fermion fields are parameterized

1 The choice that h is the lighter one of both neutral, CP-even bosons is a convention.
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Figure 2.4: Development of the neutral, CP-even Higgs boson masses, my and mu, as a
function of ma for two different values in tan 8. Both plots are produced for
the m'™ benchmark scenario. The benchmark points are provided by the LHC
Higgs Cross Section Working Group [64, 65].

using a superpotential W [58,59]. The Yukawa couplings to down-type and up-type fermions'?

can be expressed in the following terms [59]:

_ . _ -mg sin o __ sMmy cosa
®=h: gnaa=—1%1505  ghw = I GRE
. _.m __ ;my si
®=H: ggqq = ’LT}d (C:g:g s JHuu = 27" :Eg (262)

my 1

P=A: gaaa=ttanf,  gaw =" g

Including radiative corrections [59,66], the coupling structure shows a quite different behavior
for values of ma below or above m{™®*. If ma < mp'®*, the couplings of the h boson are en-
hanced /suppressed for down-type/up-type fermions, while the couplings for the H boson are close
to the Higgs-fermion couplings predicted in the SM. In contrast, for ma > mp®* (especially in the
decoupling limit), both CP-even Higgs bosons switch their behavior. The coupling parameters of
the light Higgs boson h to SM fermions will develop towards the couplings of a pure SM Higgs
boson without a supersymmetry extension of the Higgs-sector [59]. Except for the sign, the
neutral CP-even and CP-odd Higgs bosons show the same coupling structure. The couplings
to up-type fermions are suppressed with cot 5 while the couplings to down-type fermions are
enhanced by tan 8 [59]. Consequently, with increasing values of tan 8 the couplings to up-type
fermions will vanish and the couplings to down-type will play a dominant role in the production
and decay mechanisms of A and H. Especially the interactions with bottom quarks and tau
leptons will become more interesting as these are the heaviest down-type quarks/leptons in the
SM. These general behaviors of the Higgs bosons persist even after taking radiative corrections

into account [59].

Interactions between the Higgs bosons and SM gauge bosons are parametrized in the kinematic

terms of the two Higgs fields. Trilinear couplings between one Higgs boson and two gauge

12Fermions with negative or positive iso-spin, denoted with a “d” or “u” superscript, respectively.
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bosons are only allowed for the two neutral CP-even Higgs bosons: hZZ, HZZ, hWW+W ™ and
HW+W~. Trilinear interactions with the CP-odd A boson (AWW, AZZ) and the charged
Higgs bosons (HTW*Z) are not permitted due to CP invariance [59]. No (direct) couplings
to photons are allowed due to fact that the photon is massless. The couplings themselves are
proportional to the mass of the corresponding gauge bosons and to the sine or cosine of the
difference between the two mixing angles of the Higgs sector, depending on whether the gauge

boson couples to h or H:

coupling to h ~ sin (f — «a) ,
coupling to H ~ cos (8 — a) .

Like the couplings to fermions, the couplings between h and H behave contrary to each other.
In the decoupling limit, the couplings between the SM gauge boson and the heavy Higgs boson
will vanish, while the coupling parameters to the light Higgs boson are converging towards the
SM values.

Trilinear couplings between one Higgs boson and two gauge bosons are strongly suppressed by
the requirement of CP invariance, which demands that the Higgs bosons involved need to have an
opposite parity [59]. Only two interaction for neutral Higgs boson are allowed: AZh and AZH,
which are proportional to cos(8 — «) for h and sin(8 — «) for H. Additional interactions are
possible if one of the bosons is charged: W+ H*® with ® € {h, H, A}, ZHtH~, and yHt H~ [59].

Quartic couplings between Higgs bosons and gauge bosons offer a complex spectrum of possible

interactions, but are not relevant in the context of this thesis.

In summary, the MSSM Higgs sector in the decoupling limit is characterized by the following

properties:

max

1. The light CP-even Higgs boson h receives its maximal mass value, m'**, and its couplings

converge towards to the couplings of the SM Higgs boson.

2. The mass values between the heavier neutral Higgs bosons H and A degenerate and the
coupling structure between both Higgs bosons becomes similar: the couplings to SM gauge
bosons vanish and the couplings to down-type/up-type fermions are enhanced/suppressed
with tan j.

max

The resulting SM-like Higgs boson h, with a mass < m*>, is therefore effectively decoupled
from the high mass Higgs sector of the MSSM.

2.2.4 Production of heavy neutral MSSM Higgs bosons at a hadron collider

The main production channels for the neutral MSSM Higgs bosons in a hadron collider environ-
ment are similar to the ones for the pure SM Higgs boson. Within the context of this thesis,
the production in association with heavy quarks (especially b-quarks) and the gluon-gluon fusion

process are the most important production channels. Production channels including interactions
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with vector bosons V € {Z, W}, either the associated production with V or the vector boson
fusion, are less relevant in the decoupling limit, since the interactions are strongly suppressed or

even forbidden by CP invariance.

Production in association with heavy quarks

The production of neutral MSSM Higgs bosons in association with heavy quarks is dominated by
Higgs radiation processes off top or bottom quarks. The final state is usually characterized by a
tt or bb pair in addition to the produced Higgs boson, either via a quark/anti-quark annihilation
process, qG — tt/bb+®, or a gluon-gluon fusion process, gg — tt/bb+ ®, in the initial state. Two
example Feynman diagrams at lowest order in perturbation theory are shown in Figure 2.5, where

® represents one of the three neutral Higgs bosons: ® = h, H, A. For the b-quark associated

990099000 A——— b/t q b/t
A
h/H/A \\
e _ > h/HJA
A
7QQQQQQQ p———— b/t q b/t

Figure 2.5: Feynman diagrams for the heavy neutral MSSM Higgs bosons production in
association with an ¢t or bb pair in the final state.

production, processes with no additional quark, bb — ®, or one b-quark, gb — ®, in the final

state are also allowed. The corresponding Feynman diagrams are presented in Figure 2.6.

h/HJA

b b

Figure 2.6: Feynman diagrams for the heavy neutral MSSM Higgs bosons production in
association with one or zero additional b-quark in the final state.

The general features of the cross sections are similar to the SM cross sections, but are modified
by the different couplings of the MSSM Higgs bosons to the top and bottom quarks: g and
9opp- In the decoupling limit, the cross sections for h are almost SM like and the top-quark
associated production is therefore the dominating process, due to the large mass of the top quark.
For H the cross section of the top quark associated production is smaller than the SM one due to
the suppression of the couplings to up-type quarks. In contrast, the coupling to bottom quarks
is enhanced and the Higgs boson production in association with b-quarks becomes the dominant

production process for high values of tan 8 [59, 67].
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The cross sections for the b-associated production of neutral MSSM Higgs bosons and for the
production via gluon-gluon fusion (which will be discussed in the next section) are shown for
two different values of tan 8 in Figure 2.7. For high values of tan 8 (in this example tan 8 = 30)
the b-associated production becomes the major production mechanism over (almost) the full
mass range, when compared to the gluon-gluon fusion production process. The production cross
sections for the CP-odd boson A are very similar compared to the CP-even H boson in the
decoupling limit. With increasing values of tan 8 the differences between the cross sections are
further reduced and only at low values of tan § a significant difference between the CP-odd and
the CP-even Higgs boson can be observed. Around the critical point of ma = m** one can

nicely observe the transition between the behaviors of the two CP-even bosons.

82 [ i 8 PN 1§
S 107 Ns=7TeVig J10°- Ns=7TeV=;
+ F ] § + F ] "’
< = =22 © 10¢ =%
il F E ? F E
Q. [ ] Qo [ ]
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- 3 107F 3
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-4 | I I I -4 | I I I
10 102 10° 10 102 10°
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Figure 2.7: Production cross sections for the neutral MSSM Higgs bosons h, H and A are
shown as a function of the corresponding Higgs boson mass, Mg, and for a
relative small values of tan 8 = 5 (left) and a quite large value of tan 8 = 30
(right). The cross sections are calculated within the my®* benchmark scenario.
Both results are taken from [67].

Corrections at higher orders in the perturbation theory will modify the b-associated cross sec-
tions [67]: the dominant groups are the NLO QCD corrections [68,69] (which are of the order
of 20% to 45% at the LHC, depending on the Higgs mass considered) but also electro-weak

corrections [70] and corrections due to SUSY particles are taken into account [71].

The calculation of the inclusive total cross section for the Higgs production can be performed in
two different schemes: either the five flavor scheme (5FS), where the b-quarks are considered
as possible partons in the proton, or the four flavor scheme (4FS), where the b-quarks are not
considered. If all orders of the perturbation theory would be considered, the results for the cross
sections using the 4FS and 5FS would be identical, but at a finite order of perturbation theory
the cross sections calculated using the two schemes will show differences due to the different ways
how the terms in the perturbation series are ordered. Within the context of this thesis, a method
to combine the results of both schemes is applied, suggested by R. Harlander, M. Krdmer and M.
Schumacher [72].
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In this method the cross sections for the 4F'S and the 5FS are combined by the weight w:

o4FS | 4 . o5FS

mb. — 5 2.
Ocomb. 1+w ( 63)
where
w=In"2 9 (2.64)
m

depends on the mass of the Higgs bosons, mg, divided by the mass of the bottom quark, my,. For
small Higgs mass values the 4FS will dominate the combined cross section, while the 5FS will
provide the major part for large Higgs mass values. Around a mass of 100 GeV, both schemes
will be equally weighted in the combination, which is in accord with the fact the both schemes

provide similar results at around this mass value.

Gluon-gluon fusion

The production of neutral MSSM Higgs boson via gluon-gluon fusion is an important process,
especially for smaller values of tan 8, compared to the b-associated production. Because gluons
are massless, the Higgs bosons will not couple directly to them. Like the coupling to photons,
the interaction gg — @ is performed via a fermion (or boson) loop, illustrated in Figure 2.8.
Dominant contributions arise from top and bottom quark loops (like in the SM) but additional con-

tributions from SUSY particles are possible (e.g. stop and sbottom loops for the h, H production).

9 Q00Q00Q

AN0101010]9.

Figure 2.8: Feynman diagram for neutral MSSM Higgs production via gluon-gluon fusion
with a bottom and top-quark loop.

The cross section for the gluon-gluon fusion process in the MSSM is similar to the SM cross
section but the portions of top/bottom loops contributing to the cross section differ depending on
the couplings of the Higgs bosons to top and bottom quarks [59]. With increasing values of tan f3,
the couplings of the Higgs bosons to top quarks will become more and more suppressed while
the couplings to bottom quarks are enhanced. Subsequently the contribution of bottom quarks
to the cross section will increase and will become more dominant compared to the SM case.
However, the top quark Yukawa coupling is stronger than the bottom quark coupling (neglecting
the tan 8 effect) due to the high mass of the top quark. If tan § is small, the loss in the cross
section due to the suppression of the top quark Yukawa coupling cannot be compensated yet by
the enhancement of the bottom quark contributions. The resulting minimum of the MSSM cross
sections is expected around tan 8 ~ 6 — 8 [59]. Consequently, for relatively small values of tan 3
the MSSM cross section will be smaller than the SM one but it will surpass the SM cross section

with increasing values of tan 8 [59].
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Higher order corrections for the gluon-gluon fusion process are dominantly positive and add large
contributions to the production process. QCD corrections can increase the total cross section
by about 50 % to 100 % depending on the considered tan 8 region [67]. The NLO corrections
are calculated in the heavy quark limit as well as including the full dependence on the quark
masses. In addition to the SM QCD correction, contributions from SUSY QCD interactions
are considered which can have a non-negligible effect on the cross section for increasing values
of tan 5. These corrections are elaborated by several groups and an overview can be found for

example in [59,67]. The evolution of the cross sections as a function of my, is shown in Figure 2.7.

Production including vector boson interactions

The interaction vertex with one Higgs boson and two gauge bosons allows two different production
mechanisms for Higgs bosons at a hadron collider: the Higgs production in association with a
vector boson, also termed Higgs-strahlung, and the production via fusion of two vector bosons.
An example Feynman diagram for each process is shown in Figure 2.9. At lowest order in
perturbation theory, only the production modes for the CP-even Higgs bosons h and H are
allowed, because the CP invariance forbids a direct coupling of the CP-odd A to two vector

bosons. The cross sections are proportional to the SM cross sections for the given processes, but

q q

q q
(a) Higgs-strahlung (b) Vector boson fusion

Figure 2.9: Primary production mechanisms for neutral MSSM Higgs boson at lowest order
of perturbation theory including vector boson interactions, with V' € {Z, Wi}.

weighted with the squared coupling of the involved Higgs boson to two vector bosons [59]:
OMSSM = g<21>VV X oM (S {h, H} (265)

Additional radiative corrections from the SUSY sector can also cause deviations from the SM
cross sections. This includes additional QCD corrections originating from squarks and gluinos
as well as contributions from heavy quark loops to the Higgs-strahlungs process [59] (especially

from b-quarks, because the coupling to down-type quarks is usually enhanced).

The cross section dependence on the coupling gevy defines its main behavior. For low values
of ma the coupling of the light h to two vector bosons is suppressed and consequently also the
corresponding cross sections. In the decoupling limit, the coupling gnyv will converge to the SM
value (because sin(f8 — «) ~ 1) und the cross sections will become close to the SM ones. The

light MSSM boson will effectively act like to SM Higgs boson as expected in the decoupling limit.
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In contrast to the light h boson, the cross sections for the heavy H boson (with myg ~ ma in the
decoupling limit), will decrease, because cos(8 —a) — 0. In consequence, for high masses of A/H
the production of H via vector boson interactions will vanish and these production channels

become irrelevant for heavy neutral MSSM Higgs boson searches.

2.2.5 Decay of heavy neutral MSSM Higgs bosons

The decay modes and rates of the MSSM Higgs bosons are (like the production mechanisms)
determined by the couplings and therefore depend on the considered region in the MSSM param-
eter space. For this study only decays in SM particles are considered and the SUSY particles are

assumed to be too heavy to contribute significantly to the branching fractions'?.

Within the decoupling limit of the MSSM, the light CP-even boson, h, will acquire its maximum
mass value, mp'**, and will show a SM like Higgs coupling structure. Subsequently the h will
decay like a SM Higgs boson dominantly in bb and WW*, in which one W boson is off-shell. The

total decay width of the light Higgs boson will be of the order of a few MeV.

The couplings of the heavier neutral Higgs bosons, A and H, are strongly enhanced toward
down-type fermion and suppressed for other particles for large values of tan 5. The dominant
decay channels are therefore the decay to bb, with a branching fraction of about 90 %, and the

decay in 7777, with a branching fraction of roughly 10 %:

B(®—bb)~90% , ®=AH
B(@%TJFT*) ~10%.

The ratio, R, between the branching fractions of the bb and 7+ 7~ decay channel can be expressed

in the SM with _
B (h — bb) _ Bm%(mh)

RZB(h—M’*T*)_ m2

, (2.66)

where my,(Q) represents the running b-quark mass at an energy scale @, taking the leading
SM QCD corrections into account, and m, represents the mass of the tau lepton [73]. This
result is also valid for models in which the structure of the Higgs sector is like the SM, including
the MSSM [73]. Within the decoupling limit, the ratio is expected to the constant at tree level [59].

A small fraction of Higgs bosons can also decay into tt, once the mass values of the bosons are
large enough to kinematically allow the decay channel. The total decay widths of the heavy
MSSM Higgs bosons, I' (& = A, H), are of the order of 1GeV to 10 GeV, depending on tan j.
The development of the various branching ratios as a function of the Higgs boson masses are
presented in Ref. [59] and the relevant distributions are summarized in Figure 2.10. While bb and
77~ decays are dominating in the decoupling limit, the behavior changes towards lower values
of tan 8 and Higgs boson masses. The branching ratios for H and A are almost identical for high

values of tan 3, once the my (and therefor ma) is above the critical point m***. For low values

13Nevertheless, supersymmetric particles can still affect the branching ratio via loop contribution, e.g. corrections
to the fermion mass terms [59].
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Figure 2.10: The development of the branching ratios for the CP-odd Higgs boson A (top)
and the CP-even Higgs boson H (bottom) are presented as a function of the
corresponding boson mass parameter. The branching ratios are shown for a
low value of tan 8 = 3 (left) and a relative large value of tan 8 = 30 (right).
The results are taken from Ref. [59].
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of tan 3, the decay spectrum becomes more diverse for both bosons and the differences between
A and H become more visible due to the different CP behavior of both bosons'4. In the case
of small tan 8 values, the ¢f channel becomes the dominant decay mode for high Higgs masses,
because the coupling suppression to up-type fermion is not strong enough to compensate for the

increased coupling due to the large top quark mass.

The bb and 7+7~ decay channels allow therefore to probe a wide range of the MSSM parameter
space, especially in the decoupling limit. Within this thesis the 777~ decay channel is probed.
Although the branching ratio is relatively small compared to the bb channel, the expected
background contribution from SM processes is significantly larger for the search based on the bb

decay channel compared to the 777~ decay channel.

2.2.6 MSSM Benchmark Scenarios

The large number of additional parameters, introduced by the breaking of SUSY, leads to
practical limitations for experimental analyses and their interpretation in the context of SUSY
related studies (e.g. searches for new SUSY particles). The high dimensionality of the corre-
sponding parameter space makes a complete scan based on experimental results very difficult.
In a benchmark scenario only a small number of SUSY parameters is variable, the rest of the
parameters is fixed. This allows a scan over a smaller parameter space and an interpretation of

experimental results within the given scenario.

As discussed in Section 2.2.3, the mass parameter of the lightest, CP even, Higgs boson h can
be expressed in terms of the mass of the CP odd Higgs boson, mp, the ratio of the vacuum
expectation values tan $ and the mass of the Z-boson, myz on tree level. This results in an upper
bound of the Higgs boson mass of

my < my. (2.67)

Corrections from higher orders in perturbation theory raise the upper bound to my, < 135GeV [74],
with an uncertainty of up to 3 GeV.

Radiative corrections allow other particles of the MSSM to add contribution to my, which need
to be considered. The dominant contributions originate from interactions to scaler top or scaler

bottom particles via the trilinear couplings, A; and A}, respectively.

mZ +m2 +cos28 (L — Zsin? 6, ) m2 my X/
Mtg — tL, t ﬂ (2 3 ) Z ) ) ) At L, ) (268)
my Xy m +mi + 3 cos 2B sin® Omy;,
M2 — m%L +m? + cos 23 (—% + %sin2 QW) m2 mp Xy (2.69)
b my Xp mg +mp — Lcos2Bsin?Oymi ) T

where the parameter X; and X}, contain the trilinear couplings:

mtXt = My (At — ,LLCOt ﬂ) (270)
mp Xy, = my, (A, — ptan ) . (2.71)

14CP invariance restricts the possible decay modes for the CP-odd boson as discussed in the coupling section.
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Here the parameter 1 denotes the Higgs mixing and 6y the weak mixing (Weinberg) angle

mw

(2.72)
myg,

cos by, =

For the benchmark scenarios considered, the masses of the stop and sbottom!® are assumed to
be equall® [75]:

mgL =mg, = mBL =myg, = MSUSY . (2.73)

R R

Similar considerations are incorporated for the scalar superpartner of tau leptons and neutrinos
and the squarks and sleptons of the first and second generation. Again, the diagonal entries
of the mass matrices containing the SUSY breaking terms are assumed to be equal for the

stau/sneutrino and for the squarks/sleptons of the first and second generation:

m;L/R =My, = MI3 (274)
méL/R =My, = mﬂL/R = m,;“ = MTLQ (275)
May, g = maL/R = My g = May g = Mfll,z : (276)

The trilinear coupling of the Higgs bosons with tau and stau particles is denoted as A..

In addition the light Higgs boson mass depends on the mass of the gluino (at two-loop order
corrections), mg, and the masses of the gauginos M; and M. For the scenarios considered, the

mass M is fixed at the GUT scale and can be expressed in terms of Ms:

5 sin? 6y,

= 28 Ow 2.
1™ 3 cos? Oy (2.77)

The masses of the first and second generation squarks and sleptons have only a minor impact

and are fixed to the following values [75] for all benchmark scenarios considered:

M; = 1500GeV 2.78
1,2
Mg, , = 500GeV . (2.79)

The couplings to the first and second generation scalar fermions are neglected [75]. They enter
the off-diagonal elements of the mass matrices always multiplied with the mass of the correspond-
ing SM fermions and the masses of the first and second generation fermions can be neglected

compared to that of the third generation.

max d

Within the context of this thesis, two benchmark scenarios are considered, the m;'** and m}'°
mod d—

scenario. The my'°¢ scenario is furthermore divided into a mhmOd+

and my'°°" case. In both
cases the parameters ma and tan [ are free parameters of the benchmark models and the rest of
the parameters is fixed. The full list of parameter settings for both scenarios can be found in

Table 2.3.

15The states {1, ig, by, and by are the superparters to the left and right handed top and bottom quarks,
respectively.
16The mass parameters of the i1, and by, particles are anyway equal due to gauge invariance under SU(2).
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The m"®* benchmark scenario The m}'** benchmark scenario was first introduced within the
context of the MSSM Higgs boson searches at LEP [63,76,77] in order to derive conservative
exclusion limits for ma and tan 8. The mixing in the stop sector, X%, is adjusted to ensure that

the radiative corrections will maximize my, as a function of tan 5. With the observation of a

obs
higgs

particle with the lightest MSSM Higgs boson (within the context of MSSM Higgs searches). The

max

my

possible Higgs candidate with a mass of m ~ 125.5 GeV, it seems natural to identify the new
scenario does not really support this interpretation, because my, will be (by construction)
usually higher (above 130 GeV for tan 8 > 10 [75]). As a result, only a small region in the
ma-tan 8 phase-space will allow a light Higgs-boson around 125 GeV. This problem is avoided
in the mﬁmd scenario. However, the mj** scenario is still used to calculate conservative bounds
for the MSSM Higgs boson searches and it allows an easy comparison with previous measurements.
Within this thesis an updated version of the m*** scenario [75] is utilized, in which the latest
measurements of the top quark mass and limits from direct SUSY searches at the LHC are

considered (in particular new limits on gluino searches).

d max

The m"°4 benchmark scenario The m"°? scenario is a modified version of the m®* scenario,

max

in which the mixing of the stop sector, X, is reduced compared to m®* [75]. This allows a

mass of the lightest Higgs boson close to the mass of the observed particle,

M~ MRS, (2.80)

over a reasonable range in the ma-tan 8 space. Two different version of the scenario were
proposed in [75], the mﬁ’OdJr and mhmc’df scenario, in which the sign of Xy is either positive
or negative, respectively. Both scenarios differ in their agreement to other experiment results
(which are sensitive to SUSY contributions). The mﬁlo‘ﬂ' tends do provide better results when
compared to measurements of the anomalous magnetic dipole moment of the muon (g-2), while

mﬁmi* shows a better agreement with measurements in B-physics [75].

Page 32



CHAPTER 2. STANDARD MODEL OF PARTICLE PHYSICS AND BEYOND

Parameter Unit mp an°d+ mﬁ“’d_
my GeV 173.2 173.2 173.2
Msusy GeV 1000 1000 1000
MI3 GeV 1000 1000 1000
mg GeV 1500 1500 1500
M, GeV 200 200 200
" GeV 200 200 200
X085 /Msusy - 2.0 1.5 -1.9
XMS /Mousy - NG 1.6 2.2
Ax - A = Ap = A,

Table 2.3: Parameter settings for the my'®*, 17”Lhm°Cl+ and m'h“Od_ MSSM benchmark scenar-
ios. The parameter ma and tan S are the two remaining variable parameters.

The parameter X°° and th\Ts are evaluated in the on-shell and M S scheme,
respectively. The results are taken from Ref. [75].
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3 The ATLAS experiment at the Large
Hadron Collider

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) [78] is a quasi-circular particle-particle accelerator which is
operated by CERN!. With a circumference of 26.7 km, the LHC is constructed in the former
tunnel of the LEP [79] collider which is located 45m to 170 m below the surface. The physics
program of the LHC involves collisions between either two proton beams with a center-of-mass en-

ergy up to /s = 14TeV or two beams of lead nuclei with energies up to 5.5 TeV per nucleon pair.

Since protons are bound states of quarks and gluons, a collision between two protons will be
composed of several sub-interactions between the elementary particles. Although the majority of
interactions at the LHC are QCD-based scattering processes, the production of all SM particles
is allowed in proton-proton interactions: e.g. the production of electro-weak gauge bosons, top
and bottom quarks, Higgs bosons and even possible new resonances predicted by BSM theories.

The rate, Reyt, at which are certain process or event occurs at the LHC is defined by:

dNeyi (1)

Revt = dt

= Oevt(pp = X) X L, (3.1)

where Nyt (t) is the expected mean number of events, ooyt the cross section for the given process
and L represents the instantaneous luminosity of the LHC. The luminosity is a machine parameter
which depends on the given beam configuration and is a measure for the beam density. The total
number of expected events within a certain time interval, Ney (o + At), can be obtained via
integration:
to+At
Nevt (to + At) = Teyt X /t L dt = 0yt X Ling , (3.2)
0

where L, represents the integrated luminosity.

Resonances, which are produced during the proton-proton interactions, will most likely decay
into lighter particles until the final decay products are stable enough? to reach active detector
material. Six main experiments are located along the LHC ring in order to detect and measure

the out-coming particle spectra:

IThe European Organization for Nuclear Research, "Conseil Européen pour la Recherche Nucléaire" (CERN), is
located between the French-Swiss border in the near of Geneva, Switzerland. It was founded in 1954 and it is
today one of the largest European institutions in the field of particle physics.

2Beside particles which are stable at a fundamental level (at the current knowledge) like protons, electrons or
photons, also particles with a large enough lifetime are able to reach the active detector elements including
pions, kaons, neutrons and muons.
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 two high luminosity, multi-purpose detectors: ATLAS [80] and CMS [81], which are designed

for proton-proton collisions up to an instantaneous luminosity of L = 103*cm=2s~! and

lead-lead collisions at a design luminosity of L = 102" cm 257!,

« one experiment with focus on heavy ion physics: ALICE [82],

 one experiment specialized to study B hadron physics (with a focus on rare decays and
CP violating processes) in proton-proton collisions: LHCb [83] at a design luminosity of

L=10*2cm 25!

)

o the LHCf experiment [84] which allows measurements of neutral particle spectra at high

regions in pseudorapidity (n > 8.4),

o and the TOTEM [85] experiment, which allows measurements of the total proton-proton
collision cross section using a luminosity independent method? as well as elastic and

diffractive scattering processes in proton-proton collisions.

In contrast to particle- anti-particle accelerators like Tevatron or LEP, the LHC is a particle-
particle accelerator and therefore needs two separated rings to accommodate two counter-rotating
proton/lead beams. The LHC can be subdivided into 16 sections: eight arched and eight straight
sections which are arranged in an alternating pattern. A schematic overview of the LHC can
be found in Figure 3.1. Four of the straight segments contain the main experiments* and the
corresponding beam crossing points. Two of these segments also contain the injection structures
for both beams. The rest of the straight elements contain several supporting devices necessary
for the accelerator operations: e.g. collimation systems, radio-frequency (RF) cavities for beam

acceleration and a beam dump system [78].

A complex, superconducting magnet system, based on NbTi Rutherford cable technology [78],
is utilized at the LHC to control the direction and the spread of the two beams. During the
LHC operation the magnets are cooled down below 2K, using superfluid helium, to ensure
a superconducting state, generating magnetic fields with a strength® up to 8T. Since two
independent beam lines are necessary for a particle-particle collider, most magnets are designed
following a “two-in-one” concept in which both beam lines share the same cold mass and cryostat
system. The bending of the beams is achieved by 1232 dipole magnets which are primarily imple-
mented in the arched sections of the LHC. In addition ~ 4800 corrector magnets are installed

to control the properties of the beams including quadrupole, sextupole as well as octupole designs.

The probability for scattering processes between accelerated protons and the remaining gas
atoms inside the beam pipes need to be reduced to ensure a reasonable beam lifetime and to
avoid additional background sources in the experiments. The reduction is achieved by a beam
vacuum system, which ensures residual gas densities normalized to hydrogen below 105 Ho m~—3

in the beam pipes and below 1013 Hy m~3 around the interaction points of the experiments [78].

3The total proton-proton cross section and the luminosity are measured simultaneously with the TOTEM
detector [85].

4The TOTEM experiment is embedded within the CMS detector and the LHCf experiment is located near the
ATLAS detector.

5For comparison: other accelerator experiments, e.g. Tevatron [87], were also using superconducting NbTi
technology, usually cooled down to ~ 4.2 K with magnetic fields up to 5T.
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In addition to the vacuum system for the beam pipes, two more vacuum systems are utilized at
the LHC for insulation purposes of the cryogenic and helium systems. The vacuum requirements
for the insulation systems are looser compared to the beam vacuum, requiring a pressure around

10~% mbar at operation temperature.

LHC LAYOUT Before the proton bunches are injected into
the LHC rings, they are pre-accelerated in
several substeps using the accelerator com-
plex at CERN, illustrated in Figure 3.2.

The protons, which are acquired by ion-

Low B (pp)
High Luminosity

RF
& Future Expt,

ization of hydrogen, are first accelerated
up to 50MeV in the LINAC2 accelera-
tor.  Afterwards the protons are subse-
quently passed to the Proton-Synchrotron-
Booster (PSB), the Proton-Synchrotron (PS)
and the Super-Proton-Synchrotron (SPS)
which accelerate the protons up to an
energy of 1.4GeV, 25GeV and 450GeV
[78], respectively. From the SPS the pro-

tons are injected into the LHC and ac-

(B physics)

celerated to the aimed center-of-mass en-

ergy.

CERN AC _ EI2-4A_V18/9/1997

The protons are injected, accelerated and

Figure 3.1: Schematic overview of the LHC layout brought to collision in bunches with up to

in the former LEP tunnel [86]. ny, ~ 10! protons per bunch. With the de-

sign beam configurations®, the LHC will be

capable of storing up to N, = 2808 proton

bunches with a spacing time of t,s &~ 25ns between each bunch [78], which leads to a bunch
crossing frequency of

1
fioe = 5~ = 40MHz. (3.3)

The expected transverse (normalized) emittance, €,, of a proton bunch is around 3.75 pm [78].
Assuming that the beam density follows a Gaussian profile, the instantaneous luminosity of the
LHC can be expressed in the following term:
N2 frovy
[ = brbJrevir o 3.4

yrony Tl (3.4)
where f,e, represents the revolution frequency, 7, the relativistic gamma factor and 8* the value
of the beta function at the collision point [78]. Since both beams are running in separate beam
lines, it is necessary to cross both beams at the desired interaction point in order to trigger the

collisions. Subsequently the proton bunches will not collide head on but instead under a certain

SDuring the first years of operation, the LHC was running at much lower luminosities (and center-of-mass
energies) and therefore lower number of bunches and larger time spacing.
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angle, which affects the instantaneous luminosity. This effect is considered by the correction
factor F. During the crossing of two proton bunches, several proton-proton interactions are
possible. The effect of multiple proton-proton collisions is usually referred to as pile-up. The

excepted number of collisions per bunch crossing,
E [Ncoll] = <Ncoll> =K, (3~5)
strongly depends on the beam parameter setting chosen.

CERN's accelerator complex
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Figure 3.2: Schematic overview of the accelerator complex at CERN [88].

The pile-up interactions introduce a new source of unavoidable background by adding additional
contributions of tracks and energy deposits which need to be taken into account during the

reconstruction, calibration and identification of particles in the experiments.
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3.2 The ATLAS experiment

The ATLAS” detector [80] is a multi-purpose particle detector located at point 1 of the LHC
ring. ATLAS was designed to allow a wide range of high-precision measurements and searches

for new physics including:

1. precision measurements of processes predicted by the Standard Model, e.g. soft/high
energy QCD interaction, top and bottom quarks physics, tau lepton physics, gauge boson

interactions,
2. search for and measurement of the SM Higgs boson,

3. various searches for physics beyond the SM (e.g. SUSY, heavy gauge bosons, extra

dimensions),
4. studies of matter at extreme densities using nucleus-nucleus interaction.

To achieve the given goals, the ATLAS detector measures the outgoing particle spectra of
proton-proton or nucleus-nucleus collisions over the full azimuthal angle and a wide range of the
polar angle. The overall layout of the ATLAS detector can be found in Figure 3.3.

25m

Tile calorimeters
. : LAr hadronic end-cap and
forward calorimeters
Pixel detector \

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 3.3: Schematic overview of the ATLAS detector [89].

The detector itself consists of several subcomponents, each with different specifications, which
are build up layer by layer around the beam pipe. The inner most part (close to the beam
pipe) is the Inner Detector (ID) which allows the reconstructions of charged particle trajectories
(tracking), the momentum and charge measurement of particles and the reconstruction of decay
vertices. A momentum reconstruction of charged particles from the trajectories is only possible
if the particles are bent within a magnetic field inside the ID. The ID is therefore enclosed by a

7TATLAS is an abbreviation for “A Toroidal LHC ApparatuS”.
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solenoid, which provides a homogenous magnetic field of ~ 2T.

The inner detector system is enclosed by a calorimeter system which can be separated in two
main sub-systems: an electromagnetic calorimeter and a hadronic calorimeter. The majority
of charged and neutral particles will be absorbed in the calorimeters, allowing an energy and

position measurement of the incoming particles.

Muons, above a certain energy level, and neutrinos are the only SM particles which are expected
to pass through the electromagnetic and hadronic calorimeter. Neutrinos only participate in the
weak interaction and the probability for an interaction between a neutrino and the detector ma-
terial is negligible. Most neutrinos will therefore leave the detector unregistered, which results in
a missing transverse momentum. Muons, in contrast, can be detected via the muon spectrometer
(MS) which surrounds the calorimeter system. The spectrometer consists of tracking chambers in-

stalled in a magnetic field of about ~ 0.5T to 1.0 T which is provided by an air-core toroid system.

3.2.1 Coordinate System

The nominal interaction point (IP) of the two particle beams defines the origin of the coordinate
system of the ATLAS detector. In Cartesian coordinates, the z axis is defined along the beam
axis and the x and y axes span the plane transverse to the beam with the y axis being defined
as pointing upwards and the x axis pointing towards the center of the LHC ring. Consequently,
the azimuthal angle, ¢, describes the position of a particle around the beam axis, while the polar

angle, 6, defines the angular distance between a particle and the beam axis (see Figure 3.4). It is

transverse
Y plane

[ —

1

Ll

beam axis:
1

1

Figure 3.4: Schematic overview of the ATLAS coordinate system.

common practice in hadron collider physics to use the rapidity

1. (E
y21n( +pL), (3.6)

E —pL
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n=—In [tan (gﬂ (3.7)

instead of # to parametrize the angular distance of particles to the beam, where F represents

or pseudorapidity

the total energy of the corresponding particle and py, its momentum along the beam axis. If
the mass of a particle is negligible compared to its momentum, the rapidity converges to the
pseudorapidity:

lim y(m) ~7n. (3.8)

p>>m

In most cases, 7 is a reasonable approximation for the rapidity, because the masses of the particles
involved (electrons, muons, pions, etc.) are usually small compared to their momenta at the
LHC, which ranges from several GeV up to a few TeV. Of course, this approximation is invalid

for potential high mass objects like particle jets.

The rapidity difference between two particles, Ay = y; — y;, is invariant under a Lorentz boost
along the beam axis and therefore independent of the chosen reference frame (same holds for
the pseudorapidity in the limit given in Eq. (3.8)). This characteristic is particularly useful
at hadron colliders where the incoming partons carry an, a priori, unknown fraction of the
protons longitudinal momentum, resulting in an unknown boost between the rest frame of the
proton-proton collision and the laboratory frame. The distance, AR;;, between two points in the

n-¢ plane is given by:

ARy =/ (An)* + (86)2 =/ (mi — m5)> + (6 — 65)°. (3.9)

Since the longitudinal momentum of the incoming partons is a priori unknown, most physical
quantities are expressed by their projections in the transversal plane. The most common quantity

is the transverse momentum, pr, of a particle, with

pr = \/p2 +p2. (3.10)

The transverse momentum of the incoming partons is (usually) assumed to be negligible due to
the high boost along the beam axis.

3.2.2 Inner Detector

The ATLAS inner detector [90,91] consists of three separate sub-detector elements: (from
innermost to outermost element) a semiconductor pizel detector [92], a semiconductor tracker
(SCT) based on silicon microstrips [93] and a drift straw tube [94] based transition radiation
tracker (TRT) [95,96].

The pixel detector is the innermost part of the ATLAS detector providing the first active detector
material for the incoming particles. Silicon is used as the active material for the high-resolution

pixel elements, with an area of about 50 x 400(600) pm? per pixel. The modules are mounted on
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three cylinders®, which are constructed parallel and layer by layer around the beam axis (barrel),
and on 2 x 3 disks (end-caps, with three disks on each detector side), which are assembled

perpendicular to the beam pipe.

The SCT detector modules are assembled similarly to the pixel detector: four concentric layers
in the barrel and 2 x 9 disks in the end-caps. Instead of single pixels, strips of single sided p-in-n
semiconductor sensors are utilized with a pitch of ~ 80 um. Both, the pixel and SCT detector,
cover a pseudorapidity range up to |n| = 2.5 and the full azimuthal space. The intrinsic lateral?
accuracies for the semiconductors are 10 pm and 17 pm, for pixel and SCT respectively, and

115pm and 580 pm in the longitudinal'® direction.

The SCT is followed by the TRT detector, which consists of several layers of drift tubes. Each
tube has a diameter of about 4 mm and contains a Xe or Ar based gas mixture. Comparable
to the pixel and SCT detector, the TRT tubes are arranged in a cylindrical shape around the
beam axis in the barrel region (the tubes are assembled parallel to the beam) and perpendicular
to the beam in the end-caps. The TRT covers a pseudorapidity range up to |n| = 2.0 (and the
full azimuthal space) providing a longitudinal accuracy of 130 pm with an average number of
36 straw tube signals per charged particle trajectory. Transition radiation material in form of
polypropylene fibres and foils embeds the tubes in the barrel and end-cap parts. A charged
particle at high relativistic v values will emit transition radiation photons (Ey ~ O(1 — 10) keV)
when passing two materials with different dielectric constants. The photons are absorbed by the
gas mixture resulting in additional energy deposition in the straw tubes, which can be used for
particle identification, in particular for the separation between electrons and pions [98]. In total,

the whole ID provides approximately 87 x 10® readout channels.

3.2.3 Calorimeter System

Calorimetry!'! at the ATLAS detector is performed using different sampling calorimeter tech-
nologies. The calorimeter systems can be classified into the following main sub-detectors:
the electromagnetic liquid-argon (LAr) calorimeter (EM) [99], the electromagnetic end-caps
(EMEC) [100], the central hadronic tile calorimeter (tile) [101], the hadronic end-cap calorimeter
(HEC) [102] and the forward calorimeter system (FCal) [103]. An overview of the structure can
be found in Figure 3.5. All systems are sampling calorimeters consisting of alternating layers of

absorber material and active medium.

The innermost calorimeter system is the EM calorimeter, which primarily focuses on the energy
measurement of electrons and photons. It is directly mounted behind the ID and consists of a

barrel part and two end-caps (one on each detector side), which provide a coverage of |n| < 1.475

8The initial three layer design for the pixel detector had been used for the first data taken periods in the years
2009 - 2012. During the upgrade phase in 2013/14 an additional pixel layer (B-layer) [97] was installed, which
has been used for the new data taking period in 2015/16.

9Which corresponds to the R — ¢ plane (in the spherical coordinate system) for the barrel and end-cap region.

10Which corresponds to the z axis (beam axis) for the barrel region and the R axis (in the spherical coordinate
system) for the end-caps.

1 The basic concept of calorimetry is the absorption of particles and the subsequent measurement of the deposited
energies. Incoming particles will interact with the detector material via the electromagnetic or strong
interaction, which will produce shower of secondary particles inside the calorimeter systems. Usually not only
the total amount of deposited energy is of interest but also the shape and position of the shower.
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Figure 3.5: Schematic overview of the ATLAS calorimeter system [104].

and 1.375 < |n| < 3.2, respectively. The barrel part itself is divided into two separate sub-barrels
which are mounted around the beam pipe with a small gap of 4 mm around z = 0. Like the ID
components, the end-cap modules of the EM calorimeter are mounted on wheels (two wheels
per end-cap), which are assembled in a cryostat system. Planes of lead and LAr, which is filled
in gaps in between the lead plates, are arranged in an accordion shape which provides a full
coverage in the azimuthal direction and allows a fast signal extraction at the copper electrodes.
The lead plates are the absorber material for the incoming particles while the LAr operates as
the active material. The modules are segmented into cells of readout circuits [105], in which
the granularity of the cells varies between the different layers and modules. Typical cell sizes
ranges from 0.0031 to 0.1 in An and 0.025 to 0.1 in A¢. The granularity typically decreases

with increasing distance to the beam axis [80, cha. 5].

The hadronic tile calorimeter can be divided into a central barrel (|| < 1.0), which encloses the
barrel part of the EM calorimeter and two extended barrels (0.8 < |n| < 1.7), one on each side
enclosing the corresponding cryostat of the EM calorimeter (see Figure 3.5). An alternating
structure of steel plates and scintillator tiles is utilized, with the steel as absorber material for
the incoming hadrons and the scintillators as active material. The tiles are arranged around
the beam axis with a perpendicular alignment towards the beam pipe, allowing an (almost) full
coverage in the azimuthal direction. Particles passing through the scintillator tiles will induce
scintillation light (ultraviolet spectrum) [80] which is collected via fibres at the edges of the
tile modules. The wavelength of the incoming light is shifted toward higher values and finally
detected using photomultiplier tubes. Like the EM calorimeter, the tile calorimeter is segmented
into cells (defined by a corresponding group of fibres) with sizes of (0.1 — 0.2) x 0.1 in An x Ag.

The gaps between the central barrel and the extended barrels (crack-regions) are necessary to
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accommodate services and power supply structures for the ID and the EM calorimeter, but cause
a loss in precision of the energy measurement due to the inactive material. This loss is partly
recovered using the Intermediate Tile Calorimeter (ITC) [101] which is located as an extension

of the extended barrel inside the gap.

The hadronic end-cap sampling calorimeters are located behind the EMEC, sharing the same
cryostat systems. Each HEC consists of two wheels of copper plates (with a thickness of 25 mm
to 50 mm for the front and rear wheel, respectively) with LAr filled gaps (8.5 mm) in between as
active medium. The wheels are mounted perpendicular to the beam axis and extend the coverage
of the hadronic calorimeter to 1.5 < |n| < 3.2. Readout cells of the HEC are of the order of
0.1 x 0.1 in An x A¢ for |n| < 2.5 and 0.2 x 0.2 for |n| > 2.5, ensuring a higher granularity for
regions covered by the ID.

The forward calorimeter is integrated in the cryostat systems of the end-caps and enclosed by
the HEC. It covers the very forward region of the detector (3.1 < |n| < 4.9) which is especially
important for the measurement of the missing transverse energy, ERisS| targeting a resolution of
AEmiss [ pmiss < 10 % [103]. The high particle flux in the very forward regions of the detector
sets strong requirements to radiation hardness of the materials and the design of the calorimeter.
The FCal is a sampling calorimeter which uses liquid argon as active material. Three modules
are assembled per end-cap: the first module utilizes copper as absorber material and is designed
primarily as electromagnetic calorimeter, while the second and third module are designed as
hadronic calorimeter utilizing tungsten as absorber. The absorber materials are formed as a
matrix of tubes parallel to the beam pipe. Electrodes in form of rods a centered inside the tubes,
while the gap between the rod and the tube is filled with the LAr. This structure allows very
small LAr gaps (~ 0.25mm) which are necessary to prevent problems with ion accumulation'2.
The readout cell dimensions for the FCal are 0.1 x 0.1 in the front module and 0.2 x 0.2 in the
back modules [103].

Overall, the ATLAS calorimeter system provides a (almost) hermetic coverage in the azimuthal
direction and up to 4.9 in pseudorapidity with a total number of ~ 192320 readout channels. It
is built large enough to contain the full sub-particle showers for the vast majority of incoming
particles. This ensures a full reconstruction of the particle energies and directions, shields the
succeeding muon spectrometer from possible punch-through and provides the input for the

calorimeter based trigger systems.

The performance and resolution of the ATLAS calorimeter system during the first years of data

taking are discussed in the context of particle reconstruction and calibration in Chapter 4.

12Tonizing particles passing through the LAr will create free electron and argon ion pairs, in which the ions have
a slower drifting velocity inside the LAr compared to the electrons. An increasing rate of incoming particles
can cause an accumulation of ions inside the LAr gap and thereby create disturbances of the electric field
inside the gap leading to a decrease in performance [106].
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3.2.4 Muon Spectrometer

The ATLAS muon spectrometer [107] is the outermost component of the full detector system sur-
rounding the tile barrel calorimeter and the cryostats for the EMEC, HEC and FCal. It consists
of several layers of tracking chambers and trigger modules in order to perform measurements on
muons, with an intended momentum resolution of ~ 10 % for an energy of 1 TeV. An schematic

overview of the muon system is presented in Figure 3.6.

Thin-gap chambers (TEC)
‘ n Cathode strip chambers (CSC)

T” \ Barrel toroid
Resistive-plate
chambers (RPC)
End-cap toroid

Monitored drift tubes (MDT)

Figure 3.6: Schematic overview of the ATLAS muon spectrometer [108].

Like the ID and the calorimeter systems, one differentiates between three sub-elements: one barrel
part and two end-caps (one for each detector side). Within the barrel part of the muon systems,
the chambers are assembled on three concentric, cylindrical supporting structures around the
beam pipe, with a distance of ~ 5m, 7.5m and 10m from the beam axis, respectively. The
end-cap chambers are mounted on four wheels per end-cap, which are assembled perpendicular
to the beam pipe. The whole muon spectrometer provides a coverage up to |n| = 2.7, except for
a gap around |n| ~ 0 which is used for service structures of the ID, the solenoid magnet and the

calorimeter system.

Magnetic fields are provided by three air-core toroid systems, with each toroid consisting of eight
coils. Using an air-core design reduces to amount of dead material for the traversing particles.
The barrel toroid coils are arranged in a symmetric structure around to beam pipe with a separate
cryostat system for each coil, while the end-cap toroid systems are arranged between the end-cap
chamber wheels using a single cryostat system for each end-cap. The provided bending power'
of the magnetic system is 1.5 T m to 5.5 T m for the barrel toroid and about 1.0 Tm to 7.5 Tm

within the end-cap systems.

13The bending power is defined as the integral of the magnetic field over the trajectory of a particle with
infinite momentum, f Bdl. The integration is performed from the innermost to the outermost part the muon
system [80].
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Four different technologies are deployed for the muon chambers: the tracking is performed using
Monitored Drift Tubes (MDTS) and Cathode Strip Chambers (CSCs) while the trigger system
utilizes Resistive Plate Chamber (RPCs) in the barrel part and Thin Gap Chambers (TGCs) in
the end-cap parts.

The MDTs are the main elements within the muon tracking system. Within the innermost layer,
the MDTs cover a range up to |n| = 2.0 and are replaced with CSCs in the end-caps for the very
forward region, while the remaining layer in barrel and end-caps are completely assembled with
MDTs. A MDT chamber consist of drift tubes, of about ~ 30 mm in diameter, filled with an
Ar/CO; gas mixture. The tubes are usually combined in 2 x 3(4) tube layers (2 layer bundles
with 3-4 tube layers per bundle) and are mounted along the azimuthal direction. Each tube
provides a resolution of 80 pm which combines to an average resolution of 30 pm to 35 pm per

MDT chamber, depending on the number of tube layers.

The CSCs replace the MDT in the very forward region of the innermost end-cap layer, due to
the risk of radiation damage in the MDT caused by the increase particle flux'* compared to
the barrel region or the outside layers. Each CSC chambers consist of four planes: each plane
works as multiwire proportional chambers using a Ar/CO4 gas mixture, in which the wires are
mounted radially to the beam axis. The cathodes are partitioned into strips of ~ 1.5 mm to
1.6 mm (separated by an 0.25mm gap) either perpendicular or parallel to the wire direction,
to provide information in both directions. The signal induced by an incoming track is usually
distributed along 3 to 5 strips. This setup allows a resolution of 60 um in the bending plane and

about 5mm in the azimuthal direction per CSC chamber.

The trigger chambers are used to provide fast tracking information about muons in the n-¢
plane, which can be used for the hardware level trigger systems. Trigger information is provided
for |n| < 2.4 and the full azimuthal direction. The measurements in the trigger chambers are
also used to complement the measurements in the MDTs, especially the measurement in the
azimuthal direction. The barrel trigger system (|n| < 1.05) consists of RPCs which are mounted
below or above the corresponding MDT module on each of the three cylindrical supporting
structures of the barrel muon system. Each RPC consists of two independent layers, with each
layer consisting of two parallel resistive plates with a gas filled gap of 2mm in between. The
readout is performed via strips in n and ¢ with a strip width of about 25 mm to 30 mm and a

separation of 2 mm between the strips.

The trigger end-cap systems utilize TGCs, which are mounted on two layers close to the inner
layer of the end-cap tracking chambers and on seven layers near the middle layer of the MDT
end-caps. In contrast to the RPC, which is designed without wires, the TGCs are multiwire
proportional chambers with a gas gap of about 2.8 mm and 1.8 mm distance between the single
wires. While the signal of the wire is used to measure the particle coordinate in the bending
plane, radially aligned readout strip with a resolution of 2mrad to 3 mrad are utilized to measure

the azimuthal coordinate.

14The MDTs are designed for particles flux densities up to 150 Hzcm~2 while the CSCs can be safely operated
up 1000 Hzcm ™2 [80].
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The entire muon spectrometer provides about 370 000 readout channels for the tracking systems
and 677000 channels for the trigger systems. The performance of the spectrometer in terms of

muon reconstruction and identification is discussed in Section 4.4.
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3.3 LHC and ATLAS performance during Run 1

The concept for the LHC was first introduced during a workshop in Lausanne in 1984 [109],
followed by the letter of intent for the ATLAS and CMS detector in 1992. The technical design
reports for both experiments were approved in 1997. After more than one decade of deployment,
the last LHC magnet was finally mounted in the year 2007. In 2008, the deployment for both
the ATLAS and CMS experiment was completed and on September 10 the first proton-proton
beam was circulated through the LHC ring. Nine days after the first beam, an incident [110]
occurred during a power test, leading to mechanical damage on the LHC ring itself and to
a leakage of helium into the LHC tunnel. This incident lead to a significant delay (over one
year) of the data taking plans. The damaged magnets had been replaced in April 30, 2009 and
proton beams have been circulated on November 20. Beginning with December 16 in 2009,

the first data taking periods took place with a maximum center-of-mass energy of /s = 2.36 TeV.

After a short technical stop, the ATLAS experiment performed measurements of proton-proton
collisions at /s = 7TeV during the years 2010 and 2011 and continued at a center-of-mass
energy of /s = 8TeV during 2012. These years of the first data taking are commonly referred
to as Run 1. The center-of-mass energies during Run 1 are settled significantly below the design
energy of \/s = 14TeV, as a consequence of the incident in 2008. Starting February 2013, a
long shutdown period started allowing an extensive maintenance of the LHC ring itself and the
experiments as well as upgrades to ensure a safe operation of the LHC at higher center-of-mass
energies and to improve the performance of the experiments. The new data taking period started

on June 2015, using proton-proton collisions at /s = 13 TeV.

Within the context of this thesis, data samples from all three years of operation during Run 1
are utilized: the 2010 samples are used for the underlying event analyses (see Chapter 5), the
2011 samples for MSSM Higgs boson searches (see Chapter 6) and the 2012 measurements for

optimization studies on tau identification algorithms (see Chapter 4).

The details of the data taking periods of proton-proton collisions during Run 1 at /s = 7TeV
and /s = 8TeV are discussed the following section. Details of the nucleon collision runs as

well as special runs at lower center-of-mass energies are omitted and can be found in Ref. [111].

3.3.1 Data taking during the years 2010 to 2012 at the ATLAS experiment

The first injection into the LHC ring took place in February 27, 2010, with the first proton-proton
collisions happening under stable beam conditions on March 30 at a center-of-mass energy of
Vs = TTeV (3.5TeV per proton beam). During 2010, the LHC machine delivered a total
integrated luminosity of Li,; ~ 45pb~! [112] of which roughly 37 pb~! are usable for physics
analyses. The 2010 period is characterized by a relatively large bunch spacing time of t,s = 150 ns
and low number of pile-up interactions of

max 5, (3.11)

coll
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which makes the 2010 dataset preferable for the underlying event analysis (see Section 5.1.3 for
details). The data taking period ended on October 25 for the 150 ns bunch spacing configuration.
On October 31 a 50 ns bunch spacing operation was tested [111].

After a technical stop during the New Year break, the data taking continued at /s = 7TeV
during 2011 beginning February 19 until October 7. The 2011 data taking is characterized by a
reduce bunch spacing time compared to 2010 with a spacing of t,s = 50ns during the bulk of the
year'® [111]. The instantaneous luminosity was increased by a factor of 18 (in peak luminosity),
which results in a total delivered luminosity of 5.5 fb=1 [112], from which 4.5 fb~! are usable for
physics analyses. An additional consequence of the increased luminosity is an increased number

of pile-up events of up to ~ 20 [112].
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Figure 3.7: The top figure presents the peak luminosity for proton-proton interaction and
the bottom figure the peak interaction per bunch crossing at the ATLAS
experiment, both as a function of time. The distributions are shown for the
year 2010 (left), 2011 (middle) and 2012 (right), respectively. Both results are
taken from Ref. [113].

In 2012, the center-of-mass energy provided by the LHC has been increased from 7 TeV to 8 TeV
(4 TeV per proton beam). The physics program for proton-proton beams in 2012 started on May
4 and ended on December 17, delivering a total luminosity of 22.8 fb~!, from which 20.3 fb~! are

15A few periods had been performed with t,s = 75(25)ns at the start(end) of the 2011 run.
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usable for physics analyses. Similar to the 2011 period, a bunch spacing time of t,s = 50 ns was
utilized for the majority of the data taking period. With the increasing instantaneous luminosity,
an increase of pile-up events could be observed with a maximum number of pile-up events of
~ 40. An overview of the parameters for Run 1 is provided in Table 3.1, separated for all three
years. However, for the tau identification studies (see Section 4.6) only a subsample of the 2012

data was utilized, corresponding to an integrated luminosity of 740 pb~1!.

2010 2011 2012
Delivered luminosity [fb~!] 0.047 5.5 22.8
Luminosity for physics [fb~}] 37 4.5 20.3
Rel. uncertainty 6L/L [%)] 3.5 1.8 2.8
Peak luminosity [10%3 cm ™2 s™!] 0.2 3.5 7.7
Max. number of interactions (pile-up) ~5 ~ 20 ~ 40
Max. number of protons per bunch x10! 1.2 1.45 1.76
Max. number of bunches per beam 368 1380 1380

Table 3.1: Overview of Run 1 data taking parameters for proton-proton collisions in the
years 2010, 2011 and 2012. The numbers are taken from Refs. [111,112].

In summary, the Run 1 proton-proton collision setup is characterized by center-of-mass energies
of /s = TTeV to 8 TeV and a continuous increase in performance during the three years in
form of increased instantaneous luminosity, increased number of bunches and reduced bunch
spacing time but also in combination with an increased number of additional pile-up interactions,

as presented in Figure 3.7.
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4 Particle Reconstruction and ldentification

The foundation for physics analyses in particle collider experiments is the reconstruction and
identification of stable particles originating from primary and secondary interactions. For proton-
proton collision events, recorded with the ATLAS detector, the reconstruction of particles is

performed via a combination of various signal sources of the sub-detector systems.

First, trajectories of charged particles and subsequently vertices are reconstructed from signals
in the inner detector and muon spectrometer, while energy deposits in the calorimeter systems
are calibrated and clustered to broader structures. The resulting tracks and cell clusters are the
baseline for the reconstruction of higher level objects, which are closer related to the physical
particles, including: electrons, photons, muons, jets, hadronically decaying tau leptons and the

missing transverse momentum.

Once the particles are reconstructed, it is in general necessary to perform an identification process
since a significant fraction of the reconstructed particle candidates are usually misclassified.
Quality criteria based on the properties of the reconstructed object are applied to increase the
purity of a certain particle classification. The identification methods depend on the assumed

particle hypotheses and thus are different for the various particles types.
The relevant reconstruction and identification chains used in the ATLAS collaboration are

summarized in the Sections 4.1 to 4.7 with a focus on hadronically decaying tau leptons.

Following this, a brief overview about the ATLAS trigger system is provided in Section 4.8.
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4.1 Track and Vertex Reconstruction

The track reconstruction denotes the reconstruction of charged particle trajectories via a mixture
of pattern finding algorithms and fitting procedures of the track candidates [114,115]. Within

this context, a trajectory is defined by five parameters:
qg\1
(d07203¢507§) ) (41)

where dyp and zy denote the transverse and longitudinal impact parameter, respectively. The
parameter ¢ and 6 represent the azimuthal and polar angles of the track with respect to the
laboratory frame, while 4/p represents the charge of the track divided by its associated momentum,
p. Both impact parameters are calculated with respect to a certain vertex position (in general to
the primary vertex position). The transverse impact parameter, dy, denotes the distance between
the considered vertex and the point of closest approach (PCA) in the plane perpendicular to the
beam axis (r x ¢ plane in spherical coordinates), while the longitudinal impact parameter, zg,

represents the distance between the PCA and the vertex position along the beam pipe.

Within this chapter, a brief overview about the track reconstruction in the inner detector system
is provided. The reconstruction of muon tracks using information from the muon spectrometer is

discussed in Section 4.4.

Two main algorithms are utilized in ATLAS: the inside-out and the outside-in sequence. The
inside-out algorithm is used to find primarily trajectories of charged particles originating from a
primary interaction within the beam pipe. Recorded hits! in the silicon based detector elements
(pixel or SCT) are extended towards the TRT system based on the Kalman filter algorithm [115].
A weight is associated to each track parametrizing the quality of the track, which depends on
track properties like the number of hits, the number of holes? and the quality of the track fit. In
contrast the outside-in sequence focuses on the reconstruction of secondary particles, which are
produced from sub-decays of primary particles or from interactions with the detector material,
using seeds in the TRT system and extending the track candidates towards the beam pipe. The
selection of tracks and the corresponding reconstruction efficiencies are discussed within the

context of the underlying event analysis in Section 5.1.

The reconstruction of (primary) vertices [116] is performed using an iterative procedure. Starting
with tracks in the region close to the interaction point, a possible vertex position is fitted. Tracks
which are (to some degree) incompatible with the fitted vertex position are removed and the
fitting procedure is repeated. Once a final vertex position is found, incompatible tracks are
removed and used as possible seeds for new vertices. The process is repeated for all tracks in the
recorded event. The reconstruction efficiency for vertices is found to be about 90 % for a single
proton-proton interaction (for common track selection criteria) and decreases with an increasing

number of pile-up vertices [114].

11D modules which register an energy deposition injected by a charged particle passing through the active
material.

2A hole is a detector part in which a hit is excepted following the current fitted trajectory but not found due to
inefficiencies of the detector element.
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4.2 Reconstruction of Energy Deposits in the Calorimeter

Charged and neutral particles, primarily electrons, photons and hadrons, will interact with the
absorber parts of the calorimeter systems, causing electromagnetic showers which result in electric
signals in the individual calorimeter cells. Usually an incoming particle shower will deposit its
energy across several cells and layers of the electromagnetic and hadronic calorimeter (spread
and shape of the shower depends on incoming particle type and energy) and it is necessary

to cluster the calorimeter cells in a reasonable way to reconstruct and identify the ingoing particles.

The ATLAS calorimeter has a non-compensating response behavior, which result in the different
energy response for electrons (and photons) and hadrons. Two main calibration schemes are
utilized for the calorimeter cells: the electromagnetic (EM) energy scale [117-125], derived
from test beam measurements, which provides the correct response for particles involved in
electromagnetic showers and the local hadron calibration (LC) [126,127]. The LC scale accounts
for the non-compensating response behavior of the calorimeter, for energy deposits out-side of

the considered clusters and for inactive material in the detector.

Two main algorithms are used for the clustering: the sliding-window clustering and the topological

clustering [128].

Sliding-window clustering The baseline for this particular cluster algorithm is the segmentation
of the calorimeter into a grid in the 7-¢ plane. Cell energies longitudinal to a corresponding
grid element are added up. Local energy maxima above a certain threshold are used as seeds
for the clusters. The maxima are found within a fixed size window in 7 x ¢. Cells are assigned
to the cluster in a rectangular window around an estimated seed position whereby the size of
the windows varies depending on the particle hypothesis. This type of clustering algorithm is

commonly used of electron and photon reconstruction.

Topological clustering For this approach a signal to noise ratio is defined for each cell:

|Ecell‘
teel = ohoise (42)

cell

noise

The noise term, o 3)*,

is the expected RMS of the considered cell originating from electrical noise
plus additional terms from pile-up contributions. Seed cells are defined as having a signal to noise
ratio above 4. In an iterative procedure neighboring cells are added with a threshold t.e; > 2 and
a final layer of cells with t.e; > 0 is added to form the full topological cluster. The final cluster
will combine cells from the EM and hadronic calorimeter. If several local maxima are found
within a cluster, the cluster can be split and re-clustered to allow a separation of overlapping
shower profiles. This algorithm creates clusters with a variable number of cells assigned (in
contrast to the sliding-window algorithm), to resemble the shower profile of the ingoing particle.
Typical values for the number of cells per cluster are around 200 - 500, depending on the energy
deposited. This kind of cluster algorithm is commonly used for jet finding and the reconstruction

of hadronically decaying tau leptons.
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4.3 Electron Reconstruction and ldentification

In this section a brief summary about experimental techniques for the reconstruction, calibration
and identification [129,130] of electrons and positrons® at the ATLAS experiment is presented.
The techniques presented are optimized using proton-proton collision data at a center-of-mass

energy of v/s = 7TeV and an integrated luminosity of Ly, = 4.7 fb~! recorded in the year 2011.

4.3.1 Reconstruction and Calibration

The electron reconstruction differs for electron candidates in the central region (|| < 2.5) and
forward region (2.5 < |n| < 4.9). Within the central region, tracking information provided by
the inner detector components allow an association of a track with an energy deposit in the
EM calorimeter. Electron candidates above a total transverse energy threshold of Er > 7 GeV
can be reconstructed using this method. In contrast, the forward region relies on calorimeter
information only to reconstruct electron candidates, restricting the range of electron candidates
to Er > 20 GeV. In the further context, only electrons reconstructed within the central region

are considered.

Central electron reconstruction Clusters of energy deposits in the EM calorimeter with
Er > 2.5GeV are the starting points for the electron reconstruction which are localized
using a sliding window algorithm [128]. Tracks with a transverse momentum of pt > 500 MeV are
extrapolated to the middle layer of the EM calorimeter and matched to the center of the clusters.
Possible energy losses due to bremsstrahlung are considered for the matching step between a
cluster and a track. A preliminary energy estimation is performed for each candidate considering
energy deposits in the front of the calorimeter, energy deposits in the various layers of the
EM calorimeter as well as possible leakages. In addition, corrections for possible displacements

between the inner detector and the calorimeter are applied.

Central electron calibration Calibration methods based on the MC simulated detector response
are utilized to estimate the true particle energy from detector level observables [130]. Corrections
for differences in the calorimeter response and the absolute energy scale between the measurements
and the predictions from simulation have been determined using Z — ee measurements. The
final results lead to an accuracy in the energy scale of about 0.3 — 2 x 1073 and to corrections on
the resolution of the order of < 1%. The calibration using the Z — ee events was cross-checked

using measurements of J/¥ — ee events [130].

4.3.2 ldentification

The electron identification algorithm provides a technique to separate reconstructed electron
candidates originating from prompt, mostly isolated electrons against candidates originating
from background processes. Possible background processes are hadrons which are misidentified,
non-isolated electrons produced in hadron decays and electrons from photon conversion processes
due to interactions with the detector material. The identification is based on observables from

the calorimeter systems, the tracking systems or a combination of both. A consecutive series of

3Within the further context only electrons are mentioned but the algorithms are used in the same way for
positrons.
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selection steps is performed, parametrized in the transverse energy, Er, and the pseudorapidity,

7, of the corresponding electron candidate. Three reference selection sets (levels) of identification

criteria are defined: loose, medium and tight. The background rejection increases with tighter

selection criteria at the cost of the signal identification efficiency. Details on the selection

requirements of each level can be found in Ref. [129].

Measurements in Z — ee, W — ev and J/¥ — ee events allow a determination of the identifi-

cation efficiency in data events. Scale factors between the measurements and MC simulations

are derived to account for the mis-modeling in the simulation together with the corresponding

uncertainties for the scale factors, both parametrized in E1 and 7 of the electron candidate.

The combined reconstruction and identification efficiency for electrons as a function of Er and

an example for the electron scale factors can be found in Figure 4.1.
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Figure 4.1: Combined electron reconstruction and identification efficiency vs. Er of the
electron candidate (left) and the identification scale factor vs. n of the electron
candidate (right), both showing the three reference selection sets loose, medium
and tight. Both figures are taken from Ref. [129].

Within the scope of this thesis the loose selection level is used, which corresponds to a combined

reconstruction and identification efficiency of 75 % to 95 % and scale factors of the order of 1%

to 2 %.
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4.4 Muon Reconstruction and ldentification

The muon is an elementary fermion which is categorized to the second generation of leptons within
the SM. Although the properties of a muon are similar to the properties of an electron, the higher
mass value of 105.65MeV [12] and the relatively high mean life time of 7, = 2.2 x 10765 [12]
lead to a quite different signature within the ATLAS detector. The signature of a muon passing
through the detector material is characterized by a track in the inner detector system and the
muon spectrometer as well as a, relative to its total momentum, small energy deposition in the

calorimeter system.

Consequently, the muon reconstruction is dominated by information from the tracking systems
(ID and MS) [131]. Depending on the source of the information, it is possible to distinguish

between four main types of reconstructed muon:
Stand-Alone (SA) Muons reconstructed from MS tracks only;

Segmented Tagged (ST) Tracks from the ID which can be extrapolated to at least one track
segment in the MS;

Calorimeter Tagged (CaloTag) Tracks from ID which match with energy deposits in the

calorimeter;

Combined (CB) Muons which are constructed from independent measurements in the ID and
the MS.

The CB muons provide the highest purity among all types and are used in MSSM Higgs boson
search. In ATLAS, two independent approaches (chains) are utilized at the time to reconstruct

CB muons:

Chain 1 Based on a statistical combination of the ID and MS tracks. The corresponding
covariance matrices of both measurements are considered [131]. This algorithm is also

referred to as Staco algorithm.

Chain 2 A global fit is performed simultaneously using the information of the ID and MS [131].

This algorithm is also referred to as Muid algorithm.

Within the further context, reconstructed (CB) muons based on the Staco algorithm are used.

Tracks in the ID systems are required to pass certain quality criteria to be associated with a given
muon candidate. The following list of selection requirements represent the recommendations for
the 2011 data set:

1. if a hit inside der b-layer? is expected from the position of the trajectory, the track need to

have at least one b-layer hit;

2. the track should provide at least one hit inside the pixel detector and five hits inside the
SCT system (inoperative, “dead”, senor modules which are crossed by the track are counted
as hit);

4Innermost pixel detector layer.
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3. the number of holes (detector elements which are expected to show a signal given the

considered trajectory) in the pixel and the SCT system should be less than three.

If the trajectory lies within the acceptance of the TRT systems, the following set of selections is

performed on top of the pixel and SCT requirements:

1. if ’ntrk’ < 1.9, then the sum of TRT hits and outliers should be above five and the fraction
of outliers should be below 90 %;

2. if |77“k| > 1.9, the fraction of outliers only need to be below 90 % if the sum of hits and

outliers is above five.

An outlier in the TRT system is either defined as a straw tube signal from other tracks or a set
of TRT hits for which an extrapolation with the pixel and SCT hits failed. Additional quality
criteria for the full muon candidates are defined to ensure certain properties, e.g. a certain level
of background rejection or momentum resolution. The relevant criteria depend on the utilized
chain and software version and have been provided by the Muon Combined Performance Group

of the ATLAS experiment in form of three working points: loose, medium and tight.

The performance of the muon reconstruction was studied using measurements of Z — pupu,
J/U — ppoand T — pp processes collected in the years 2011 and 2012 [131]. As an example the
muon reconstruction efficiency in Z — pu events is presented in Figure 4.2 for various muon
types using the staco reconstruction algorithm. The overall efficiency is largely above 95 %,
except for regions close to 1 & 0, where supporting devices for the ID and Calorimeter are located

and at |n| = 1.2, where some MS Chambers were not installed at the time.

Deviations between the measurements and the

-

> T
[3) .- s M At . . .
5 0955 - w‘g"@ = fﬁf‘fo oo™ i eser simulations are taken into account by correct-
8 E - E :
5 ooz EX - E ing the energy scale of the muon momentum
0.85F = . . . .
0.8E R R E predicted by the simulation using measure-
8E aTLAS © 2 E
0.75F<-CB,MC ~ - CB, Data hain1 Muons 3 ments of the invariant mass of the u~pu™ sys-
0.7C © CB+ST,MC ——CB+ST,Data 15 0 3" 3 ) )
0.65C. ~ CaloTag MC ——CaloTag,Data (5 77ey 7 tems [131]. The corresponding tracks in the ID
E + 10 GeV 3 .
o 08 = and MS systems are corrected independently
1.1 . .
S 1' . . from each other. Systematic uncertainties are
© 5 AR aRE A O
8 09 : found to be around 1% in the barrel region
25 2 15 1 05 0 05 1 15 2 25

n and about 4 % towards higher n values. The

relative momentum resolution is evaluated to

Figure 4.2: Muon reconstruction efficiency for dif- be of the order of 1.7% to 4% depending on
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4.5 Jet Reconstruction and Calibration

The nature of the strong interaction prevents the observation of free quarks and gluon and
restricts physicists to measurements of QCD bound states like mesons and hadrons. Due to the
structure of the strong coupling, quarks and gluon hadronise into bundles of particles which
share similar directions in y x ¢ (usually within a certain cone), with y representing the rapidity
of the jet. These particle bundles are referred to as jets and the reconstruction and calibration of
jets is an important analysis step to understand and analyze collision processes, in particularly

at a hadron collider where the majority of scattering processes are pure QCD-based interactions.

The experimental signature of jets are typically bundles of tracks in the ID as well as clusters
of energy deposits in the calorimeter systems. Over the past decades different jet clustering
algorithms have been developed, each with different proprieties, strengths and weak points. Within
the context of this study, jets reconstructed with the anti-k; algorithm [132] are considered. The

following section contains a summary of the anti-k; algorithm.

The anti-k; Algorithm The starting point for the algorithm are entities which can be associated
to particles. Each entity ¢ should be associated with a position in space defined by the azimuthal
angle, ¢;, and the polar angle, 0;, as well as a transverse momentum, pr ;. The clustering of

entities is based on the following two distance parameter definitions: the distance between two

11 AZ.
di,j = min (2 > X _Rlé] (43)

’ 2
Pt Pr;

entities 1, j,

and the distance between an entity ¢ and the beam axis,

1
dip = —5—, 4.4
B p%ﬂ ( )
where
A7 = (Wi —y5)* + (60 — ¢5)° (4.5)

represents the distance of both entities in y x ¢. The radius parameter R of the algorithm
allows to control the area considered for the clustering process. Within an iterative process, the
smallest distance between all possible entities is calculated: if the smallest distance is d; j, both
corresponding particles are combined to a new entity and if the distance to the beam, d; g, is
the smallest the corresponding object is labelled as jet and removed from the iteration process.
The procedure is repeated until all input objects are combined into jets. Due to the distance
definition via the inverse transverse momenta, soft entities (with respect to their transverse
momentum) tend to be combined with hard (or high energetic) entities. If no high energetic
particles are found within a distance of 2R to another hard particle, the algorithm will combine
all soft particles with that hard particle within a (nearly) perfect circle of radius R around the
combined jet axis. The anti-k; algorithm is found to be infrared and collinear safe providing a

robust behavior against additional soft radiations [132].

The input objects for the jet clustering algorithm depend on the considered analysis. Common
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objects are tracks from the ID, topological cluster® of calorimeter cells or MC particle four vectors
obtained from simulations. Within this thesis, topological clusters are used to reconstruct jets in
measured data events and for Monte Carlo generated samples including a full detector simulation,
while true particle jets are used for acceptance uncertainty studies and unfolding procedures.
The FASTJET software package [133,134] has been utilized for the anti-k; implementation within
the ATLAS software framework.

The anti-k; algorithm will cluster each input object into a jet (even if a final jet only consists
of one object). Subsequently, not only hadronisation products of quarks and gluons will be
reconstructed as jets but all incoming particles from proton-proton collisions (which are able to
reach the calorimeter) as well as secondary particles, including electrons, muons, photons and
hadronically decaying tau leptons. These objects are mostly reconstructed and identified using
independent algorithms and jets with an overlap in 77 X ¢ with one of these objects are removed
to avoid double counting. This procedure is usually referred to as overlap removal. It should be
noted that hadronically decaying tau leptons are treated slightly differently, since anti-k; jets
with R = 0.4 are used as seeds for the tau reconstruction and the overlap removal is performed

after a dedicated identification of the tau lepton against QCD jets®.

4.5.1 Jet Calibration

The starting point for the jet calibration are topological cell clusters in the calorimeter. Initially
the calorimeter cells are calibrated to the electromagnetic scale [135], which is the baseline
calibration scale for the ATLAS calorimeter. The EM scale correctly retrieves the energy which
was deposited by the electromagnetic showers but does not account for the different response
behavior for the calorimeter against energy depositions from hadrons. Consequently, the total
energy of a jet at this point is derived by the sum over the four momentum vectors of the

corresponding components [135].

The jet calibration techniques have been developed during the data taking period, leading to
differences in the calibration methods for the data recorded in the years 2010 and 2011. The
following section will focus on the techniques deployed for the 2011 data. Details on the jet
calibration based on the 2010 data can be found in Ref. [136].

Based on the EM scale, a calibration is applied to correct the jet energy scale (JES) from
the detector level (energy retrieved from calorimeter information) to the particle level, which
correspond to the jet energy one would obtained from clustering directly the stable outgoing
particles of the interaction without any detector effects. Four main corrections are applied: a
correction for additional energy contributions of pile-up?, a correction of the jet direction towards
the primary interaction vertex, a calibration to particle level based on MC simulations and

residual in situ corrections based on various measurements using the 2011 dataset [135]. The

5See Section 4.2 for definition of topological clusters.

SDetails on the tau reconstruction and identification can be found in Section 4.6.

"This includes a correction for in-time pile-up, which are additional interaction during the same bunch crossing as
well as out-of-time pile-up, which includes contributions from preceding and succeeding bunch crossings [135].

Page 59



CHAPTER 4. PARTICLE RECONSTRUCTION AND IDENTIFICATION

simulation based corrections aim to provide a scaling factor from the detector level response in
the simulation to the particle level response, which is calculated from clustering stable simulated
particles into jets. Remaining effects, which not covered by the simulation based correction
factor, are targeted using the data driven in situ corrections, which are exploiting a balancing
in the transverse momentum of a jet and a calibrated reference object [135]. For central jets,
up to |n| = 1.2, either Z/~v + jets events or balancing between high and low pr jet systems are
used (depending on the considered jet pr region), while forward jets are calibrated using di-jet

systems. More details on the various studies can be found in Ref. [135].

The combined systematic uncertainty for the JES extracted from the 2011 dataset has been
estimated to be around 1% to 3 % for jets within the central region of the detector which increase
up to 6 % for very forward jets (|n| = 4.5) [135]. For the 2010 dataset, the total JES uncertainty
has been estimated to be about 2.5 %, for central jets (|n] < 0.8) and a transverse momentum
of 60 < pr < 800GeV, up to 14 % for jets with pr < 30GeV in the very forward region.

4.5.2 Jet Resolution

The jet energy resolution for anti-k; jets has been measured within the ATLAS collaboration
using datasets recorded in 2010 and 2011. Two different methods have been deployed for the
in situ resolution measurement: a method based on a Gauss fit of the pp asymmetry in di-jet
events and a bisector method [137]. The bisector method makes use of the projection of the
transversal vector sum of a di-jet system into a coordinate system which bisects the A¢ angle
between both jets. For the 2010 dataset, the jet resolution, o (pr) /pT, has been estimated to
be about 7% to 18 %, parametrized in the transverse momentum and the rapidity value of the
corresponding jet [137]. A reasonable agreement within 10 % has been evaluated for the relative
jet resolution between the data and the simulations. In 2011, the same estimation methods have
been utilized resulting in a jet energy resolution of about 5% to 19 % with a similar agreement
between data and simulation compared to 2010. An example for the jet energy resolution as a

function of the average transverse jet momenta for the 2011 data is shown in Figure 4.3.

4.5.3 Jet Vertex Fraction

The jet vertex fraction (JVF) allows to estimate the amount of contribution originating from
the primary interaction vertex to a considered jet using tracking information [135,136] and thus
allows to suppress jets which are likely to arise from pile-up interactions. Tracks are associated
with a certain jet if they are located within a distance of AR = 0.4 in 1 X ¢ to the jet axis. The
JVF,

trk|vtx
fJVF(jet|VtX) = Lr 5 (46)
S PES

is now defined as the scalar transverse momentum sum of tracks associated to the considered jet

and vertex divided by the scalar transverse momentum sum of all tracks associated to the jet.

Since the JVF relies on tracking information, is is only usable for jets located within the ID
acceptance. For this thesis, the JVF selection is only applied on jets with |njet| < 2.4 and
pjTet < 50GeV (~ 99 % of pile-up are below the given pr threshold).
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Figure 4.3: Relative jet resolution as a function of the average transverse jet momenta for
anti-k; jets with R = 0.4 is shown for data (2011) and simulation, for both
estimation methods [138].

4.5.4 Jet cleaning

This section will summarize experimental techniques for data cleaning to ensure a good quality
for the jet and ERsS reconstruction algorithms within the ATLAS collaboration, collectively
referred to as jet cleaning. The intention is to identity mis-reconstructed (“fake”) jets or jets
reconstructed within problematic detector regions. The full details for the jet cleaning can be
found in Refs. [136,139]. Within the context of this thesis, the techniques described in the papers
are used, although the selection criteria can slightly differ, following the recommendation of the

jet performance group at the time.

The majority of mis-reconstructed jets originate from sporadic, localized noise bursts® mostly
within the end-caps of the hadronic calorimeter (HEC). Jets reconstructed from noise bursts
in the HEC are characterized by a large energy fraction within the hadronic end-caps, furc,
compared to the total jet energy and the energy deposits are typically distributed over a small
number of cells. The quality of the energy reconstruction within the noisy cells is typically bad,
which is quantified by comparing the measured pulse shape to the reference shape. A large
discrepancy is expressed in a low quality for a given cell. In general, a cell can provide positive
or negative signals. Negative signals (resulting in a negative energy) can appear in noisy cells
or cells containing energy depositions of several proton-proton interactions, due to the way the
energy is extracted from the pulse shape. Subsequently, noise burst jets usually show a large
fraction of cells with bad quality in the HEC, farc—Quality, and a quite high negative energy,
Ereg [136,139)].

Noise bursts can also affect cells within the EM calorimeter leading to coherent noise. Jets
reconstructed from those cells are identified similar to the HEC case: the jets usually show a

large fraction of energy within the EM calorimeter, fgn, and a large fraction of bad quality cells,

8 A noise bursts is characterized by a group of calorimeter cells which are affected by noise at the same time, see
Ref. [140] Chapter 5.3.
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fEM—Quality [136,139].

A second source for fake jets are jets which are reconstructed from energy deposits of interactions
not related to the proton-proton collision(s), collectively referred to as non-collision background.
Possible interactions are e.g. collisions with the remaining gas in the beam pipe or bremsstrahlung
from cosmic muons. These kinds of fake jets are characterized by unusual timings of the energy
deposits or unexpected characteristics in distributions of the energy deposits within the different
parts of the calorimeter [136,139]. The mean signal time for each cell with respect to the event
time (the time of the primary proton-proton interaction) is expected to be small. For fake jet
identification a jet time, tjct, is calculated using the mean time of all cell associated with the
jet weighted by the cell energy squared. Each jet with ¢je; above 10ns is defined as fake jet. In
addition, jets with a large or small fraction of energy in the electromagnetic calorimeter and low
faction of energy coming from charged particles are classified as fake jets. The fraction of energy
from charged particles, denoted fcy, is the transverse momentum sum of all tracks associated
with the jet divided by the total calibrated transverse momentum of the jet. Jets with more than
99 % of their energy deposit in one single calorimeter layer (measured in fyax, the maximum
energy fraction found in one layer) are also considered as fake jets candidates [136,139]. The

selection criteria can vary for different regions in 7Jet.

The full list of selection criteria used for the analyses in the years 2010 and 2011 can be found in
Table 4.1 and Table 4.2.

Another source for inaccurate jet reconstruction are jets which are reconstructed within

Source Selection Criteria
HEC noise fuec > 0.5 and fapc—qQuality > 0.5

fuec > 1 — fHEC—Quality
Ereg > 60 GeV

EM noise fem > 0.9 and fem—Quality > 0.8 for [niet| < 2.8
Non-collisions [tiet| > 10ns
backgrounds fEMm < 0.05 and fcn < 0.1
fem > 0.95 and fcn < 0.05 3 for |pi°t] < 2.0
Fatax > 0.99

fem < 0.05 for |[piet| > 2.0

Table 4.1: Selection criteria for fake jets in 2010 data.

problematic regions of the ATLAS detector. This type of jets can be a real jets originating from
the primary proton-proton collision but the energy calculation can be faulty [136,139]. Two main

types are considered.

1. Jets with a fraction of inactive cells above 50 %. The energy fraction deposited within an
inactive cell is estimated using the depositions in the surrounding cells. It is not possible
to ensure a good jet energy reconstruction if the number of inactive cells associated with

the jets grows to large.

2. Between the barrel and the end-cap component of the hadronic tile calorimeter additional

scintillators are mounted. The calibration of the scintillators was not fully understood at
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Source Selection Criteria
HEC noise fuec > 0.5 and fHEC—Quality > 0.5
Epeg > 60GeV
EM noise fem > 0.95 and fev—Quality > 0.8 for || < 2.8
Non-collisions [tiet| > 25ms
backgrounds ;ifx<>069§)9and fon <0.05 ¢ it < 2.0

fem < 0.05 for |niet| > 2.0

Table 4.2: Selection criteria for fake jets in 2011 data.

the time which could affect the jet energy reconstruction. Jets with an energy fraction

above 50 % in the scintillators are considered as problematic.

The treatment for these kinds of jets is analysis dependent and is discussed in the corresponding
analysis chapters.
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4.6 Tau Reconstruction and ldentification

The tau lepton is the heaviest known elementary lepton within the Standard Model of particle
physics. Tt is a fermionic particle, classified to the third generation, with a spin of 1/2 and a mass
value of m, = 1776.82(16) MeV [12] and can be seen as a heaver version of an electron or muon.
The mean lifetime of a tau lepton is around 7 = 290.3(5) x 107® s [12] which results in a proper
decay length of ¢ = 87.03 pm.

Due to the relative short mean life time, the majority of tau leptons produced in proton-proton
collisions at the LHC will decay within the beam pipe of the LHC ring? and thus be unable to
reach active detector material. Only a small fraction of highly boosted tau leptons will be able to
pass through the first layers of the inner detector. This property has an important consequence
from an experimental point of view: in contrast to electron and muon particles the tau leptons

can not be reconstructed directly but rather need to be reconstructed from their decay products.

Tau leptons decay via the weak interaction mediated by a W boson to a tau neutrino'® and
lighter leptons (electrons or muons) and the corresponding neutrinos or into a quark pair which
immediately hadronizes. An example for a leading order Feynman diagram is shown in Figure 4.4.
About one third of the tau leptons will decay either into electrons or muons with a branching
fraction of B (1 — ev) = 17.8% and B (7 — pv) = 17.4 % [12], respectively. Both decay channels
are referred to as leptonic decay within the further context. The remaining tau leptons will decay

vy

Vp

Figure 4.4: Feynman diagram for a tau decay into pu~, v, and v, at leading order in
perturbation theory.

with a branching fraction of about 64.8 % into a quark pair (hadronic decay) which will hadronise
mostly into one or three charged pions and a variable number of additional neutral pions [12].
A small fraction of decays (around 2.9 %) will include contributions from kaons. Hadronically
decaying tau leptons, m,aq, are categorized in the number of charged particles produced during

the tau decay: one prong tau leptons'!

, Ti—prong, With a branching ratio of B (T1_prong) = 49.5 %
and three prong tau leptons, T3_prong, With a branching ratio of B (T3_prong) = 15.2%. Decays

with higher prong numbers are possible (but only odd numbers are allowed due to charge

9The radius of the beam pipe is around 36 mm [80].
10The term neutrino in this context is used for both: the neutrino and its anti-particle, depending whether a tau
or anti-tau is decaying.
11n literature one can find that leptonically decaying tau leptons are sometimes included in the one prong
definition. Within the context of this thesis, the term one prong tau will be only used for hadronically decaying
tau leptons.
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conservation) but not further considered, because the branching ratio for five prong tau lep-
tons is already at the order of 1073, and with an increasing number of particles produced in

the tau decay the separation of tau lepton decays against QCD induced jets becomes more difficult.

To perform a physics analysis with tau leptons it is necessary to reconstruct and identify tau lep-
tons based on their decay products. A direct identification of leptonically decaying tau leptons is
not performed and instead electrons or muons from tau decays are reconstructed using the proper
reconstruction algorithms'?. The tau reconstruction and identification is therefore restricted to
hadronically decaying tau leptons. A typical signature in the detector is characterized by one or
three tracks in the ID, which are located within a relative small cone in 1 x ¢, and a corresponding
cluster of energy deposits in the calorimeter. The details on the reconstruction of possible tau can-
didates from the energy clusters and tracking information is discussed on Section 4.6.1. After the
reconstruction, a calibration is performed to estimate the visible (without the momentum removed
by the neutrinos) part of the original tau momentum/energy scale by taking the response of the

calorimeter into account. Details on the tau energy scale calibration are presented in Section 4.6.2.

The identification of tau leptons terms the process of differentiation between tau lepton candidates
originating from real hadronic tau decays and candidates originating from other physical particles
which can mimic a tau decay, predominantly QCD-induced jets but also electrons and, to a lesser

extent, muons [141].

The fraction of misidentified tau leptons from electrons or muons can be significantly reduced by
removing tau candidates which overlap with a reconstructed electron or muon candidate with a
certain distance in 7 x ¢. Within the context of the MSSM Higgs search, events containing an
electron or muon candidate above a certain momentum threshold are completely removed, which
accomplishes a similar result in terms of leptonic misidentification. A small fraction of remaining
misidentified tau candidates from electrons, which do not pass the electron identification, is
further suppressed by applying a dedicated electron-veto for each tau candidate. The details on

the tau identification against electrons are summarized in Section 4.6.3.

The separation against QCD-induced jets employs differences in the energy distribution between
jets and real tau lepton decays as well as differences in the tracking spectra. The corresponding
algorithms have been developed and improved during the data taking (and are still under regular
development) and only a few dedicate stages during the development process are presented in
this thesis. In particular, two main versions of the tau identification algorithm are discussed:
the tau identification using the early 2012 data set and the tau identification algorithm used
for the 2011 data set. The identification using the early 2012 data is part of the thesis work
and will be explained in detail in Section 4.6.4. The basic concepts and methods for the tau
identification are explained, exemplary for the rest of the tau identification versions, as well
as the concrete results at the time. A description of the final tau identification in the 2012
dataset can be found in Ref. [141]. Afterwards, the tau identification in 2011 [142] will be briefly
discussed in Section 4.6.5, which is used for the MSSM Higgs boson search.

12See Section 4.3 and Section 4.4 for details.
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4.6.1 Reconstruction of hadronically decaying tau leptons

This section will give a brief overview about the tau reconstruction [141] used at the ATLAS
experiment. The baseline for the tau reconstruction are anti-k; jets constructed from topolog-
ical cell clusters using a radius parameter R = 0.4. Only jets with a transverse momentum

pr > 10GeV and |n| < 2.5 are considered as possible tau candidates.

In a second step, the production vertex of the tau lepton is identified by matching tracks
corresponding to a certain vertex with the direction of the tau candidate, within an radius of
AR < 0.2 around the jet axis. Subsequently, corrections to the tau candidate axis are applied
based on the vertex position. Once the final direction is determined two cones around the axis
are defined: the core region with a distance of AR < 0.2 in i X ¢ and the isolation region
with 0.2 < AR < 0.4, both distances defined with respect to the tau axis. Since the tau decay
products are usually bundled within a narrow cone in the direction of the original tau lepton, the
core region will primarily contain tracks and energy deposits (bundled in topological clusters) of
the tau decay. The momentum vector p, is therefore calculated using the topological clusters
within the core region.

All tracks in the core region, above a transverse momentum threshold of pfrrk > 1GeV, are
associated with the tau lepton candidate if the tracks fulfill certain quality criteria, including a
minimal number of hits in certain layers of the inner detector and impact parameter cuts with

respect the tau production vertex [141].

The isolation region is not used for the tau reconstruction itself, but rather for the definition of
certain variables to discriminate against QCD-induced jets, employing the fact that QCD-jets
usually deposit more activity in the isolation region compared to hadronically decaying tau leptons.

For a certain fraction of tau candidates, the number of reconstructed tracks will differ from
the true number of charged particles due to inefficiencies or resolution effects of the detector
or the rejection of tracks due to the selection requirements. Hadronic tau decays with three
charged particles can be reconstructed as a 2-prong tau if, for example, two tracks are too
close to each other to be separated during the track reconstruction. This effect increases with
increasing transverse momentum of the tau candidate and results in a significant loss during the
tau reconstruction for high pr tau leptons. To avoid this effect, the calibration and identification
of tau leptons is defined for 1-prong and multi-prong tau candidates, which includes the 2-prong

as well as the 3-prong candidates.

4.6.2 Energy calibration of hadronically decaying tau leptons

The calibration of hadronically decaying tau leptons tries to recover the correct energy scale
of the visible tau decay products [141,143], referred to as tau energy scale (TES). Baseline for
the calibration are topological cell cluster in the calorimeter, which are calibrated to the local

hadron scale. A calibration constant,

Rcal = E<.,. LC> 5 (47)

true—vis
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is used to parameterize the transition between the underlying true energy of the visible tau

T
true—vis

decay products, to the mean energy, (E]n), measured in the calorimeter at local
hadron calibration scale [143]. The constant is estimated using simulations of tau decays and
the interaction of the decay products with the ATLAS calorimeter, parametrized in the energy,
E7 -, associated to the tau candidate at LC scale, the pseudorapidity of the tau candidate and
the number of prongs (1-prong or multi-prong). In addition, corrections for the 1 position
of the tau candidate and for the energy contribution due to pile-up interactions are applied.
The first correction takes differences between the 7 value of the combined real tau decay
products and the estimated tau axis from the calorimeter cluster into account, while the pile-up
contribution is considered by subtracting the estimated energy deposits from additional proton-
proton interactions from the measured tau candidate energy [143]. The resulting resolution in
the transverse momentum of the tau candidate (for the central region) is shown in Figure 4.5.

Systematic uncertainties related to the TES arise from uncertainties in the calorimeter response,
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Figure 4.5: Resolution in the transverse momentum of 1-prong and multi-prong tau candi-
dates for |n| < 0.3. Results are taken from Ref. [143].

uncertainties in the modeling of the simulation (underlying event model and detector simulation)
as well as uncertainties related to non-closure effects of the method itself. A mixture of simulations,
combined test beam results and in-situ measurements [143] are utilized to estimate the total
uncertainty on the TES, resulting in an uncertainty of 2.4 % to 3.5% for 1-prong tau candidates
and 2.4 % to 5% for multi-prong candidates, respectively. The uncertainties are estimated for
different regions in the transverse momentum and the pseudorapidity of the considered tau

candidate.

4.6.3 Distinguishing Tau Leptons and Electrons

Incoming electrons can be misidentified as hadronically decaying tau leptons with one charged
track, since they also provide a cluster of energy deposits in the calorimeter systems due the

induced electromagnetic showers. The discrimination between electrons and tau leptons is
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performed either using a cut based or boosted decision tree (BDT) [144,145] based approach using
various observables which parametrize the difference in the shower shapes. Both approaches
are optimized for four different regions in pseudorapidity, providing three working points, loose,
medium and tight, for each region. The working points correspond to tau identification efficiencies
of 95%, 85% and 75 %, respectively. Simulated Z — 777~ samples are used as model for the
optimizations while the background is either modelled using simulated Z — ee samples for the
BDT approach and early 2011 Z — ee measurements for the cut based approach. A detailed

reference for the electron discrimination in 2011 can be found in Refs. [142,146].

The final performance for two of the four considered 7 regions are presented in Figure 4.6,
showing the cut based as well as the BDT based approach. The maximal signal efficiencies are

below the specified value above, because the tau reconstruction efficiency has been included.
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Figure 4.6: The background rejection as a function of the signal efficiency for the discrimi-
nation between electrons and tau leptons is shown for two different regions in 7.
The results are taken from Ref. [146].

4.6.4 Tau discrimination against QCD-induced jets using early 2012 data

In this section, the tau identification against QCD jets is discussed using the early 2012 data
samples, with an emphasis on the log-likelihood (LLH) method which was part of the thesis work.
The full details and results have been published by the ATLAS collaboration and can be found
in Ref. [147].

QCD-induced jets are the most likely objects to be misidentified as a hadronically decaying
tau lepton and the separation between jets and real tau decays is a key ingredient for physics
analyses including tau leptons. A major part of the QCD background for tau leptons is already
removed by requiring 1 or 3 tracks within the tau candidate core region. It is expected that
tracks and energy deposits of the decay products are bundled in a narrow region around the
tau axis for real tau decays, while QCD induced jets tend to have a wider spread of particles
due to additional QCD radiation processes. For real tau lepton decays close to no activity is
expected in the isolation region (apart from contributions of additional scattering processes like

underlying event and pile-up), in contrast to QCD-induced jets.
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It should be mentioned that the differences between the decay structure of tau leptons and the
substructures of QCD induced jets are more prominent for gluon than for quark induced jets.
QCD jets originating from quarks tend to be more “tau-like” in their substructure and thus
more likely to mimic a m,,q decay. Within the context of the tau identification, no differentiation
between quark and gluon induced jets is performed, treating both types equally. However, the
effect is considered for studies of the tau identification efficiency in simulated background events

and is discussed in detail in Section 6.2.

The following studies are based on simulated samples including real tau leptons, denoted as
signal samples, and data taken during the year 2011 and early 2012 at the ATLAS detector
for the QCD background, denoted as background samples. Real tau decays are taken from
Z — 17, W = 7v and Z' — 77 processes, which were simulated using the PyTHIA 8 [148] Monte
Carlo event generator in combination with the GEANT4 software for the ATLAS detector
simulation. The Z’ samples are simulations of models including an additional neutral heavy
gauge boson [149-154] with a mass of 250, 500, 750, 1000 or 1250 GeV. These samples allow the
population of the high p7. phase-space. The background samples are di-jet events recorded with
the ATLAS detector in the first months of data taking in 2012. Using measured data samples
ensures a correct description of the QCD jet substructure, avoiding uncertainties arising from

the modeling of the hadronisation process within the Monte Carlo event generator.

Observables

The substructure of tau candidates, in particular the track spectrum and the shower profile within
the calorimeter, is characterized using a set of observables, which are sensitive to the differences
between hadronic tau decays and QCD-induced jets. The considered set of observables has been
improved during the Run 1 data taking. For the 2011 and early 2012 datasets, observables
describing the average energy und track spread in the core region are used as well as the number
of tracks in the isolation region and the distance of the tau decay vertex to the primary vertex of
the interaction (normalized to the expected error) [142,147]. For the full 2012 dataset, additional
observables have been considered characterizing the contribution of neutral pions in the tau

decay structure [141].

The observables are partly different for 1-prong and multi-prong tau candidates. Some observables
provide a significant separation power only for a certain prong type while other observables
are only defined for multi-prong candidates, for example the distance between the tau decay
vertex and the primary vertex, since at least two tracks are required to reconstruct the tau
decay vertex. Three observables are utilized for 1-prong and multi-prong candidates: the pile-up
corrected energy and leading track momentum fraction in the core region and the weighted track
radius. The exact definitions can be found in Table 4.3 and the corresponding distributions are
presented in Figure 4.7, comparing the predictions from real hadronic tau lepton decays with
QCD jet measurements. A pile-up correction factor has been introduced to ensure that the mean
value of the corrected observable is independent of the number of reconstructed vertices per

bunch crossing and by thus reducing the dependency of the identification efficiency against pile-up.

Two additional observables are considered for 1-prong candidates only: the impact parameter
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significance of the leading track and the number of tracks within the isolation region. For
multi-prong candidates the following three observables are added: the mazimum track distance,
the transverse flight path significance and the mass of the combined track system. The exact
definitions and corresponding distributions for the prong specific observables can be found in
Section A.2.1.

Observable Symbol  Description

Pile-up corrected e Sum over cell energy deposits projected in the transversal

energy fraction plane, Er;, within a radius R < 0.1 in X ¢ around
the tau candidate axis divided by the same sum within a
radius of R < 0.2 with

Z?<O.1 ET,i
ZR<O.2 ET

j J

fcore =

and
corr __ fcore 4 0.003 X Nyix

core

where N,y represents the number of reconstructed primary
vertices. The correction is performed for tau candidates
with pr < 80 GeV.

Pile-up corrected e Fraction between the transverse momentum of the leading
leading track mo- core track, plfadftrk, and the energy sum of calorimeter
mentum fraction cells within a radius of R < 0.2 around the tau candidate
axis:
lead —trk
foe = RT<0.2 ‘
Zj Er;

The pile-up correction to obtain fi3'" is performed in the

same way as for fOr.

Weighted track ra- Rk Scalar sum of the transverse track momenta, pr ;, weighted

dius with the distance AR; of each track to the tau axis divided
by the unweighted scalar transverse momentum sum of
the tracks:

R<0.4
S pri x AR;

7

E?<O.4pT7i

The tracks are associated to the tau candidate within a
radius of R < 0.4 around the tau candidate axis.

Rtrk =

Table 4.3: Definition of observables used for the tau identification against QCD-induced
jets [147]. The given observables are used for 1-prong and multi-prong tau
candidates.

Two main identification methods have been utilized for the identification process: a projective
log-likelihood method and a boosted decision tree. Both algorithms are based on the same input
observables mentioned above. The optimization of the LLH method using the early 2012 data

was part of the thesis work and will therefore be illustrated in more detail.
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Figure 4.7: Distributions for the pile-up corrected energy fraction (top), the pile-up corrected
leading track momentum fraction (middle) and the track radius (bottom) for
1-prong (left) and multi-prong (right) tau leptons are shown. Predictions for
real tau leptons, which are taken from simulations of Z — 777, Z/ — 77 and
W — Tv processes, are compared with distributions from QCD-induced jets,
which are measured using early 2012 data recorded with the ATLAS detector.
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Projective Log Likelihood

Precondition for the LLH method is the calculation of probability density functions (PDFs),
PZ-S’B, for each observable i. The PDFs are calculated for signal (S) and background (B) samples,
using tau candidates either from real tau decays or QCD jets, respectively. The PDFs are

parametrized in the number of charged particles of the tau candidate and in the transverse

Thad
T,vis

the following three regions: pr € [0,45] GeV, pr € [45,100] GeV and pr > 100 GeV. Using a

parametrization in pr allows to account for the dependence of the tau decay substructure from

momentum, p := pr, of the visible part of the hadronically decaying tau lepton'3, using

the incoming tau momentum. A possible dependence with respect to pile-up is covered by using
the corrected observables mentioned above and no additional parametrization of the PDFs in the

number of reconstructed vertices is performed.

The likelihood function Lg g (a) for a given tau candidate a is defined by

N N
Ls(a) = [[ PP (2}) and Lp(a) =[] PP(af), (4.8)
i=1 i=1
where z¢ is the value of the observable 7 for the given tau candidate a. For pr values close to
the borders defined above, a linear interpolation within certain pr windows is performed. The
LLH score, denoted A(a), is defined as the natural logarithm of the ratio between the signal and
the background likelihood function:

Aa) =In (fgg) - iln (%) , (4.9)

K3

for a given tau candidate a. The normalized'* distribution for the LLH score, sampled over
a large number of tau candidates'®, is shown in Figure 4.8. Tau candidates originating from
real tau decays will obtain on average a higher LLH score value than candidates originating
from QCD jets. The double peak structure for the signal samples is a results of the mixture
between samples close the electroweak breaking scale (primary Z — 77 and W — 7v) and the
7' — 77 samples including masses above 1TeV. Tau lepton decays from Z’ resonances will
have on average a higher transverse momentum when compared to Z decays, resulting in more
collimated tau decay substructures and an increased value in the LLH score. The double peak
does not introduce a bias to the tau identification, since the final working points are defined with
a pr dependent LLH score threshold as explained below. Nevertheless, in a later version of the
LLH, the double peak structure has been removed by proper reweighing of the tau candidates
pr distribution.

The performance of the LLH method can be expressed in terms of a signal efficiency, €, and
a background efficiency, epks. Given the LLH score above, the signal efficiency is defined as
the number of real tau decays which are reconstructed and pass a certain identification level

divided by the number of real tau decays in the Monte Carlo simulation. Passing an identification

13This is the part the transverse momentum which can be reconstructed from calorimeter clusters.

14The integral from —oo to +oo is normalized to one.

15 A technical detail: the events used for the calculation of the PDFs are orthogonal to the one used for the LLH
score calculation to avoid a possible bias.

Page 72



CHAPTER 4. PARTICLE RECONSTRUCTION AND IDENTIFICATION

o 0.14 0 o 0121
S u S r Z' - mt, W - 1v
= 0121 . = o
S [ —e— Data 2012 ] o [ —e— Data 2012
= 0.1 = [
S [ L,=370pb™, s =8 TeV 1 & 0.08[—L;=370 pb;{s=8 TeV
LC 0.08]1-prong, p, 15 i T L Multi-prong, p_> 15 GeV
[0} r ] [0} L
S 0ok - 1 2%% .
£ 0.06F . . = i K
< F ] © 0.04 o %e
W 0.04 . . n E R .,
L . - L . o
0.02F . : 0.02F . -
|- .. — I ....
o L 0 B9900eogqee? .
20 -15 10 5 0 5 10 15 20 -40 -30 -20 -10 0 10
LLH Score LLH Score

Figure 4.8: Normalized LLH score distribution for 1-prong (left) and multi-prong (right) tau
candidates. The red shaded area represents the distributions for the combined
signal samples and the black dots represent the combined background samples.

level means that the LLH score for the considered candidate a is above a certain threshold ;.
The background efficiency is defined as the number of tau candidates (QCD jets) passing the

identification threshold, divided by the number of reconstructed tau candidates,

NI’BCOH. (A > )\t)

g = et (410)
NESeon (A > Ay)
jets
€bk = recon : (411)
® Njcts ’

The efficiency is therefore a function of the identification threshold A;. This allows the definition
of three working points loose, medium and tight which correspond to a signal efficiency of 70 %,
60 % and 40 % for 1-prong tau candidates and 65 %, 50 % and 35 % for multi-prong candidates,
respectively. The threshold ), itself is parametrized in the energy scale, Q2, of the considered
tau candidate. Usually the scale is set to the reconstructed transverse momentum, pr, of the tau

candidate:
)\t = )\t (Q2 = pT) . (412)

The thresholds are defined with respect to a constant behavior of the signal efficiency against the

visible part'® of the true transverse momentum, p%}iﬁ'; := pr, of the original tau particle. Since

pr is only accessible in simulation, it is necessary to replace it with a corresponding reconstructed
quantity, accessible from measurements. For a given interval, [ﬁ%, ﬁﬂ , the expected reconstructed

transverse momentum,
f28 J A

Elpr]

P <pT> V) (413)

T T
is estimated from Monte Carlo simulations. The LLH threshold \; for a given pr interval is

subsequently replaced by the LLH threshold for the expected reconstructed pr:

pT) . (4.14)

Pt

At (ﬁT € [ﬁ%ﬁﬂ) =X\ ((PT>

16Visible part is defined as the transverse vector sum of all stable particle emerging from the tau decay excluding
neutrinos.
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Distributions of A; as a function of (pr) for all three working points are shown in Figure 4.9.
The behavior of A\; is within the fluctuations similar between the three working points, except for

a constant offset. Final results for the signal and background efficiencies as a function of the true
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Figure 4.9: The LLH score threshold A\; as a function of expected reconstructed transverse
momentum pr is presented for 1-prong (left) and multi-prong (right) tau
candidates. Three working points are shown: loose (green circles), medium
(blue squares) and tight (red triangle).

visible part of the transverse momentum and the number of reconstructed vertices per bunch
crossing are presented in Figure 4.10 and Figure 4.11, respectively. In both cases the behavior

of the signal efficiency is (at least approximately) constant against the observable considered,

except for a turn on effect at low pﬁf"iﬁ';. The background efficiency also shows a quite constant
behavior (for multi-prong at pﬁfr}‘vei'; > 60 GeV), although the LLH thresholds are not trained

with respect to the background samples.

Boosted decision tree

The tau identification using a boosted decision tree was not part of the thesis work and is
summarized briefly. The full details can be found in Refs. [141,147].

Two independent BDTs are trained for 1-prong and multi-prong tau decays using the BDT
implementation of the TMVA [155] package within the ROOT [156] framework. The same
observables as for the LLH method are used to ensure a comparability between both methods.
Like in the LLH case, the result of the BDT training is expressed in a final discrimination variable,
the BDT score. The BDT score distribution sampled over a large amount of tau candidates
can be found in Figure 4.12, using the same signal und background composition as for the LLH
method. The BDT scores are arranged between [0, 1], whereat zero denotes a very “jet-like” and
one a very “tau-like” candidate.

The same working points for loose, medium and tight are defined like for the LLH method, also

true-7

ensuring a constant behavior in p7 5" and Nv¢x. The BDT results are similar to the results of

the LLH method and two example distributions are shown in Figure 4.13.

Performance

The performance of the identification methods can be expressed by the fraction of tau candidates

originating from QCD jets which are rejected by the algorithm for a given signal efficiency. The
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Figure 4.10: Tau identification efficiency for signal (top) and background (bottom) events
using the LLH method are presented as a function of transverse momentum for
1-prong (left) and multi-prong (right) candidates. The efficiencies are shown
for three working points: loose (green circles), medium (blue squares) and tight
(red triangle). The results have been published in Ref. [147].

rejection rate, denoted 7k, is defined as the inverse of the background efficiency:

1

o = 2 (4.15)
thus representing the fraction of QCD jets being misidentified. For example a rejection rate
of rhkg = /1000 for a given signal efficiency means that on average one out of 1000 QCD jets
will pass the tau identification and thus be misidentified as a hadronically decaying tau lepton.
Rejection rates as a function of the signal efficiency are presented in Figure 4.14 for one-prong
and multi-prong tau candidates, split into two different phase space regions in pr. The maximum
signal efficiency is limited below 100 %, due to inefficiencies in the tau reconstruction step. The
BDT algorithms show in most cases a better performance (except for small ¢, in high pr
regions) compared to the LLH method, which was already observed in the 2011 dataset. The
BDT algorithm is therefore used as the default tau identification algorithm, while the LLH

method is mostly used for crosschecks.

4.6.5 Tau discrimination against QCD-induced jets in 2011

The general concepts for the tau identification in 2011 [142,146] are similar to the methods

utilized for the early 2012 study, discussed in Section 4.6.4. The main improvements in the early
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Figure 4.11: Tau identification efficiency for signal (top) and background (bottom) events
using the LLH method are presented as a function of the number of recon-
structed primary vertices during the same bunch crossing for 1-prong (left) and
multi-prong (right) candidates. The efficiencies are shown for three working
points: loose (green circles), medium (blue squares) and tight (red triangle).
The results have been published in Ref. [147].

2012 study compared to the 2011 identification arise from the pile-up corrections of the energy
and leading track momentum fraction and from an optimization of the utilized set of observ-
ables. In 2011, the PDFs have been parametrized in the number of vertices, in addition to the
parametrization in pp, which has been removed in 2012, in favor of the observable based pile-up
correction. The performance of the tau identification expressed in terms of signal efficiencies vs.
background rejection is presented in Figure 4.15. The general behavior for both algorithms is
comparable with the 2012 results, although the overall background rejection is weaker in relation

to the results shown in Figure 4.14.

The training of the tau identification algorithms has been performed based in simulated hadronic
tau decays. In order to quantify possible deviations in performance when used in data, tau
identification scale factor are derived from measurements in Z — 77 and W — 7v events,
parameterizing possible variations in the signal efficiency. The scale factor measurements are
based on tag-and-probe methods selecting a tau decay into a muon as tag for the Z — 77
process and a high value of ERsS as tag for the W — 7v process [146]. The probe tau candidate
is the remaining hadronically decaying tau lepton, which is used to estimate the scale factor
defined as the faction of probe candidates passing a certain ID working point compared to the

prediction derived from simulations. Overall, no significant deviations between the measurements
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Figure 4.13: Tau identification efficiency for signal events using BDT method are presented
as a function of transverse momentum for 1-prong (left) and as a function
of Nvix for multi-prong (right). The efficiencies are shown for three working
points: loose (green circles), medium (blue squares) and tight (red triangle).
The results are taken from Ref. [147].

and the predictions have been found and the scale factors are set to unity. The corresponding
systematic uncertainty have been estimated to be of the order of 4 % to 8 % for the loose and
medium BDT working point, calculated individually for 1-prong and 3-prong tau candidates
with pp > 22 GeV [146].
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4.7 Missing Transverse Momentum and 3 Ev

The missing momentum, originating from undetected particles like neutrinos or weakly interacting
particles predicted from BSM models, is an important observable for a considerable amount of
analyses in high energy physics. In a hadron collider like the LHC, the longitudinal momentum of
the interacting partons is a priori unknown'” and therefore the missing transverse momentum is
utilized. The transverse momentum of the incoming partons is assumed to be close to zero (due
to the heavy boost of the partons along the beam pipe), so that each imbalance (deviation from
zero) in the vector sum of transverse momenta of all particles indicates the presence of undetected

particles within the given proton-proton interaction. The missing transverse momentum vector,

- . Emiss
e (7). o

miss
Ey

is defined as the negative vector sum over all detected particles and its magnitude,

E'IIT}iSS — \/(‘E‘)r(niss)2 + (E}I]niss)2 , (417)

is the missing transverse momentum also often referred to as missing transverse energy'®. Thus,

the direction within the azimuthal space is defined by the following equation:
) Emiss
P™° = arctan | —=— | . (4.18)

It should be noted that the direction of the missing momentum is not necessary the same as the

direction of the undetected particles, in the case that more than one particle is emitted.

At reconstruction level, EXs is calculated from several sources: objects reconstructed from
energy deposits in the calorimeter (electrons, photons, hadronically decaying tau leptons, jets and
deposits from muons passing through the calorimeter), calorimeter cells which are unassociated
to any object and reconstructed muons from the muon spectrometer [157]. Tracking information
from the ID are used to account for soft particles which are unable to reach the calorimeter and

to supplement the muon information.

Each of the calorimeter related terms, 7}, is defined as the negative sum of cell energies, E;,
for cells associated to the corresponding object, projected in the transversal plane using the

azimuthal angle, ¢;, and polar angle, ;, of the cells [157],

E)I(niss’Tj = — Zi\,:cius E,L sin 01 COS d)z (419)
R SN g, sin (4.20)

while the muon related terms are calculated from the negative sum of transverse momenta from

17Tn general a parton will carry an a priori unknown fraction « of the total proton momentum.

18Hence the symbol E. Usually one assumes E = |B| for the involved particles, since the particle masses, which
contribute to the missing energy (SM particle which are stable enough to reach the detector elements), are
usually small against the corresponding particle momenta at LHC energies.
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muon tracks,

"

E%ﬁss,muon _ Z ﬁl’;z ) (421)

i=1
Within this context, it is useful to define a related observable: the total transverse energy defined

by
Neenis

ET = Ei sin 62 . (422)
e

For both observables, only cells combined to a topological cluster are used'® to reduce the impact
of noise in the calorimeter cells [157]. Each term is calibrated independently, according to the

associated objects??.

The performance of the missing energy reconstruction has been tested in measurements of
minimum bias, di-jet, Z — [l and W — [v processes, showing a resolution of 2 GeV to 12 GeV
for total transverse energies up to ~ 600 GeV [157]. Systematic uncertainties related to the
reconstructed particles (e.g. uncertainties on the energy scale of electrons, photons, jets, taus,
...) are propagated to the missing transverse energy by re-calculating EXsS after applying the
uncertainty shifts to the reconstructed objects. The same procedure is used to estimate the
systematic uncertainties of the Y Er observable. In addition, systematic uncertainties for cells
outside of reconstructed objects and from soft jets (7 GeV < pﬂft < 20GeV) are evaluated to
13% and 10 %, taking contributions from the calorimeter as well as modeling uncertainties from
the simulations into account [157]. An example for the fractional uncertainties as well as the
total systematic uncertainty on EXS as a function of Y Er is shown in Figure 4.16, measured

in W — uv events.
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Figure 4.16: Systematic uncertainty on the missing transverse momentum measured in
W — pv events [157].

19Except for electrons and photons.
20For example, contributions of cells, which are associated to electrons, are calibrated based in this particle
assumption.
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4.8 Trigger

In order to search for rare events in high energy particle physics using collider experiments like
LHC, it is unavoidable to work with an enormous number of collisions per time interval due to
the random nature of quantum physics. It is not possible to force a certain final state as result
of a proton-proton collision, instead the frequency of a certain final state to occur is connected
to a probability usually expressed in terms of a cross section. The hierarchy of cross sections for
different processes enfolds several orders of magnitude between the total inelastic cross section
and rare processes like W,Z boson production, Vector boson scattering, Higgs boson production,
production of possible new particles predicted in various beyond SM theories, etc. To give an
example: the production cross section of the SM Higgs-boson is about 10 magnitudes lower

compared to the total proton-proton cross section as shown in Figure 4.17.

The rate at which a final state X is observed, relates to the cross section of the considered process

and the luminosity .Z of the experimental arrangement,

dN (X
R(X) = d(t ) =o(pp > X)x L. (4.23)
To accumulate enough statistics for the measurements it is therefore necessary to work with
high instantaneous luminosities. At the LHC design luminosity of Zjesign = 1034 cm=2s~! one

expects of the order of 850 million proton-proton collisions per second. A time interval of 25ns
between two bunches will lead to a bunch crossing rate of about 40 MHz. With a typical event
size?! of about 1.5 MB one would need a readout system powerful enough to store several TB of
data per second. Such high rates are beyond the technical and processable capabilities and it is
necessary to filter the incoming events based on signatures of rare physics processes before the
events are finally written on a permanent storage element. The filtering is performed using a

complex trigger system which reduces the incoming proton-proton collision rate by an order of 10°.

The ATLAS trigger system [80] is divided in into three subsystem: level one (L1), level two
(L2) and event filter (EF). L2 and EF are collectively denoted as High-Level Trigger (HLT).
Each level will subsequently perform additional selection steps on collision events which pass the

preceding level to reduce the incoming event rate.

The L1 triggers are designed to perform a first and rough search for interesting physics signatures
in the muon or calorimeter system. Two basic types of L1 triggers are used: L1 muon triggers,
which use information from the RPCs in the barrel region and the TGCs in the end-caps, and
the L1 calorimeter triggers. In order to analyze an event within a very narrow time interval the
L1 calorimeter triggers are using a reduced granularity: the cells of the calorimeter are combined
within the 7-¢ plane to “trigger towers”. The size of the towers is different depending on the
region of the calorimeter considered, but for the most parts a size of n x ¢ = 0.1 x 0.1 is used.
The trigger performs searches for energy accumulations based on the towers to spot interesting
regions in the 7-¢ plane which could contain signatures of various physic processes, denoted
as “regions of interest” (Rol). The information within the Rols are passed to the L2 trigger

for a detailed analysis at full granularity. The L1 triggers reduce the incoming event rate to

21The number of readout channel at the ATLAS detector is about 140 millions.
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Figure 4.17: Summary of cross section measurements of SM processes at the ATLAS
detector using proton-proton collision events at a center of mass energy of
/s = 7TeV and /s = 8TeV [158]. The measurements are compared to SM
predictions.

approximately 75kHz with an average processing time of 2.5 s per event.

Events passing the L1 trigger are forwarded to L2 which reduces the rate to approximately
3.5kHz with an average processing time per event of 40 ms. The L2 triggers make use of
the full granularity of the detector and can combine information of all detector subsystems
including track information of the inner detector. To speed up the trigger decision process, only

small parts?? in the 1-¢ plane of the full event record are considered based on the Rols found by L1.

The final selection is performed on EF level to ensure a maximum event rate of 200 Hz with
an average processing time of 4s per event. Like the L2 triggers the full granularity of all
sub-detector systems can be used on EF level but now considering the full event information.
The EF algorithms for reconstructing and identifying physical objects are often close to their
offline counterparts but the selection is normally looser compared to offline analyses.

A certain combination of the different levels is denoted as trigger chain. It should be noticed
that not always all three levels are actively used for the event selection. Depending on the
analysis also L1 or L2 trigger decision can already provide enough separation power between an

interesting signal and background.

Different types of trigger items and trigger chains are used in ATLAS when searching for specific

220n average ~ 2% of the event size is used.
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signatures in the detector. In the context of this thesis only the trigger setup used for the Run 1
data taking will be discussed. The triggers in use search for one or more signatures of physical
objects like electrons or muons above a certain threshold in transverse energy or transverse
momentum??. Commonly used triggers are triggers for photons or leptons (electrons, muons
and hadronically decaying tau leptons), triggers for jets from QCD interactions and triggers for
missing transverse energy to be sensitive to particles which leave the experiment undetected
like neutrinos. Each trigger makes use of different sub-detector parts depending on the required
signature. An individual pre-scaling of each trigger is possible, allowing only a certain fraction of
acceptable events to pass the trigger. The pre-scales help to ensure a manageable event rate and

are adjusted during the data taking.

4.8.1 Minimum Bias Trigger

The Minimum Bias Trigger (MBT) systems allow to trigger on inelastic proton-proton collisions
with a minimal set of requirements. Two main MBTs are used in the ATLAS experiment: a
MBT based on Minimum Bias Trigger Scintillators (MBTS) and a MBT based on signals in the
inner detector systems. This section will give a brief overview of Minimum Bias Triggers using
the MBTS which is the main Minimum Bias Trigger used in the ATLAS experiment. The main
references for the MBT in measurements at /s = 900GeV and /s = 7TeV can be found in
Refs. [159,160].

The MBTS [161] consist of 2 disks of scintillator counters, one on each detector side. Each disk is
mounted orthogonal to the beam axis and installed on the cryostat of the calorimeter. This setup
allows a coverage of |n| € [2.09,3.84]. A charged particle passing through the MBTS will induce
a light emission within the scintillator material which is detected using photomultipliers. A “hit”
in the MBTS is now defined as a signal above a certain threshold. Several MBT configurations

are used in ATLAS, requiring one or more hits at one or both sides of the detector.

The efficiency?* of the MBT versus the number of tracks with a pp > 100 MeV from the same
proton-proton collision is shown in Figure 4.18. The trigger efficiency is close to 100 % except for
very low charged particle multiplicities. Effects of the trigger inefficiency are considered in the

relevant analyses.

4.8.2 Jet Trigger

A jet trigger algorithm is designed to search for jets with a transverse energy, ET, above a certain
threshold [162].

At L1 the trigger will search for energy deposits in the calorimeter using trigger towers scanning
the accessible phase-space in ) and ¢. Different window sizes are used, ranging from 0.4 x 0.4,

0.6 x0.6 to 0.8 x 0.8. Once the L1 trigger finds an energy deposit above a certain energy threshold

23For the majority physics signatures (e.g. electrons or muons) the transverse energy can be seen as equivalent to
the transverse momentum, since the common energies of the considered particles are large compared to their
masses.

24The efficiency is defined against a control sample taken by minimum bias trigger based on inner detector
information [160].
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Figure 4.18: Efficiency of the MBTS as a function of reconstructed tracks with pr >
100 MeV for a center-of-mass energy of /s = 7TeV. The green shaded area
shows the combined statistical and systematical uncertainty. The result is
taken from Ref. [160].

a region of interest (Rol) around the direction of the deposit is defined. The L2 and EF filter
trigger will then use the calorimeter cluster found in the Rol to perform further steps. On L2
a simple cone clustering algorithm is used to reconstruct the jet while on EF the full offline
jet reconstruction is performed. The reconstruction on the EF level is the same as described

in Section 4.5, except for a different energy calibration and only clusters in the Rol are considered.

The jet triggers are denoted with L1_J50, L2_J70 and EF_J75 in which L1, L2 and EF denote
the corresponding trigger level and the number denotes the Er trigger threshold in GeV. An
example for the jet trigger efficiencies is shown in Figure 4.19 for the given L1, L2 and EF triggers.

Most jet triggers are prescaled to deal with the high QCD cross section at the LHC. The pre-scale
factor anti-correlates with the energy threshold of the given trigger. Consequently, the pre-scale
factor decrease with increasing trigger threshold. The lowest un-prescaled trigger thresholds for
the 2010 dataset ranges from 15 GeV to 195 GeV during the data taking, due to the changes in
the run conditions. For 2011 the lowest un-prescaled jet trigger threshold was 240 GeV.

4.8.3 Muon Trigger

At L1 the muon trigger algorithms search for two to three hits in either the resistive plate chamber
(RPC) or the thin gas champers (TGC) for the barrel and end-cap region, respectively [165].
A first estimate of the muon candidates transverse momentum is performed and the region of
interest (Rol) is defined as input for the HLT. On L2 a simple and fast muon reconstruction is
performed within the Rol provided by the L1 trigger using information from the MDTs. Also a
combination with tracks from the inner detector and isolation requirements are possible on L2.
The EF performs the full muon reconstruction as described in Section 4.4 and finally requires

one or two muon candidates above a certain pt threshold.

Within the context of this thesis two un-prescaled single-muon trigger are used: the EF_mu18_MG
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Figure 4.19: Jet trigger efficiency at L1, L2 and EF for anti-k; jets with a radius parameter
R = 0.4 in the barrel part of the calorimeter. The efficiency is shown as a
function of the transverse jet energy [163,164].

and EF_mu18_MG_medium. Both require a muon candidate with pr > 18 GeV but the underlying
L1 trigger items are different. The L1 trigger for EF_mu18_MG_medium has a slightly higher pr

threshold and was used starting in August 2011 to account for the increased luminosity.

The efficiencies of the muon triggers are measured using tag-and-probe methods in Z — up
events, by selecting di-muon events with an invariant mass close to the mass of the Z boson. One
of the muons (the probe muon) is subsequently used for the efficiency measurements [165]. Some
example results are shown in Figure 4.20. The turn-on curve is very steep for the muon trigger
and converges at pr > 20 GeV to a constant value. Scale factors are derived to account for the
differences between the measurement and the MC predictions, parametrized in n and ¢ of the
muon candidate to resemble the structure of the muon trigger systems. The total uncertainty on
the scale factors is of the order of 1% [165].
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Figure 4.20: Muon trigger efficiencies are shown as function of pr for two different regions
in the pseudorapidity 1. The efficiency is measured in Z — pp events and
compared with MC predictions. The results are taken from Ref. [165].
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4.8.4 Tau Trigger

Similar to the tau reconstruction and identification discussed in Section 4.6 the tau trigger tries
to identify hadronically decaying tau leptons [141,166], but in contrast to the offline identi-
fication restricting the resources and time for the trigger decision. The goal is to filter a set

of collision events which are likely to include signatures of one or more hadronic tau lepton decays.

The L1 tau trigger makes use of trigger towers in the calorimeter (using electromagnetic as well
as hadronic calorimeter cells) with a tower size of 0.1 x 0.1 in i X ¢. Squares of 4 x 4 trigger
towers are used to find regions of interest containing a possible tau trigger candidate. Like the
full tau reconstruction, the inner part of the region (a 2 x 2 square of towers) is defined as the
core region and the outer part as the isolation region. The splitting follows the assumption that
the majority of the particle flow originating from a real tau decay will end up in the core region,
due to the Lorentz boost of the tau decay system. Several L1 tau trigger items are used in the
ATLAS trigger system, triggering on candidates with a transverse energy in the core region,
E°r¢, above a certain threshold. In addition an isolation requirement can be applied, requiring

a transverse energy in the isolation cone, Ei°, to be below a certain threshold.

So far, the selection of tau trigger candidates is only based on calorimeter information. On L2,
tracking measurements are added by matching tracks (passing certain quality criteria) within an
area around the candidate found by the L1 trigger. In addition, observables are calculated using
calorimeter information to describe the shower shape of the candidate within the calorimeter. A
candidate is accepted on L2 if one to four tracks could be matched and if the candidate passed a

sequence of criteria based on the shower shape observables.

The final selection is performed on event filter level, by requiring that one or two tau trigger
candidates pass a final tau identification with one to three associated tracks. The identification
algorithm on trigger level is similar to the offline tau identification using track and cluster based
observables as input for a boosted decision tree algorithm. Like the offline tau identification,
different working points for the identification level are defined. Within the context of the this
thesis the medium working point was utilized, which corresponds to a signal efficiency of about
85 % and 80 %, for 1-prong and multi-prong tau candidates, respectively. These efficiencies are
in general looser than the corresponding offline working points to ensure that the trigger will
not cut into the phase space available in the offline identification. Within the context of this
thesis two tau related triggers are used: a di-tau trigger with relatively low energy thresholds,
EF_tau20(T) _mediuml_tau29(T) _mediuml, and a single tau trigger with a high-energy threshold,
EF_taul25_mediuml.

EF_tau20(T)_mediuml_tau29(T)_mediuml Requires two tau trigger candidates in the event
with transverse energy of Er > 20 GeV and Er > 29 GeV, respectively, both passing the
medium BDT [144, 145] working point on trigger level. The underlying L1 thresholds are
Et = 8GeV and 11 GeV, which were raised?® during the 2011 data taking to 11 GeV and
15 GeV to account for the increasing luminosity and the accompanying increase of the

trigger rates. The ditau trigger was un-prescaled during the full 2011 data taking period.

25Denoted with the T in the trigger name.
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EF_taul25_mediuml Requires one tau trigger candidate in the event with Er > 125 GeV
passing the medium BDT working point on trigger level. The underlying L1 trigger
threshold was 50 GeV. The single tau trigger was un-prescaled during the full 2011 data
taking period.

Performance Efficiencies of the tau triggers are measured in Z — 77 and W — 7v events using
tag-and-probe methods [141,166]. The efficiency of a tau trigger is defined as the number of tau
trigger candidates passing a certain identification level divided by the number of tau candidates
identified with the offline tau identification at the tight working point. Only trigger candidates
are considered which match within a angular distance AR < 0.2 with the offline tau candidate.
The efficiency as a function for the transverse momentum is shown in Figure 4.21 (left) for the
EF_tau29_mediuml trigger. The efficiency shows a turn on behavior up to pr =~ 45 GeV and
then saturates into a plateau around 80 %. The comparison of trigger efficiencies measured in
real Z — 77 events (the effect is similar for W — 7v events) with the MC predictions shows a
deviation up to 5%. Scale factors as a function of the tau candidate pt are derived to correct
the MC simulations: an example for a trigger scale factor is shown in Figure 4.21 (right). The
combined statistical and systematic uncertainties for the scale factors are of the order of 2% to

4%.
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Figure 4.21: The efficiency (left) and the scale factor (right) for the EF__tau29_ mediuml is
shown as function the pr of the tau candidate. The efficiencies are measured
in Z — 77 events and compared with MC predictions (red triangles). The
results are taken from Ref. [166].
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5 Measurement of the Underlying Event

Searches for new particles, for example the search for the Higgs boson, are performed using
data collected in proton-proton collisions at the LHC. Protons have advantageous properties:
they are relatively easy to produce (compared to for examples anti-protons which were used
in proton anti-proton collision at the Tevatron accelerator [87]) even in high densities, pro-
tons are stable! and have a heavily suppressed synchrotron radiation, which allows an efficient

acceleration using a circular collider compared to the acceleration of lighter particles like electrons.

hard scattering

Figure 5.1: Illustration of a proton-proton collision including a hard scattering process (grey
circle), one additional parton-parton scattering (MPI, white circle) as well as
additional initial and final state radiation.

But the downside, protons are not elementary particles and built out of quarks and gluons,
collectively termed partons®. The quarks are differentiated in three valence quarks (two up and
one down quark) and “an infinite sea of light ¢g pairs” [168]. The latter ones are denoted as sea
quarks and can be described by higher order corrections in perturbation theory. The probability
to find a certain quark flavor within the proton at an energy scale Q?, carrying a momentum
fraction z of the total proton momentum, is described by a parton distribution function (PDF),
f(x,Q?), illustrated in Figure 5.2.

The complex proton structure leads to a complicated collision landscape between two protons,

consisting of several sub-reactions between the partons. The majority of interactions are strong

IS0 far a proton decay has not been observed (which would lead to implications for theories beyond the SM) yet
and the lower limits of the proton mean life time are of the order of 2.1 x 102° years [12].

2The term parton was introduced by R. Feynman in 1969 [167]. The parton model was utilized by J. D. Bjorken
and E. A. Paschos to explain measurements of deep inelastic lepton-nucleon scattering experiments [37].
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Figure 5.2: Parton distribution functions z - f(x, Q%) vs. x for a momentum scale Q* ~
(60 GeV)? using the CT10 set [169]. The plot was created using the PDF plotting
tool provided by the HepData project: http://hepdata.cedar.ac.uk/pdf/pdf3.
html (28.09.2015).

interactions, normally with a quite low momentum transfer between the interacting partons.
Only a fraction of collisions involves high momentum transfers, denoted as hard scattering. The
hard scattering processes are usually the processes involving the “interesting” physics, including
the production of resonances at high masses like Z,W or Higgs bosons but also high energy jet
production. The final state signatures of the hard scattering can be used to trigger and classify
the event by searching for particles with high transverse momentum within the fiducial region of
the detector. Additional interactions are accompanying the hard scattering including additional
parton-parton interactions, denoted as multiple parton interaction (MPI), interaction with rem-
nants of the proton scattering as well as initial and final state radiations of all sub-processes,

illustrated in Figure 5.1. These interactions are collectively denoted as “underlying event” (UE).

The underlying event contribution is dominated by QCD processes at low energy scales. Since
these processes cannot be deduced from first principles via perturbation theory, they are mod-
eled in Monte Carlo event generators using phenomenological concepts and algorithms. These
models introduce additional parameters which are a priori unknown and need to be fitted to
measurements. The fitting process of MC models is usually referred to as tuning and depends in
general on the center-of-mass energy and the impact parameter of the proton-proton collision. If
the collision is nearly central, and therefore the impact parameter close to zero, one expects that
the mean UE contribution is constant against the hard scattering energy scale. To account for
the dependencies within the tuning processes, it is important to provide measurements sensitive
to the UE contribution at the considered center-of-mass energy and, if possible, over a large

range of hard scattering energy scales, since a bulk of analyses at the LHC are operating at
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processes with high energy momentum transfer between the protons.

So far, underlying event contributions were measured using collision data from experiments
at the Tevatron and the LHC. The CDF collaboration published several UE measurements
in inclusive jet events and Drell-Yan events at a center-of-mass energy of 1.8 TeV [170] and
1.96 TeV [171] using proton-antiproton collision data at Tevatron. UE measurements using
proton-proton collision data at center-of-mass energies of 900 GeV, 2.76 TeV and 7TeV at the
LHC were published by the ATLAS [172-175], ALICE [176] and CMS [177-182] collaborations

using minimum bias, track-jets and Z boson events.

In this chapter, the underlying event analysis in dijet events using data at /s = T7TeV
recorded with the ATLAS detector at LHC is presented, which has been published by the ATLAS
collaboration in 2014 [183]. The measurements cover the underlying event contribution over
a large energy range and are already used for tuning efforts within the ATLAS collaboration [184].
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5.1 Underlying Event Analysis

The term underlying event incorporates particle and energy flow contributions from different
parts of the proton-proton interaction, which are not classified as the hard scattering. It is not
possible to separate the UE contribution from particles originating from the hard scattering
process on a single event basis. Instead particle multiplicity densities as well as momentum

and energy flow densities are measured in geometrical regions sensitive to contributions of the UE.

Within the scope of this thesis, the underlying event is measured in dijet events containing at
least one jet above a certain transverse momentum threshold. The dominant contributions arise
from 2 — 2 parton scattering processes with two quarks or gluons in the final state, which are
observed as jets, illustrated in Figure 5.3. To preserve the total transverse momentum it is
necessary that both jets balance each other: both jets should carry roughly the same amount of
transverse momentum and should be separated by 180° in the azimuthal plane. The longitudinal
momentum of the outgoing particles is not fixed, because the initial longitudinal momentum
fraction of the interacting partons is unknown, while the transverse momentum component of
the incoming partons is assumed to be zero®. Initial and final state radiation can lead to higher
jet multiplicities which degrades the balance between the two hard scattered particles.
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g q
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Figure 5.3: Example Feynman diagrams for dijet productions with quarks and gluons in

the initial and final state.

The cross section for the inclusive dijet production with two initial partons (i,j) and to two
final partons (k,1) can be expressed at lowest order of perturbation theory in the following
formula [168, ch. 7]:

o 1671752 > o) fleni) x S (i = k)P

5.1
dysz dys dp?. T Z2 (5-1)

14 0
where f; (21,2, %) represents the parton density distribution for the corresponding incoming
partons at the momentum fractions x; 2 of the two incoming protons. The sum over all involved
matrix elements is represented by S_|.#|?. The equation is evaluated at a certain momentum

scale p with ys 4 representing the rapidities of the two outgoing particles in the laboratory frame.

Measurements for the inclusive jet and dijet production have been performed within the ATLAS
collaboration [185,186]. The cross sections for the jet production are strongly dependent on
the transverse momentum of the produced jets as well as the considered region in rapidity. For

the fiducial region considered within the context of this analysis, the total jet production cross

3 To be more precise, this assumptions only holds in the “infinite momentum frame”, in which the momentum
vector of the proton can be approximated with p#* = (F,0,0, E)T for E >> mproton, which is a reasonable
assumption for proton energies at the LHC.
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section is of the order of 10° pb and, except for soft QCD scattering processes, it is the dominant

interaction in proton-proton collisions at the LHC.

5.1.1 General Analysis Strategy

The central idea is the splitting of the azimuthal space in regions which are sensitive to the hard
scattering component and regions sensitive to the underlying event contribution. Observables
measured within these regions are unfolded afterwards to remove resolution and migration effects
caused by interactions with the detector. Hence two level of particle definitions are used for Monte
Carlo simulation samples: the detector level including a detector simulation and a particle level
resembling the expected observable distributions without any detector simulation. On detector
level, every observable is defined using either topological calorimeter clusters built from energy
deposits in electromagnetic and hadronic calorimeter or tracks of charged particles measured
within the inner detector. The corresponding observables on particle level are expressed using

charged and neutral particles with a mean lifetime of 7 > 0.3 x 107 1%s.

UE measurements using this kind of analysis technique were already performed at Tevatron in
pp collisions at a centre-of-mass energies of /s = 1.8 TeV and 1.96 TeV but are also heavily used
within UE measurements at ATLAS, ALICE and CMS.

The baseline is the identification and parametrization of the hard scattering interaction. For the
dijet topologies, the jet with the highest transverse momentum among all jets within the event
(“leading jet”) is used to parametrize the energy scale and direction of the hard scattering in
the azimuthal phase space. The scale is defined by the transverse momentum of the leading jet,
pead | and the direction by the ¢ coordinate, @jead-

Jets in data and in detector level simulation are reconstructed from topological calorimeter clus-
ters using the anti-k; jet cluster algorithm with a radius parameter of R = 0.4. For particle level
simulations, the same jet clustering algorithm is deployed but, instead of topological calorimeter
cluster, stable neutral and charged particles, except neutrinos, are used. In both cases the jets
are required to provide a minimal transverse momentum of pr > 20 GeV and maximal rapidity
ly| < 2.8 to ensure that the jets are well located within the barrel region of the calorimeter. For
detector level jets the EM+JES calibration scale is applied.

The azimuthal space is subsequently portioned into four main regions depending on the azimuthal
distance A¢ = |¢ — Preaa| of the leading jet against the object of interest*: the toward region with
A¢p < 60°, two transverse regions with 60° < A¢ < 120° and an away region with A¢ > 120°,
which are illustrated in Figure 5.4. Observables in the toward and away region are dominated by
particle interactions originating from the hard scattering process. The toward region contains by

construction the leading jet and the away region is covering particles from the balancing jet.

The underlying event contributions are assumed to be uncorrelated from the hard scattering and
therefore on average equally distributed against ¢jeaq. Within the toward and away region the

UE contribution is concealed by the hard scattering but not within in the transverse regions

4Either topological clusters or tracks (on particle level the corresponding counterpart is used) which are used to
construct the final observables.
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Figure 5.4: Illustration of the azimuthal plane split for a single event. All regions are defined
by the angular distances A¢ to the central axis of the leading jet: the toward
region is defined around the leading jet with |A¢| < 60°, both transverse region
with 60° < |A¢| < 120° and the away region with |[A¢| > 120°. The toward and
away regions are dominated by contributions of the hard scattering while the
transverse regions are sensitive to the underlying event.

which are perpendicular to the plane of hard scattering. The transverse region is consequently
sensitive to the underling event contribution. The sensitivity can be spoiled by additional initial
and final state emissions of the hard scattering. Especially wide range emissions are problematic
because they can directly contribute to the particle flow within transverse region and disturb the
balance of the assumed dijet system. The resulting balancing jet(s) may no longer be covered by

the away region and at least partially migrated into the transverse region, illustrated in Figure 5.5.

To allow a more distinct separation between the pure UE contribution and the hard scattering two
additional analysis steps are performed. In a first step, both transverse regions are categorized
in a trans-mazx and trans-min region which are defined as the transverse region with more/less
activity for the considered observable, respectively. The trans-max region is more likely to be
affected by contributions from the hard scattering and consequently the trans-min region is more
sensitive to the UE contribution. The difference between the trans-max and trans-min region,
denoted as trans-diff, is sensitive to the initial and final state radiation of the hard scattering,
because the average contribution of the underlying event is subtracted from the trans-max region.
In a second step, the separation of the event selection in an inclusive and an exclusive dijet
topology is performed. Additional selection requirements for the exclusive dijet selection ensure

a clean and balanced dijet topology, minimizing the contributions from radiations.

5.1.2 Observables

To quantify the underlying event contribution, multiplicity distributions and momentum (or

energy) sums of track or clusters within the transverse regions are used. But the underlying
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——~ leading jet ——= leading jet

Figure 5.5: Illustration of a two and three jet topology projected in the azimuthal plane. The
left side shows a dijet topology with both jets located within the toward/away
region. The right side illustrates the effect of an additional 3th jet originating
from a wide angle emission in the hard scattering process contributing to
the energy and particle flow in the transverse regions. The lighter grey area
represents the toward/away region and the darker grey areas both transverse
regions.

event contributions cannot be reliably separated from the hard scattering on an event-by-event
basis and instead the mean values of the densities are considered.

The observables are presented on two different ways: one dimensional distributions and profile
distributions. The one-dimensional distributions are histograms of the charged particle multiplicity
or the sum of transverse momenta of charged particles for a given range in p'cad. All histograms
are normalized to unity.

The mean values of the observables are presented using profile histograms, which show for each
bin in plTead the corresponding mean value of an observable ¢ and its standard deviation as
uncertainty using the arithmetic mean estimator. For a given bin ¢ in plf’ad the mean value of &
is defined by

DI

(©0): e

(5.2)

with a standard deviation of

N; 2
7(@)i =\ 3 2 (035 - (0):) (53)
lead

where N; is the number of events and 0 (pr’) the value of the considered observable. Most

observables are normalized to the area d1d¢ covered by the considered region in the 7-¢ plane.

Track Based Observables Track based observables are the mean number of tracks, (Ne,/dndo),
and the mean scalar sum of the tracks transverse momenta, (3 pr/0nd¢), per unit in 1 — ¢. In
addition the mean value of the average transverse momentum® in each event, (pt) = Nen/ > o,

is considered. Tracks are required to pass the following set of requirements:

5Please note that this observable combines two averaging processes: first the mean transverse momentum for a
specific event and second the mean value of the first average over all events.
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1. The transverse momentum of the tracks should be p{* > 500 MeV with a pseudorapidity

value of |n*¥| < 2.5.

2. Each track should be reconstructed with at least one hit in the pixel layers and at least six
hits in the SCT layers.

3. At least one hit in the innermost pixel layer (B-layer) is mandatory (only if the pixel

module was active during the data taking).

4. Track impact parameters with respect to primary vertex (PV) are required to be below
1.5mm to reduce the impact from tracks not originating from the PV (e.g. tracks from

pile-up interactions):

d¥V < 1.5mm and zV-sin (Gtrk) < l.5mm.

5. The probability to obtain a x? fit value equal or greater than the observed x?2,. value®
should be > 0.01 for tracks with pﬂfk > 10 GeV in order to reduce the amount of tracks

with a mis-reconstructed pik [187].

The corresponding simulated particle level distributions are defined using charged and stable
particles with pr > 500 MeV and |n| < 2.5. Only primary particles produced in the simulated
proton-proton collision and their successor are considered, secondary particle due to detector

simulation using GEANT4 [40] (e.g. interaction with the detector material) are not considered.

Cluster Based Observables So far, only observables measuring the underlying event contri-
butions of charged particles are defined. To measure also the neutral particle flow, the mean
scalar sum of transverse energy per unit in 7 X ¢, denoted (> Etr/dnd¢), build from topological
clusters in the calorimeter is considered, containing energy depositions from both neutral and
charged particles. No additional energy threshold is applied and the clusters are collected within
two regions in n: || < 2.5 to match the phase space covered by the inner detector and
‘77‘:1115’ < 4.8 to use (nearly) the full coverage of the calorimeter. Within 1.3 < ‘n°1us| < 1.32 only
clusters with an energy fraction in the hadronic calorimeter below 40 % are considered (in order

to avoid anomalies in clusters with high f,.q within this region):
fhaa(cluster) < 0.4 . (5.4)

The corresponding particle level distributions are defined as the mean scalar sum of transverse
energy per unit in 7 x ¢ for charged and neutral, stable particles (excluding again secondary
particles from the detector simulation). The particles are selected within the same pseudorapidity
regions, 7 < 2.5 and 4.8, and are required to provide a minimal scalar momentum of p > 200 MeV
and 500 MeV for neutral and charged particles, respectively. Particles with lower momentum
are most likely stopped and absorbed before reaching the calorimeter and will therefore not

contribute to the energy depositions [175].

6Technically one requires that the complementary cumulative distribution function, S(x?), of the x? distribution
for the considered degrees of freedom to be greater than 0.01 for the observed 2, . value: S(xgbs) > 0.01.

obs
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In general it is not possible to reliably associate every track to a particular energy deposition in
the calorimeter”. A clear separation between the contribution of charged and neutral particles to
the UE is therefore not possible. Instead the mean fraction of energy carried by the charged
particles is considered by measuring the ratio between > pt and > Et, denoted as mean charged
fraction (3 pr/> . Et). A summary of the observables can be found in Table 5.1.

Formula symbol

Detector Level

Particle Level

(35
(B

<PT >

()

(X pr/X Er)

Mean number of tracks per
unit in n X ¢

Mean scalar transverse mo-
mentum sum of tracks per
unit in n X ¢

Mean value of the average
transverse track momentum
per event

Mean scalar transverse en-
ergy sum of topological clus-
ter in the calorimeter per unit

innxae

Mean ratio of the scalar
transverse momentum sum of
tracks over the scalar trans-
verse energy sum of calorime-
ter cluster

Mean number of charge, sta-
ble particles per unit in 1 X ¢

Mean scalar transverse mo-
mentum sum of charge, sta-
ble particles per unit in n x ¢

Mean value of the aver-
age transverse momentum of
charge, stable particles

Mean scalar energy sum of
stable neutral and charged
particles

Mean ratio of the scalar
transverse momentum sum
of charged particles over the
scalar energy sum of charged
and neutral particles

Table 5.1: Observables for the underlying event analysis on detector and particle level.

"For some certain physical processes and particles, one can perform an association between tracks and calorimeter
clusters, e.g. for the identification of high energetic (isolated) electrons.

Page 97



CHAPTER 5. MEASUREMENT OF THE UNDERLYING EVENT

5.1.3 Data & Monte Carlo Event Samples

Data The underlying event measurement is performed using proton-proton collision data at
a center-of-mass energy of /s = T7TeV recorded with the ATLAS Experiment at LHC. The
measurements took place during the Run 1 phase of the ATLAS experiment in the year 2010 over
a time interval of almost seven months. The recordings are staggered in periods, which range
from period A —I. A total luminosity of ~ 47pb~! was recorded with a peak instantaneous
luminosity of the order of 0.2 x 1032 cm™2s7! [112]. After additional requirements for stable beam
conditions and data quality (ensuring that all relevant sub-detector systems are working properly)
a total integrated luminosity of .Z291% = 37.0(13) pb~" has been used for the underlying event

analysis.

Details on the run setup can be found in Section 3.3. For the underlying event analysis, the
relative low number of pile-up interactions during the 2010 data taking period (up to ~ 5
collisions on average) is an advantage because pile-up interactions are a possible background. In
addition, the relative low trigger thresholds and pre-scales in 2010, compared to the data taking
in 2011 and 2012, allow to accumulate a reasonable amount of statistics of interactions at low

energy scales.

Simulations Simulations of proton-proton collisions including interactions which are typically
associated to the underlying event (MPIs, initial and final state radiations and beam remnants
interactions) are utilized for correction and unfolding procedures of the measurements and for

subsequent comparisons of the corrected data with predictions at particle level.

QCD interactions with multi-jet final states are simulated using the leading order Monte Carlo
generators PYTHIA 6 [188], PyTHIA 8 [148], HERWIG++ [189], HERWIG+JIMMY [190,191] and
ALPGEN+HERWIGHJIMMY [192] as well as the next-to-leading order generator POWHEG [193-195]
interfaced with PyTHIA 6. All samples are generated at a center-of-mass energy of /s = 7TeV
but with different parton shower, MPI and hadronisation models as well as different parton
distribution functions for the incoming protons. The underlying event measurements are sensitive

to the properties of these models and allow to test and tune the different model parameter.

Two different sets of simulated samples are employed:

1. The first set contains two samples used within the unfolding procedure to compare the
measurements directly with particle level predictions without the necessity of an additional
detector simulation. The unfolding is performed using a PYTHIA 6 sample with MRST LO*
[196] as PDF and the AMBT1 [197] tune. Possible systematic effects due to the unfolding
procedure are evaluated using a HERWIG++ samples with a MRST LO* PDF and a
LO*_JETS® tune [198]. Both samples are generated on detector level using a GEANT4
based simulation of the ATLAS detector.

8The LO*_JETS parameter configuration is an old tune compared to the HERWIG++ tunes used for the
comparison with the unfolded measurements. This is acceptable for the unfolding procedure, because the
unfolding process is sensitive to the transition between particle and detector level rather than to the details of
the tuning.
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2. The second set contains particle level samples from various MC generators. The full list of

samples can be found in Table 5.2.

MC Event Generator Version PDF(s) Tune
Samples for data correction & unfolding
PyTHIA 6 6.425 MRST LO* AMBT1
HERWIGH+ 2.5.0 MRST LO* LO*x_ JETS
Samples for comparisons between measurements and MC predictions
PYTHIA 8 8.157 CT10 [169] AU2 [199]
PYTHIA 6 6.425 CTEQ5L [200] Perugia 2011 [201]
PyTHIA 6 6.421 CTEQ5L DW [202]
HERWIG++ 2.5.1 MRST LO#** [203] UET-2 [204]
HERWIGHJIMMY 6.510 MRST LO** AUET2 [205]
ALPGEN+HERWIG+HJIMMY 2.13 + 6.510 CTEQ6L1 [206] AUET1 [205]
POWHEG+PYTHIA 6 12169 + 6.425 CT10 + CTEQSL Perugia 2011

Table 5.2: Monte Carlo event generator used within the context of the underlying event
analysis on dijet topologies. For POWHEG+PYTHIA 6 two separated PDF sets are
applied: CT10 for the matrix element calculation using POWHEG and CTEQ5L
for the parton shower and MPI simulation within PYTHIA 6.

For the PYTHIA 6 generator, three different tunes are tested: AMBT1, Perugia 2011 [201] and
DW [202]. The AMBTT1 is the first tune performed by the ATLAS collaboration using the first
minium bias measurements at the LHC. Perugia 2011 is the latest tune of the Perugia series and
based on early LHC minimum bias measurements using the pr-ordered parton shower model of
PyTHIA [183]. In contrast, the PYTHIA 6 DW tune has been derived using measurements from

CDF during Run IT using a virtually-ordered parton shower model.

The PyTHIA 8 Monto Carlo generator allows to interleave the MPI scattering model with the
initial state and final state radiation process. The AU2 [199] tune is primarily based on UE
measurement using tracks performed by the ATLAS collaboration at /s = 7TeV.

For HERwIG+JIMMY and ALPGEN+HERWIGH+JIMMY two ATLAS tunes are used: the AUET2 [205]
and the older version AUET1 [205], respectively, both using data from underlying event mea-
surements at ATLAS and CDF. With the HERWIG++ generator, a color reconnection model
has been introduced and the UE7-2 [204] tune allows a reasonable description of the ATLAS

minimum bias and underlying events measurements using tracks [183].

5.1.4 Event Selection

The event selection is performed to accumulate a sample for proton-proton interactions with
dijet topologies in the final state, originating (largely) from QCD interactions. The selection
also reduces the contamination from possible background interactions. The most dominant
background sources are cosmic muons, non-collision background and pile-up interactions.

The first selection step is the requirement for stable beams and well operating detector elements,
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which are necessary for the measurements. This includes the L1 trigger processor, the high-level
trigger processor (for events where the high-level trigger is required), the ID systems (Pixel
and SCT layers as well as the TRT) with the solenoid, the full electromagnetic and hadronic
calorimeter (barrel and end-cap parts) and the detector elements for luminosity measurements.

In addition, a good reconstruction quality for tracks and jets is mandatory.

Two main analysis topologies are extract from collision events passing the general requirements
above. The first topology is denoted as inclusive jet topology and is designed to selected dijet
events with the least possible bias (including dijet events in which one jet does not pass the
jet selection requirements). This topology is the baseline for the underlying event analysis and
allows a good comparison with previous UE measurements at Tevatron and the LHC experiments.
The second topology is denoted as exclusive dijet topology and is performed on top of the
inclusive selection. Additional requirements for a dijet topology are forced, which allow a cleaner
measurement of the underlying event contribution at the price of a possible selection bias due to

the restrictions in the jet spectrum.

Inclusive jet topology At least one jet needs to be reconstructed with a transverse momentum
of péf?t > 20 GeV and rapidity of ‘yjet| < 2.8, to ensure that the jet is well located within the
barrel region of the calorimeter. If more than one jet above 20 GeV has been reconstructed, the

leading jet is required to be within the barrel region:
ylead it < 2.8 . (5.5)

A jet cleaning is performed by rejecting events with at least one fake or problematic jet. Details
for jet cleaning definitions can be found in Section 4.5.4. Fake jets or jets with mis-reconstructed
energy can lead to a false classification of the leading jet which would result in a re-orientation

of the ¢ splitting and a wrong association of the underlying event contribution.

The trigger requirements are following the recommendations for the jet cross section measurements
to ensure the minimal possible bias for the dijet event selection. Trigger chains including minimum
bias and central jet trigger are applied, in which the specific trigger choice depends on the period
of data taking and the transverse momentum of the leading jet. Two main trigger systems are

utilized:

1. A one sided L1 minimum bias trigger based on MBTS, L1_MBTS_1. Charged particles
above a certain energy threshold passing at least one of the two MBTS disks (therefore one
sided) are enough to invoke the trigger. For the very early part the of data taking (the first
runs of period A) the L1_MBTS_1 was used to trigger all dijet events, due to a mis-timing
problem within the L1 jet trigger system. For periods afterwards (the rest of period A is

denoted as A*) the minimum bias trigger is used for events with a p'e®d < 60 GeV.

2. Jet trigger with different energy thresholds are applied. For the central region eight L1
jet trigger items were available: L1_J5/10/15/30/55/75/95/115 which are applied for
Period A* - F, since the high-level trigger were only used for validation purpose up to this

point and only the L1 trigger were actively rejecting events. Beginning with Period G also

Page 100



CHAPTER 5. MEASUREMENT OF THE UNDERLYING EVENT

the high-level trigger system was active and the trigger EF_J20/35/50/75/95_jetNoEF
have been used for the event selection. The energy scale on the trigger thresholds is an
uncalibrated scale (energy sum of the calorimeter cell associated with the jet without any
further calibration scale factors applied). The final calibrated scale is usually higher, due

to the compensation for hadronic components within the electromagnetic calorimeter.

The trigger choice is a balancing act between the trigger efficiency and the pre-scale applied to

the trigger. For a considered range in plfiad7 the trigger with the lowest pre-scale but still with an

efficiency above 99 % is chosen to ensure a maximum amount of data but also ensure that the
trigger is operating within the efficiency plateau and not in the turn-on curve. The full list of

triggers with their corresponding pi¢®? intervals is shown in Table 5.3.

P24 [GeV]  Period A* - F  Period G - 1

20-60  L1_MBTS_1 L1_MBTS_1
60-80  L1_J5 EF_J20_jetNoEF
80-110 L1_J5 EF_J20_jetNoEF
110 - 160  L1_J15 EF_J35_jetNoEF
160 - 210  L1_J30 EF_J50_jetNoEF
210 - 260 L1_J55 EF_J75_jetNoEF
260 - 310 L1_J75 EF_J95_jetNoEF
310 - 400 L1_J95 L1_J95

> 400 L1_J95 L1_J115

Table 5.3: Trigger chains applied for the underlying event analysis. For the early part of
Period A all events are triggered using the minimum bias trigger. Beginning
with Period A* the required trigger depends on the transverse momentum of the
leading jet.

At least one primary vertex is required to reject background events originating from cosmic
muons and non-collision background within the beam pipe. The position of the primary vertex
in the beam pipe should be consistent with the position of the beam crossing area and at least
five tracks should be associated with the vertex. The previous requirement to have at least one
jet above 20 GeV already selects events with some activity and consequently above 99 % of the
events are passing the vertex criteria. A possible bias due to requirement of five tracks has been

studied and found to be negligible (see Section 5.2.3).

To reduce the influence of pile-up interactions all events with more than one reconstructed
primary vertex (vertices located within the beam crossing area) with two or more associated
tracks are removed. This requirement is particularly important for the later data taking periods
in which the average interactions per bunch crossing increase up to three. The pile-up rejection
is crucial for cluster based observables. For track-based observables one can reduce the pile-up
contamination by rejecting tracks associated with pile-up vertices but it is not possible to
associated individual components within the energy depositions of a calorimeter cell with a
certain vertex. Without a pile-up rejection, the corrections for the pile-up contributions would
have be performed entirely during the unfolding step, relying on a sufficiently modeled pile-up

contribution in the Monte Carlo generators. Even with the rejection, a small pile-up contribution
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remains due to the finite resolution of the inner detector. If the primary and a pile-up vertex
are to close together to be separated as two independent object, one will end up with a merged
vertex in which the pile-up contribution will act like a multiple parton interaction. The expected
fraction of merged vertices is estimated to be at the order of a few percent and the effect on the
observables is considered as systematic uncertainty. The details of the merged vertex study are

shown in Section 5.2.3.

Exclusive dijet topology The selection for the exclusive dijet topology is performed on top
of the inclusive selection. In addition to the leading jet in the inclusive selection exactly one
additional jet with the same selection criteria is required (events with three or more jets are
rejected). The additional jet is denoted as sub-leading jet.

To suppress possible radiations below the 20 GeV momentum threshold or above 2.8 in rapidity,
additional angular and momentum balancing criteria between the leading and sub-leading jet
are enforced. The angular separation between the two jets, Agiead, sub = |Plead — Psub |, should
be greater than 2.5 (to ensure that the sub-leading jet is located within the away region) and
the transverse momentum ratio between the sub-leading and the leading jet, pST“b / plli’ad, should
be greater than 50 %.

ID  Selection Criterion Description

Inclusive Jet Topology

1 Data quality Stable beam, optimal detector/reconstruction performance

2 Jet selection Classification of the leading jet to define direction and
energy scale of hard scattering

3 Jet cleaning Remove events with at least one fake or problematic jet

4 One primary vertex Remove background events from cosmic muons and non-
collision background

5 Pile-Up Veto Reject events with more than one reconstructed primary
vertex

Ezclusive Dijet Topology

6 Third jet veto Reject events with more than two jets with pr > 20 GeV

7 pr balancing Balancing requirement for the transverse momentum of
the leading and sub-leading jet: pfi®/piead > 0.5

8 ¢ balancing Balancing within the azimuthal space between the leading

and sub-leading jet: A@icad,sub > 2.5

Table 5.4: Summary of the selection criteria for the inclusive jet and ezclusive dijet topology.

Page 102



CHAPTER 5. MEASUREMENT OF THE UNDERLYING EVENT

In total 429,049 proton-proton collision events have passed the inclusive jet selection with 50 %
of the events being selected by the minimum bias trigger and the rest using the jet triggers.
After the exclusive selection 98,838 event are left with 32 % of the events being triggered by the
minimum bias trigger systems. A summary of the event selection can be found in Tables 5.4
and 5.5.

Total  Minimum Bias Trigger Jet Trigger

Inclusive 429,049 215,742 (50.3 %) 213,307 (49.7 %)
Exclusive 98,838 31,995 (32.4%) 66,843 (67.6 %)

Table 5.5: Number of events after the inclusive and exclusive selection.
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5.2 Correction & Unfolding

To compare the results obtained from data with MC particle level predictions, it is necessary
to perform a correction and unfolding procedure to the measured observables. The unfolding
process should be able to remove various smearing and migration effects due the finite resolution
of the detector and possible interaction of the outgoing particles with the detector material.
Reconstruction and identification algorithms, which process the raw signals if the ATLAS detector,
can also add smearing effects to the final observables. In case of a perfect unfolding algorithm,
the resulting (unfolded) observable distributions would resemble the particle spectra as they
would be observed with an ideal detector. The main effects which could spoil the observable

distributions are summarized in the following list.

1. In-efficiencies in the reconstruction of objects related to physical particles. The dominant

effect arises from in-efficiencies in the reconstruction of inner detector tracks.

2. Mis-reconstruction and misidentification of objects, in particular tracks from secondary
interactions with the detector material can be falsely classified as tracks originating from

the primary interaction.

3. Uncertainties in the reconstruction of the track momentum vectors and the jet/cluster
energy scales. Possible uncertainties in the jet energy scale reconstruction can lead to
a mis-classification of the leading jet and, hence, to a reorientation of the division in
azimuthal space. Subsequently the contribution of the hard scattering can be assigned to

the underlying event observables.

4. Related to the point above, small uncertainties in the direction of the tracks can cause
migration effects in track based observables. The uncertainties in the direction arise from
the finite resolution of the detector and multiple scattering processes of a charged particle
with the inner detector material, which will lead to small modification of the particle
trajectory. This kind of effect is usually small compared to others and is only relevant at
the borders of the considered fiducial phase space (|n'¥| ~ 2.5) and at the edges of both

transverse regions.

5. Although a pile-up veto is applied, it is still possible that a pile-up vertex is too close
to the considered primary vertex to be identified as separated vertex. In this case both
vertices will be reconstructed as one “merged” vertex and the pile-up interactions can add

contributions to the underlying event.

6. Possible particle flow originating from non-collision background interactions can be falsely

interpreted as contribution to the underlying event.

The full unfolding procedure is performed in two separated steps. First, corrections for the track
reconstruction and misidentification efficiencies are applied for track based observables. In a
second step, a general unfolding procedure based on an iterative Bayesian unfolding method is

utilized for all observables to handle the remaining smearing effects.
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Figure 5.6: Track reconstruction efficiency parametrized in the transverse momentum pr
and the pseudorapidity n of the considered track. The efficiencies are derived
using the PYTHIA 6 Monte Carlo event generator. The green shaded area
represents the combined statistical and systematic uncertainty, while the black
bars represent the statistical uncertainty only. Both results are taken from
Ref. [187].

5.2.1 Track Observable Corrections

Track based observables are corrected utilizing studies of the ATLAS minimum bias group [187]
to remove effects from reconstruction inefficiencies and the detector resolution. The following

corrections are considered:

Track reconstruction efficiency The efficiency to reconstruct a charged particle as a track was
studied in detail by the minimum bias group within the ATLAS experiment. The evaluation
of the reconstruction efficiency, €1 (pT,7), was performed using simulations of non-diffractive
proton-proton collisions, generated with the PYTHIA 6 Monte Carlo event generator, parametrized
in pr and 7 of the original truth particle (see Figure 5.6). Requirements on the minimal number
of hits in the silicon layers are responsible for the decrease in the reconstruction efficiency
for particles with low transverse momentum, because on average the particles need a certain
transverse momentum to pass through the minimal number of required layers. The efficiency
also decreases for increasing pseudorapidity, because the particles need to pass through a larger

amount of material.

The track inefficiency is considered by weighting each track with:

1

Wirk (me) = m .

Secondary particles Secondary particles are particles which are not originating directly from
the primary interaction. This includes decay products, interactions of particles with the detector
material and photon conversions. A small number of tracks are fake tracks which are not

correlated to true physical particles. The fraction of secondary particles, fsec, was estimated
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using simulations [187] and considered by applying the following weight for each track:

Wsec (pT, 77) =1— fsec (pT7 77) . (5'7)
The impact of fake particles above pr > 500 GeV was found to be negligible.
Particle outside the kinematic range Particles outside the considered phase space can migrate
into the considered kinematic region due to resolution effects. Similar to the secondary particles,

the fraction of particle migrated in from outside the kinematic range, fokgr, was estimated using

Monte Carlo simulation [187] and is incorporated utilizing the following weight for each track:

wokr (pr,1) = 1 — fokr (PT,7) - (5.8)

In the full correction procedure a product of all three weights is applied for each track:

(]— B fsec(pTa 77)) ) (1 — fOKR(PT, 77))
euk (P, 1)

Wiot (PT» n) = Wtrk * Wsec * WOKR = (59)

resulting in the following equations for the corrected track multiplicity, N: ", and the corrected

transverse momentum suin, chTorr:

N
=) it (P ') (5.10)
=1

N
SPET = wiet (P, ') - P (5.11)
i=1

where 7 is the index of the considered track and N the total number of tracks in the considered
analysis region. On average the corrected track multiplicity and the corrected transverse momen-

tum sum should resemble their particle level counterparts.

The track efficiency has the largest impact on the correction, followed by the correction for
secondary particles. Particles from outside the kinematic range only have an impact around
|n"| ~ 2.5 and the overall contribution to the underlying event observables is found to be

negligible.

5.2.2 lterative Bayesian Unfolding

The primary idea of unfolding an experimental distribution is based on the relationship between
the underlying true® distribution, which would be observed with an ideal detector, and the
measured or reconstructed distribution, which is the result of a non-perfect (and therefore realistic)
detector. Possible smearing effects include: migration effects due to systematic uncertainties, a
non-linear response behavior of the considered detector elements as well as a limited acceptance

of the experimental setup.

9Also denoted with particle, hadron or truth level distribution.
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The number of reconstructed events, n (Rj), in the bin'® j is connected to the number of true
events, n (7;), in the bin ¢ by:

M

n(R;) =Y P(R; [T)n(Ty), (5.12)

i=1

where M is the number of bins and P (Rj |7;) represents the conditional probability for a given
event with the true value 7; to be reconstructed as value R;. It is convenient to construct a

smearing'! matrix S where each element S;; contains the conditional probability:
Sij =P (R; |T;) i,5€[1,M]. (5.13)

Inverting the smearing matrix would allow to obtain the true distribution from the measured
distribution. Unfortunately, this method can lead to problems if the matrix is singular or if
the entries of the matrix suffer from large statistical fluctuations. These properties can cause

ill-posed problems which results in unphysical solutions [207,208].

Several solutions have been developed to address the unfolding problems. A simplistic, but
common, approach is the bin-by-bin unfolding. Within this method a simple correction factor, C;,
for each bin 7 is defined as the ratio of the true number of events over the reconstructed number
of events:

n (7;1\/10)
n (RYC)
where MC indicates that the distributions are derived from simulations, usually using Monte
Carlo methods. The unfolded number of events, n (L{,Pata), for bin i is then estimated by

multiplying the correction factor the with measured (reconstructed) number of events, n (R?ata):

Ci = (5.14)

n (ulData) =C;-n (RPata> . (515)

The major drawback of the bin-by-bin unfolding method is the missing treatment of migration and
correlation effects between the different bins. More sophisticate methods allow a handle on this
problem; for example, the HBOM method [209] or matrix inversion methods with regularization
procedures like the SVD approach [210].

Bayesian Iterative Unfolding For the underlying event analysis an iterative unfolding method
based on the Bayes’ theorem developed by G. D’Agostini in 1994 [211] has been applied. The
conditional probability P (7; |R]) can be related to the smearing matrix in eq. (5.13) using the
Bayes’ formula:

(RMC ‘TMC) (7;)

PR = — ) (5.16)
(RMC ‘TMC) ( )
TS PR P(T) (347

10Within the context of this thesis, the unfolding of binned distributions (histograms) is discussed in which the
number of bins is the same for the reconstructed and the true distribution.
11Please note that the term smearing matrix is not consistently used within the literature.
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where P(7;) is the unknown, prior probability distribution for the true value in bin ¢ The
smearing matrix P (R} [TMC) is estimated using simulation based on Monte Carlo methods.
Subsequently the number of unfolded events, n (UPata), can be estimated from the measured

data values, n (RP**), using:

M
n (UP) =3 P(TMC|RYC)n (RP™) . (5.18)

j=1

Eq. (5.18) does not account for true events with no corresponding reconstructed counterpart.
These kinds of events are classified as missed and can occur due to the kinematic selection
requirements in the event reconstruction. The missing effects are considered by modifying

Eq. (5.18):
M

n (UP*) = 137 p (TMC [RMC) 5 (RDate) (5.19)

j=1
where €; represents the probability that an event in bin 7 of the true distribution has no counter-
part in the reconstructed distribution. In addition, fake events are observed, which are events
found in the reconstruction with no counterpart in the true distribution, e.g. jet or tracks
reconstructed from detector noise. The contribution of fake events is small and considered by
adding an additional bin to the smearing matrix, which is representing the prior probability

that a bin ¢ contains fake events. The fake probability is estimated using Monte Carlo simulations.

The unfolded number of events, n (UlData), will depend on the prior probability distribution
P(T;), which results in a possible model dependency of the final unfolded distributions. In order
to remove the dependency, an iterative procedure [211] is utilized by replacing the prior for each
iteration with the unfolded distribution of the preceding one, using the following algorithm the
for bins ¢ € [1, N

1. The initial prior, Py (7;), for the first iteration is estimated from Monte Carlo simulation
using the particle level distribution normalized to unity:

Py (T;) = Py (TMC) = W . (5.20)

2. The initial number of expected event, ng (L{ZE Xp), is estimated by scaling the initial prior

with the number of observed events, Nps:

no (UPP) 1= Py (TMC) Nops (5.21)

3. The corrected distribution for the k' iteration step, ny (L{iData) with £ =1,..., knax, 18

calculated according to Eq. (5.19) using the prior estimated in the (k — 1) iteration step,
Py—1 (TMC).

4. The new prior, P (TM¢), and the new expected number of events, ny, (Z/{EXP>, for the

i

Ekth iteration step, is estimated using the normalized and unfolded distribution ny, (Z/{zData)
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obtained in step 3:

n (uPata)
ST e (U
e (UP) = i, (UP™2) (5.23)

P (TM9) = (5.22)

5 A X%, x_1 comparison between the estimated number of event obtained in kP iteration step,

ng (L{;E Xp), and the estimated number of events obtained in the (k — 1) iteration step,

Np_1 (Z/{.EXP), is performed.

(2

6. The iteration stops if the x? distribution reaches an optimal iteration point, kopt, otherwise

the iteration process continues starting with step 3.

The unfolded distribution for each iteration step will converge against the estimated distribution
with an increasing number of iterations, removing the dependence on the initial prior distribution.
However, statistical fluctuation in the smearing matrix can cause a divergent behavior for a large
number of iterations and effect the unfolded distribution [211], illustrated in Figure 5.7. Therefore,
an optimal number of iterations is a compromise between achieving a prior independence and

preventing an amplification of the statistical fluctuations.

o 12

E

£ Iteration

E improves

B 11+ unfolding

@

o

E

&

L 10F _ Statistical

% E fluctuations o

- =] build up .

b o — "
0.9 I :
0.8 1 [l 1 1 1 [l 1

1 2 3 4 5 6 7 8 9 10
Number of iterations

Figure 5.7: Example for the convergence behavior using the iterative Bayesian unfolding
method. The example is taken from the Imagiro framework reference [212].

The unfolding procedure has been performed using an implementation within the Imagiro
framework developed by B. Wynne [212]. For all observables an optimal iteration point kopy = 2

has been determined.

Smearing Matrices for Single Observables The smearing matrices for the Bayesian unfolding
procedure are estimated using the PYTHIA 6 Monte Carlo generator with the MRST LO* PDF
and the AMBT1 tune. Matrices for the charged particle multiplicity, the transverse momentum
sum of charged particles, the mean transverse momentum of charged particles and the transverse
energy sum of charged and neutral particles (compared to the transverse energy sum of clusters

in detector level) are shown in Figure 5.8. The first three observables (Figures 5.8a to 5.8c) are
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derived from tracking information and the corresponding matrices are calculated after the tracks
based corrections, described in Section 5.2.1. The remaining smearing effects are subsequently
reduced, resulting in mainly diagonal smearing matrices in contrast to the cluster based matrix
(Figure 5.8d).

Smearing Matrices for Correlated Observables To unfold distributions containing two (or in
general more) correlated observables it is not possible to unfold the observables independently
from each other and preserve the correlation. Instead the unfolding process is used on a combi-

nation of both input observables [212].

For two binned distributions x = (21, z2,...,2n) and y = (y1,¥2, ..., yn) a combined observable
g is constructed with
gij = TiYj 1€ [1,M], j e [1,N] (524)

for each combination between the bins in x and y. Unfolding the combined observable will
preserve possible correlations. The method is applied to profile histograms containing density
observables as a function of the leading-jet pt and the charged particle multiplicity, V.. Smear-
ing matrices for the profile histograms as a function of pk2d are shown in Figure 5.9 and as a

function of N, in Figure 5.10, respectively.

Comparing the smearing matrices for correlated observables in Figure 5.9 with their counterparts
in Figure 5.8 allows a graphically interpretation. The following example will focus on the matrix
for Ny in Figure 5.8a and the matrix for Ng, vs. plfad in Figure 5.9a, but similar interpretations
hold for all combined smearing matrices in Figure 5.9. The overall structure of the correlated
matrix in Figure 5.9a follows the form of the matrix for N, only, but with each bin in Figure 5.8a
being replace by a “little” smearing matrix for p't® in the given Reco/Truth bin in Ng,. Likewise
the matrix in Figure 5.10 follows the structure of the (pr) smearing matrix with a smearing

sub-matrix for Ng, in each Reco/Truth bin in (pr).

The method drastically increases the number of bins for the smearing matrices compared to
smearing matrices for one observable: for two distributions x and y, with M and N number of

total bins respectively, in total (M x N)? bins for a smearing matrix are necessary.

Statistical Uncertainties The statistical uncertainties of the unfolded distributions are a com-
position of statistical fluctuations in the original distributions, the smearing matrices and the
prior distributions. After each iteration, the uncertainties are recalculated due to the continuous
change of the prior in each iteration step. The correct uncertainties are obtained by calculating

the covariance matrix taking the effect of the iteration process into account [213].

5.2.3 Non-collision Background and Merged Vertices

Merged vertices If the distance AZ between two vertices along the beam-axis becomes too
small, the vertex reconstruction algorithm may merge both vertices into one primary vertex.
The merging effect occurs for distances below 10 mm and becomes dominant for AZ < 5mm. In

Figure 5.11 the AZpy py distribution for the distance between the primary vertex and pile-up
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Figure 5.8: Smearing matrices for the charged particle multiplicity (top left), the charged
particle transverse momentum sum (top right), the mean transverse momentum
of charged particles (bottom left) and the transverse energy sum of charged and
neutral particles (bottom right), calculated for the inclusive topology in the
transverse region. The matrices have been estimated using the PyTHIA 6 MC
generator with the AMBT1 tune. The true values, denoted Truth, are shown on
the x axis and the reconstructed values, denoted Reco, are shown on the y axis.
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Figure 5.9: Smearing matrices for the charged particle multiplicity density (top left), the
charged particle transverse momentum sum density (top right), the mean
transverse momentum of charged particles (bottom left) and the transverse
energy sum density of charged and neutral particles (bottom right), all against

the leading-jet pr, calculated for the inclusive topology in the transverse region.

The matrices have been estimated using the PYTHIA 6 MC generator with the
AMBT1 tune. The true values, denoted Truth, are shown on the x axis and the
reconstructed values, denoted Reco, are shown on the y axis.
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Figure 5.10: Smearing matrix for the mean transverse momentum of charged particles
against the charged particle multiplicity, calculated for the inclusive topology
in the transverse region. The matrix has been estimated using the PYTHIA 6
MC generator with the AMBT1 tune. The true values, denoted Truth, are
shown on the x axis and the reconstructed values, denoted Reco, are shown on
the y axis.

vertices in the 2010 data is shown. t The merging effect is responsible for the central dip. Particles
emerging from the additional merged pile-up vertices will contribute to the underlying event as a
new source of multiple scattering. The effect on the underlying event observables is estimated
using a simulation with an adequate modeling of the pile-up conditions for the 2010 data taking
period and comparing the results to a simulation without pile-up. Both samples were generated
using the PyTHIA 6 Monte Carlo event generator with the MRST LO* PDF and the AMBT1
tune. A maximum deviation of the order of 1% is observed which is passed through the Bayesian
unfolding framework. The systematic uncertainty of the merged vertex effect is found to be of

the order of 2% to 5% depending on pig2d.

To ensure a sufficient modeling of the merged vertex effect during the simulation, the fraction of
expected merged vertices is measured in data and compared to the MC predictions. A fit to the
AZpvy py spectrum is performed for data and simulations using a Gaussian distribution with a
gap around AZ = 0 and a width of AZg,, = 10 mm:

(AZ—p)?

fmodel(AZ) = C-e 27 ’ AZ Z AZgap
0, AZ < AlZgay,

(5.25)

where C, p and o are the free fit parameter representing the overall normalization, the mean
and the width of the Gaussian distribution, respectively. The fitted parameters are utilized to
construct a full Gaussian distribution without a gap which allows an estimation of the vertex

placement along the beam pipe without any merging effects. The fraction of merged vertices, fu,,
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Figure 5.11: AZpy py distribution shown for the full 2010 data set (a), the PyYTHIA 6
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The red lines represents the fit results for a Gaussian distribution with a gap
around AZ = 0 and the blue line represents the estimation for a full Gaussian
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is defined as
NVtX(DiSt.)

B Nyix(Gauss) ’ (5.26)

Jm =1

where Ny (Dist.) is integral over the AZpy py distribution in data or MC, respectively, and
Nyix(Gauss) is the integral over the corresponding, estimated Gaussian distribution. Both
results are shown in Figure 5.11a and Figure 5.11b, respectively. For the combined data set a
total fraction of f, = 1% is measured compared to the simulated fraction of 1.5 %. The slightly
higher fraction in the simulation will lead to a slight overestimation of the systematic uncertainty.
The deviation in the fractions is a result of the frequent changes in the run conditions for the
earlier periods of data taking, resulting in the not quite Gaussian distribution for AZpy py
in these periods. However, the statistical impact of the early periods on the merged vertex
effect is small and the overall fraction is dominated by the later periods H and I, which include
a much larger fraction of the luminosity and, thus, an increased pile-up contribution. The
AZpy py distribution separated for the earlier periods A-G and the later periods H-I are shown
in Figure 5.11c and Figure 5.11d, respectively, showing a reasonable agreement between the
simulation and the later periods. The distributions for each period independently are shown in
Figure A.4 in Section A.3.1.

Primary vertex position Possible systematic uncertainties due to incorrect modeling of the
primary vertex position along the beam axis are studied by comparing the jet spectra for different

primary vertex positions. The overall effect is found to be negligible.

Primary vertex track requirement A reconstructed vertex is considered as primary interaction
vertex only if at least five tracks are associated with the vertex to ensure a high reconstruction
efficiency. This requirement can introduce a possible bias to the underlying event contribution,
because it requires a certain amount of activity within the collision event and, hence, introduces
a possible rejection of the soft QCD spectrum. The effect is studied in data by relaxing the
track requirement to two tracks per vertex. Only 0.025 % of the events are effected, because the
requirement to find at least one jet above 20 GeV implies already a reasonable activity within
the proton-proton interaction. The overall effect on the underlying event observables is of the

order of a few per-mille and considered to be negligible.

Non-collision background Contributions from non-collision interactions, e.g. interactions from
cosmic muons or interactions with the remaining gas in the beam pipe, can spoil observables
for the underlying event measurements. To evaluate possible effects, data samples where no
real proton-proton collision candidate is expected are investigated. The events are collected
using cosmic muon triggers and either minimum bias or jet triggers with a low energy threshold
triggered in timing intervals outside a proton bunch crossing. In total a sample corresponding
to an integrated luminosity of 2 pb~! is selected. No events passing the event and jet selection
criteria (particularly the jet cleaning criteria) are found within the sample. Therefore, the

contribution is considered to negligible.
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5.2.4 Systematic Uncertainties

In this section, the estimation of the systematic uncertainties through the unfolding process is
presented. Two main sources of systematic uncertainties are considered: uncertainties due to
the remaining model dependence of the unfolding process itself and systematic uncertainties

associated with the measurement, which are propagated through the unfolding process.

Model Dependence Systematics In general, the unfolded results are depended on the utilized
particle level model represented by the given prior. The iterative procedure reduces the depen-
dence on the prior and the possible remaining dependencies are considered in the systematic

unfolding uncertainty.

The systematics are estimated by using different Monte Carlo generators and different starting
priors for each utilized generator. In case of multiple starting prior distributions, the mean
unfolded value for bin ¢ is constructed as average over the unfolded results for all possible starting

prior distributions:
Nprior

n (UPse) | (5.27)
d=1

1
Nprior

n (UZData) _

where n (Z/l}?jta> represents the unfolded value for bin ¢ and the starting prior d and Npyior

represents the total number of starting prior distributions.

The unfolding process was performed using two different Monte Carlo event generators: PYTHIA 6
and HERWIG++. The details for the generated samples are presented in Section 5.1.3. For
both samples two different starting priors are utilized: the particle-level distribution of the
corresponding generator for the considered observable and a weighted version of the same
distribution in which the weights ensure that the reconstructed distribution of the generator
matches with the non-unfolded measured distribution. Unfolded distributions for both generators
have been calculated according to Eq. (5.27). The mean value of the PYTHIA 6 results is
considered as mean value for the final unfolded results. Deviations of the unfolded distributions

between PYTHIA 6 and the HERWIG++ samples are used to construct a symmetric error band:
D o D Dat
U(“i ata) T ‘TL (ui,lg;ﬂ'?‘rum 6) -n ( i,}?E?{WIG)‘ (5'28)

where o(UP*?) is the systematic uncertainty in the bin i and n (UDgEA, ) and n (UDGE )
are the corresponding unfolded values using PYTHIA 6 or HERWIG++ as particle-level model,

respectively.

The major differences between both MC generators are the result of the different modeling of
soft QCD processes, especially QCD radiation at low energies. The uncertainties are usually of
the order of 1% but the uncertainties can grow up to 22 % at the edges of the considered fiducial
phase space. Comparisons between the weighted and unweighted priors for both MC generator

lead to an overall systematic uncertainty of 1 %.
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Experimental Systematic Uncertainties To evaluate the influence of experimental systematic
uncertainties, associated with the measured distribution, on the unfolded results, it is necessary
to process the uncertainties through the unfolding algorithm. For each uncertainty, a pseudo-
experiment is performed by applying the corresponding variation to the input data and calculate
a new measured distribution for each observable. The input data are scaled with 1o for the

considered uncertainty.

The scaled distributions of each pseudo-experiment are unfolded with each prior resulting in

total number of unfolded distributions, Ni.¢, per observable:
Niot = Nprior X (Nsys + ]-) N (529)

where Ny is the total number of considered systematic variations. The final mean value of the
unfolded distribution is now constructed as average over all systematic uncertainties and priors,

modifying eq. (5.27) to

Niot
ata 1 ata
n (UP™*) = N ;n (uPs=) . (5.30)

The systematic variations are assumed to be distributed around the central value following the
Gaussian formula for each bin i. The final upper and lower systematic bounds, " and o*,
are defined as the interval around the central value that contain 68 % of all systematic variation

which are above or below the central value.

The following list of systematic uncertainties is considered:

Jet related uncertainties Uncertainties on the jet energy scale, jet energy resolution as well
as uncertainties on jet reconstruction efficiency are considered. Details are presented in
Section 4.5. For the underlying event observables, the combined jet related uncertainties
are of the order of 1% to 3%.

Track related uncertainties The dominant uncertainty associated with tracks is the uncertainty
on the track reconstruction efficiency. The reconstruction efficiency is applied within
the correction procedure as explained in Section 5.2.1 and the corresponding systematic
variations in the weights are propagated through the full unfolding framework. The
dominant effects arise from two sources: uncertainties on the material budget in the
inner detector and the uncertainties related the x? probability cut on tracks [187]. The
reconstruction uncertainty depends strongly on the pseudorapidity 7 of the considered track
and is of the order of 2% to 7% (for tracks with p{® > 500 MeV). For the x? probability
an uncertainty value of 10 % is applied for tracks with p%k > 10 GeV, parametrizing the
difference in the fraction of tracks passing the x? requirement in data and Monte Carlo

simulations.

Cluster Energy Scale Uncertainty The energy measured in calorimeter cells is scaled to take
the response behavior of the calorimeter for different particles into account. For electro-
magnetic particles (mainly electrons and photons) the energy scale factors are derived via

measurements of 70 — ~+ decays and a fit to the invariant mass spectrum, M., of both
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photons. The uncertainties for the energy scale are n dependent and of the order of 2% to
15 % [214]. The energy scale for hadronic particles was estimated by comparing the energy
deposit of an isolated charged particle with the transverse momentum of an associated
track in the inner detector. The uncertainty for the energy scale was found to be of the

order of a few percent [136].

Merged Vertices The uncertainties for the effects of merged vertices are discussed in detail in
Section 5.2.3. In total an uncertainty of 1% on the underlying event observables is assigned

to the merged vertex effect and passed to through the unfolding framework.

The influence of remaining sources of uncertainties, like the non-collision background contribu-

tions, is found to be negligible as discussed in Section 5.2.3.

An example for the influence of systematic uncertainties is presented in Figure 5.12 for the
> pr density distribution against pk2d, showing the systematic variations of the jet energy
scale, jet energy resolution, track reconstruction efficiency and the effect of merged vertices. All

distributions are presented for the transverse region after the inclusive event selection.
Summaries for the uncertainty values after the unfolding procedure, separated for the different

sources, are shown in Table 5.6 and Table 5.7 for the inclusive and exclusive analysis topology,

respectively. Similar tables have been presented in Ref. [183].
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Figure 5.12: Distributions for the transverse momentum sum density for different sources
of systematic uncertainties: jet energy scale (JES), jet energy resolution, track
reconstruction efficiency and the effect of merged vertices. All distributions
of presented in the transverse region after the inclusive event selection using
a PYTHIA 6 generated smearing matrix and prior for the unfolding process.
The black bars indicate the statistical uncertainty and the green error band
indicates the combined statistical and systematic uncertainty. The systematic
uncertainty between the unfolding with PYTHIA 6 and HERWIG is not included.
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Quantity Inclusive jet topology
All observables

Pile-up and merged vertices
1-3%
lead

Profiles against prp

Charged tracks Unfolding Efficiency
2. PT 3% 1-7%
Nen 12% 3—4%
<pT> 1% 0-4%
Calo clusters Unfolding Efficiency
S Er, |n| < 4.8 2-3% 4-6%
S Er, |n| <25 3-5% 4-6%
Profiles against Ny

Charged tracks Unfolding Efficiency
(pr) 2% 1%

Jet related observables
Jets Energy resolution JES Efficiency
pread 0.3-1% 0.3-4% 0.1-2%

Table 5.6: Summary of the systematic uncertainties for the inclusive analysis topology.
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The term unfolding labels the systematics for unfolding process itself, estimated
using different MC simulations and priors. The efficiency for tracks and clusters
include the track reconstruction and cluster energy scale uncertainties, containing
uncertainties for the material budget of the inner detector and the modeling the
ATLAS calorimeter. The term JES combines uncertainties due to jet energy scale
calibration and the jet efficiency labels uncertainties due to jet reconstruction
efficiency.
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Quantity

Exclusive dijet topology

All observables

Pile-up and merged vertices

1-5%

Profiles against pie2d
Charged tracks Unfolding Efficiency
> pr 3-13% 2-7%
Nep 3-22% 3-7%
(pr) 1-9% 1%
Calo clusters Unfolding Efficiency
S Er, |n| < 4.8 5-21% 4-9%
S Er, |n| <25 1-21% 4-7%

Profiles against Ny
Charged tracks Unfolding Efficiency
(pr) 5-7% 1-4%

Jet related observables

Jets Energy resolution JES Efficiency
piead 0.4-3% 1-3% 0.3-3%

Table 5.7: Summary of the systematic uncertainties for the exclusive analysis topology.
The term unfolding labels the systematics for unfolding process itself, estimated
using different MC simulations and priors. The efficiency for tracks and clusters
include the track reconstruction and cluster energy scale uncertainties, containing
uncertainties for the material budget of the inner detector and the modeling the
ATLAS calorimeter. The term JES combines uncertainties due to jet energy scale
calibration and the jet efficiency labels uncertainties due to jet reconstruction

efficiency.
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5.3 Underlying Event Results

In this section, the results of the underlying event analysis in jet events are presented. All
distributions are shown after the full unfolding process including all systematic uncertainties.
The majority of the presented plots have been published by the ATLAS collaboration and can
be found in Ref. [183].

Unfolded distributions of the transverse momentum and energy sum densities of charged and
neutral particles are presented as well as charged particle multiplicity densities and the average
transverse momentum of charged particles. Most observables are shown as a function of the

hard energy scale (pk2d) for inclusive and exclusive event selection but also momentum and

multiplicity distributions in slices of plﬁad are presented. The observables are calculated as
densities in the n — ¢ space using the scale factor dnd¢, which represents the area in n — ¢
covered by the considered region. Two different scale factors are used for the full transverse

region, depending in the considered 7 range:

516 = 61 x 66 = (2:25)x (2-3) =17, transverse region (|n| < 2.5) (5.31)
(2-4.8) x (2 3) = 1927 transverse region (|n| < 4.8)

Subsequently two scale factors are used for both the trans-max and trans-min region, depending

on the considered 7 range, which are by definition the half of the transverse region scale factors:

2-2. == - i i 2.
5166 = 61 x 66 = ( 5) x (§)=°F, trans-max/min region (|n| < 2.5) (5.32)
(2-4.8) x () = 20%,  trans-max/min region (|n| < 4.8)

5.3.1 1D Observable Distributions

The one-dimensional, unfolded distributions for the transverse momentum sum density of
charged particles, > pr/dnd¢, and the multiplicity density of charged particles, N, /dnd¢, are
presented in Figure 5.13, separated for three different scopes in plTead: plfad € [20,60] GeV,
pead € [60,210] GeV and pkad > 210 GeV. Both observables are calculated for the transverse,
trans-max and trans-min region, using only events passing the inclusive jet selection. All distri-
butions are normalized to unity.

For both observables, a development towards larger values with increasing p'cdd is observed
in the transverse and trans-max region, including a shift of the mean value and an increase
in the tails of the distributions. In comparison, the development within the trans-min region
of relatively low, the structure around the peak is nearly unaffected, which is the dominant
part of the distribution, and only the distribution tails show slight development with plfad.
The peak value is higher/lower and the spread of the distributions is wider/narrower in the
trans-max/trans-min region compared to the combined transverse region. This leads to the
indication that the trans-max region contains additional activity (e.g. additional QCD radiation)
which is correlated to the energy scale of the hard scattering process. On the other hand, the
activity in the trans-min regions shows a more independent behavior with respect the hard

scattering energy scale and is therefore a reasonable candidate to measure contributions from
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MPI, which are expected to be more or less independent for the hard scattering process, except

for a turn on behavior at low energies!'?.

5.3.2 Profile Observable Distributions as a function of p/¢*® and N,

> pr and Ng, The mean transverse momentum sum density and the mean multiplicity density
of charged particles within the transverse region are shown in Figure 5.14. Both observable
densities are shown as a function of the leading-jet pr after the full inclusive and exclusive event

selection. All distributions are shown after of the full unfolding process.

Both observables show a similar behavior for the inclusive and exclusive selection. Within the
inclusive dataset an increase of activity with plfad is observed. No saturation behavior against
the hard scale is visible (as one would except for the underlying event contribution), indicating
that additional activity of the hard scattering contributes to the transverse region.

In contrast, a decrease of activity with plq‘_?ad has been observed within the exclusive region. The

densities are more or less constant at low pad and start to decrease for pigd > 100 GeV. The
effect is not fully understood yet. It is possible that the dijet selection rejects jets from MPI and
not only from the hard scattering itself and therefore cut into the underlying event contribution.
No “turn-on” curve for low energies has been found for both topologies compared to other
underlying event analyses [170-174], which is a result of the relative high energy threshold of

20 GeV for the leading-jet.

The division of the transverse region into a trans-max, trans-min and trans-diff region allows a
further study of the underlying event structure. The results for all three region are shown in
Figure 5.15. The unfolded data points are compared to the PyTHIA 6 MC model'? using the
Perugia 2011 tune.

The trans-max region shows an increase of activity, for both observables, with p'cad after the
inclusive event selection, similar to the behavior in the full transverse region. In contrast, the
activity for the trans-min region is nearly constant against the leading-jet pr in the inclusive
selection. This supports the interpretation that the trans-min region is less effected by activity
originating from the hard scattering, unlike the trans-max region. It also encourages the idea to
model the underlying event activity with a constant function over a large scale in pi¢®d once the
scale of the hard scattering is high enough.

The behavior is different for the exclusive selection. > pr density is constant in the trans-max
region, which indicates that the dijet selection indeed reduce the contribution of the hard scat-
tering, but the density is falling for the trans-min region. The N, density shows a decreasing
behavior for both regions. Like for the full transverse region, the behavior is not fully understood
yet. Since the effect is stronger in the trans-min region, which is less affected by contributions of
the hard scattering, it supports to idea that the exclusive dijet selection rejects contributions

from jets originating from MPI instead of the hard scattering.

12This behavior was observed in several underlying event related measurement before, e.g. Refs. [170-174].
13 The restriction to only one MC model is made for reasons of clarity and comprehensibility. The full comparisons
with all MC models are shown in Figures A.5 and A.6.
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Figure 5.13: The densities of the transverse momentum sum, »_ pr, (left column) and the
multiplicity, Nen, (right column) of charged particles are presented for three
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different scopes in pig2d.

The distributions are shown for the inclusive jet

event selection after the full unfolding process, for data only. The top, middle
and bottom row show the full transverse, trans-max and trans-min analysis

region, respectively.

Each distribution has been normalized to unity.

The

error bars represent the combined statistical and systematic uncertainty for

the corresponding plgd

scope.
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are shown for the inclusive (left) and exclusive (right) event
selection. The distributions are presented for the combined transverse region.
The unfolded data points (black) are compared to several MC model predictions.
The black error bars indicate the statistical uncertainty and the green shaded
areas indicate the combined statistical and systematic uncertainty.
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Figure 5.15: Mean transverse momentum sum density, Y pr/6nd¢,

plead [GeV]

(top) and the mean

particle multiplicity density, Nen/dnd¢, (bottom) both for charged particles

against pigad

are shown for the inclusive (left) and exclusive (right) event

selection. The distributions are presented for the trans-max/min/diff regions.
The unfolded data points are compared to the prediction of the PYTHIA 6
MC model using the Perugia 2011 tune. The colored error bands in the top

plot represent the combined statistical and systematic

uncertainty for the

corresponding region. The grey error band in the bottom part represents the
envelope of the maximum combined statistical and systematic uncertainty of

the trans-max and trans-min region.
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The trans-diff region, defined as the event based difference between the values in the trans-max
and trans-min region, is sensitive to additional radiation either from hard scattering or MPIs.
Comparing the inclusive and exclusive distributions for both observables support this interpre-
tation. The trans-diff region show to stronger increase of activity with plfad in the inclusive
region than for the exclusive region (and an almost constant behavior for Ny, after the exclusive
selection). In both selections, the PYTHIA 6 Perugia 2011 model shows a reasonable agreement

with the measurements.

General features of both observables in the inclusive selection are reproduced by the different
MC models. Surprisingly, the PYTHIA models with recent tunes (e.g. PYTHIA 8 AU2 tune) are
doing worse in describing the measurements compared to older tunes or other (less recently
tuned) models like HERWIG++ or HERwWIG+JIMMY. Also POWHEG+PYTHIA 6 can provide a
reasonable description of the underlying event measurement. For the exclusive region, not all
models are able to reproduce the decreasing behavior of the observables. For Y pr the PYTHIA 6
Perugia 2011 tune provides an excellent description but the tune underestimates the N, density.
PyTHIA 8 and ALPGEN+HERWIGH+JIMMY show a constant behavior for both observables but
overestimate the Y pr and N, density for high values of p't®d. HeErwIiG+JIMMY is able to
reproduce the Y pr density up to plfad ~ 200 GeV but fails to reproduce the decrease in activity
and subsequently predicts a higher activity then observed in the measurements. PYTHIA 6 DW,
HErRwWIG++ and POWHEG+PYTHIA 6 predict too little activity for both observables at low energy
scales but are able to reproduce the reduced activity for high p'¢d. The combination of PyTHIA 6
with POWHEG using the Perugia 2011 tunes gives a less accurate prediction than the PyTHIA 6
Perugia 2011 tune alone. One should note that Perugia 2011 was tuned for PYTHIA 6 only, so a

dedicated tune for the use with POWHEG could provide better results.

> Er and charged ratio The mean transverse energy sum density, > E1/dnd¢, of charged
and neutral particles against pi¢®d is shown in Figure 5.16 for the central region of the detector
(Il < 2.5) and for the full coverage of the ATLAS calorimeter (|n| < 4.8). Both observables are

shown for the inclusive and exclusive event selection after the full unfolding procedure.

Both observables allow to study the influence of the neutral particle flow within the underlying
event. For the central region, the overall behavior of the distributions is similar to the > pr
distribution in Figure 5.14, except that the overall density value is about 50 % to 55 % higher
due the additional contribution of neutral particles. The agreement of the MC model predictions
with the measurements also is comparable with the ) pr observables in the most cases. It is
worth noting, that the predictions for ALPGEN+HERWIG+JIMMY are a lot closer to PYTHIA 8
predictions compared to > pr observables.

The disagreement between data and MC models is more distinct for the full coverage. Most
models underestimate the > Er density for low values of plfiad and predict a more rapid increase
as observed in the data for the inclusive selection (an exception is the HERWIG+JIMMY model).
Similar to the case of charged particles only, most models fail to predict the decrease of activity

lead

with p*¢ for the exclusive selection. This effect is more pronounced for the measurement using

the full acceptance. It should be noted that the MC models are tuned using observables within
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Figure 5.16: Mean transverse energy sum densities, Y . E1/énd¢, of charged and neutral
particles within the central region of the detector (top) and the full coverage
of the calorimeter (bottom) against pit* are shown for the inclusive (left) and
exclusive (right) event selection. The central region covers a pseudorapidity
of |n| < 2.5 and the full coverage correspond to |n| < 4.8. The distributions
are presented for the combined transverse region. The unfolded data points
(black) are compared to several MC model predictions. The black error bars
indicate the statistical uncertainty and the green shaded areas indicate the
combined statistical and systematic uncertainty.
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Figure 5.17: Mean transverse energy sum densities, Y E1/6nd¢, of charged and neutral
particles within the central region of the detector (top) and the full coverage
of the calorimeter (bottom) against pi* are shown for the inclusive (left)
and exclusive (right) event selection. The distributions are presented for the
trans-max,/min/diff regions. The unfolded data points are compared to the
prediction of the PYTHIA6 MC model using the Perugia 2011 tune. The
colored error bands in the top plot represent the combined statistical and
systematic uncertainty for the corresponding region. The grey error band in
the bottom part represents the envelope of the maximum combined statistical
and systematic uncertainty of the trans-max and trans-min region.

the central region, which can be a possible explanation for the decrease in agreement in the high

7 regions.

The separation in the trans-max, trans-min and trans-diff region for both observables is shown
in Figure 5.17. The behavior is, similar to the full transverse region, comparable with the > pr

observable presented in Figure 5.15 (top row). For the inclusive selection, the trans-max region

shows an increasing energy density with p2d, while the trans-min region is nearly constant (for

the full acceptance a small decrease has been observed for high values of p'tad but the effect is not

significant.). After the exclusive selection, the trans-max region shows a nearly constant behavior

(with a slight but not significant decrease for high values of p'tad) while the trans-min region

shows a clear decrease in activity above ~ 200 GeV in pit2d. The central region is reasonable
modeled by the PYTHIA 6 Perugia 2011 tune but the model tens to underestimate the activity

in the trans-max/min region for low values of p'cd. The trans-diff in contrast is very well modeled.

The mean fraction of the transverse momentum sum of charged particles over the transverse energy
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Figure 5.18: Profile distributions for the ratio between the transverse momentum sum
of charged particles over the transverse energy sum of charged and neutral
particles, (> pr/>_ Er), are shown for the inclusive (left) and exclusive
(right) event selection. The distributions are presented for the combined
transverse region. The unfolded data points (black) are compared to several
MC model predictions. The black error bars indicate the statistical uncertainty
and the green shaded areas indicate the combined statistical and systematic
uncertainty.

sum of charged and neutral particles, (3" pr/ Y. Et), against pi¢®? is presented in Figure 5.18,
for the inclusive and exclusive event selection. The fraction is only calculated for the central
region of the ATLAS detector (|n| < 2.5), since this is the maximal acceptance of the inner
detector. The observable allows to measure the fraction of energy carried by charged particles
within the underlying event and its development with the energy scale of the hard scattering.
For the inclusive event selection, a slight increase of (3" pr/ " Et) with pi¢d has been observed
with values around 0.45-0.5, while the behavior is nearly constant for the exclusive selection
around (3" pr/ Y. Et) ~ 0.45. The independence of the fraction of charged particles against pig2d
agrees with the observation that the energy density, > E1/0nd¢, and the momentum density,
> pr/ond¢, show a very similar behavior for the central region. The fraction is reasonably
modeled by the MC event generators, except for HERWIG+JIMMY and ALPGEN+HERWIG+
JiMMY, which both use the same parton shower and hadronisation model. Both generators
underestimate the fraction of charged particles by 10% to 20 %. The disagreement is more
distinct for the low values of pic®d. For the p'&ad bin between 40 GeV to 60 GeV a large statistical
uncertainty has been observed. The reason is a transition of the minimum bias trigger to the jet
trigger in this region. Below 60 GeV the minimum bias trigger system is used for the online event
selection and above a jet trigger is utilized. The pre-scales for the minimum bias trigger are
typically larger than for the jet triggers and the number of selected events right below 60 GeV is
therefore lower than right above the threshold. For most distributions, this effect is not visible
and covered by the systematic uncertainties but for the ratio observables the effect becomes

dominant in the considered bin.

Mean pr against p'j‘iad and N, The average of the mean transverse momentum of charged
particles, (pr), as a function of p'&d and the charged particle multiplicity, Nep, is presented in
Figure 5.19, for the inclusive and exclusive event selection. For this observable, no separation in

trans-max and trans-min region is performed, because the physical definition and interpretation
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Figure 5.19: Profile distributions for the mean transverse momentum, (pr), against >4

(top) and Nen (bottom) are shown for the inclusive (left) and exclusive (right)
event selection. The distributions are presented for the combined transverse
region. The unfolded data points (black) are compared to several MC model
predictions. The black error bars indicate the statistical uncertainty and the
green shaded areas indicate the combined statistical and systematic uncertainty.

of the transverse region with more/less activity is ambiguous.

Within the inclusive selection, the mean transverse momentum is increasing with respect to plTead,
while for the exclusive selection the mean pt remains constant, within the combined statistical
and systematic uncertainties, and therefore independent against the hard scattering scale. These
properties are fairly expected from the structure of the > pr and N, distributions, presented
in Figure 5.14. The average value of Y pr (the nominator for mean pr) shows a stronger
development with plfad compared to N, (the denominator) in the inclusive selection, which leads
to the raising structure of the mean pr. In contrast to the inclusive region, both observables show
a similar development within the exclusive region, which leads to flat behavior of the mean pr.
The MC models show a reasonable description of the mean p observable within 10 % around
the measured data points. The description is better compared to the description of the > pr
and N, densities separately and the differences between the MC models are less pronounced.

It should be noted that the most of the considered MC models tend to underestimate the mean pr.

The mean transverse momentum against N, shows in increasing behavior for both the inclusive
and exclusive event selection and is consistent with observations in other UE measurements,

e.g. [172]. Both regions show a comparable magnitude in (pr) within the combined statistical
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and systematic error bands.

A reasonable description of the (pr) distribution is provided by the HERWIG++ model for the
inclusive as well as the exclusive region, in particular for low values of N¢,. PYTHIA 6 Perugia 2011,
PyTHIA 8 AU2 and POWHEG+PYTHIA 6 provide a good description for high particle multiplicities
(but underestimated the (pr) for low Ng,) in the inclusive selection and an overall reasonable
description for the exclusive selection. In contrast to the Perugia 2011 tune, the DW tune
fails to reproduce the distributions and predicts a harder particle spectra then observed in the
measurements. The JIMMY based MC models underestimate the (pr) distribution, in particular
for high particle multiplicities. The effect is expected, because JIMMY does not provide a color
reconnection procedure [215] in contrast to HERWIG++ or the PYTHIA models. HERWIG+JIMMY
is slightly closer to the measurements due to a newer tune compared to ALPGEN+HERWIG+
JIMMY model.

5.3.3 Summary

Underlying event measurements in inclusive jet and exclusive dijet events have been performed
using 37 pb~! of proton-proton collision data collected with the ATLAS detector at the LHC.
Several observables, including track as well as cluster based observables which allow to test the
charged and neutral UE contributions, sensitive to the underlying event have been measured
for different energy regions of the hard scattering. The measurements have been performed to
a maximum plq‘?ad of 800 GeV, which allows to test the underlying event modeling over a large
range and give a reasonable input for further tuning efforts.

A raising behavior of the activity in the transverse and trans-max region with pi¢*d has been
observed after the inclusive event selection. In contrast, the activity in the trans-min region has
shown no significant dependence with plTead. The exclusive selection removes the increase of the
activity in transverse and trans-max region and even introduces a slight decrease in activity for
high values of p2d, which seems to be more prominent in the trans-min region. The decreasing
feature is not fully understood yet but it indicates that the exclusive region remove additional
contributions from the hard scattering (resulting in a constant function against p'cad in the
transverse region) but also removes contributions from MPI at high energy scales. Despite the
decreasing structure, that flatness of the distributions in the inclusive trans-min region and
exclusive transverse region supports the idea of modeling the contribution from MPI with a
constant function once a certain energy scale in the hard scattering is reached and most the

proton-proton collisions are central.

All observables have been compared to various MC models and tunes, providing a different
modeling of MPIs, parton-showers, initial and final state radiation and the hadronisation. Over-
all a reasonable description of the underlying event model is provided by the majority of the
models. Both HERWIG+JIMMY and HERWIG++ can reproduce the underlying event features, in
particular for the inclusive event selection. An addition the more recent model HERWIG++ shows
a strong improvement when compared to HERWIG+JIMMY. Also, the PYTHIA 6 model with the
Perugia 2011 tune provides a good description of the underlying event structure, either standalone

or in combination with POWHEG, especially after the exclusive event selection. PYTHIA 8, in

Page 132



CHAPTER 5. MEASUREMENT OF THE UNDERLYING EVENT

constrast, shows a tendency to overestimate the underlying event activity using the AU2 tune,
which can maybe be recovered by a new tune to achieve a performance closer to PYTHIA 6 with
Perugia 2011. Many MC models show problems in the description of the decreasing structure in
the exclusive region, which may indicate new features in the UE contribution which are not yet
covered completely by the current models. When compared to the cluster based observables,
which include the neutral particle flow, the MC models exhibit problems to reproduce the distri-
butions for the full acceptance while the description for the restricted central region (|| < 2.5)
is usually slightly better. The ratio of activity between charged and neutral components is, in
contrast to the neutral distributions themselves, very reasonable modeled by the event generator,

except for the models using the JIMMY algorithm, which does not account for color reconnection.

In conclusion the measurements in jet events allow for the first time to test the underlying
event contribution over a large energy scale up to 800 GeV, including several regions and event
selection to be sensitive to different parts of the underlying event and the hard scattering. The
measurements give a contribution to the further development and tuning of MC models and are
incorporated into the “A14” tune series [184] provided by the ATLAS collaboration.

5.3.4 Comparison with other underlying event measurements

The results of the underlying event analysis in jet events have been compared by the ATLAS
collaboration to the results of other underlying event analyses: including UE measurements in

events with an inclusive Z boson production [216].

Two of the major results are presented in Figure 5.20, showing distributions for the > pr and
N,y density of charged particles against the energy scale of the hard scattering in the transverse
region. The definition of the hard scattering object varies between the different UE analyses.
For the leading track analysis using minimum bias events [172] the transverse momentum of the
leading track is used to define the direction and energy scale of the hard scattering. For the
jet based analysis the transverse momentum of the leading jet is utilized and for the analysis
based on Z boson events the transverse momentum of the reconstructed lepton pair is used. All
three analyses are performed using proton-proton collision data at /s = 7TeV collected at the
ATLAS detector in the years 2010 and 2011.

The distributions of the UE measurements in jet events are compared after the inclusive selection.
Around 20 GeV a smooth transition between the minimum bias based and jet based analysis
has been observed. This supports the idea that the slope of the underlying event contribution
from zero to a (nearly) constant value cannot be observed in inclusive jet events, because the
requirement that each jet needs to provide a minimal transverse momentum of 20 GeV is already
too high. Below an energy scale of 50 GeV a significant difference between the underlying event
contribution in minimum bias/jet events and Z boson events has been found, indicating that
the development of the UE contribution is different for the considered analyses. Above 50 GeV
an agreement between the jet based and Z boson based UE contribution has been observed
for the N¢, density but the Y pr density is on average larger in the Z boson events. Further

studies showed that the effect is dominating the trans-max region and is a result of the different

Page 133



CHAPTER 5. MEASUREMENT OF THE UNDERLYING EVENT

w
[$)]

W

T
[\S)

<yp./ om d¢> [GeV]
& &

o
S

FTATLAS

BRI LA B e e e o
Vs=7TeV Transverse region

Data 2011: Z events (4.6 fb™)

Data 2010: Minimum bias and jet events (168 p, 37 pb™)

¢
(]
. b i
o 5 [:J Ews e e e et}
. S
ol @ £ .
Q Zig Wé oJe °0°
a1l
—— Minimum bias events o) ﬁoﬁ

—8— Jet events

—e— Z events S 0
p, [Ge'

0

100 150 200 250 ;édbk‘ ‘ééb‘l‘eigjg; 450 500
VA eadtracl
pZ or p? orp; [GeV]

50

<N,/ on d6¢>

-

CATLAS

.6

Vs=7TeV Transverse region 3
1.4~ Data2011: Z events (4.6 ft") -
[ Data 2010: Minimum bias and jet events (168 w", 37 pb™) ]
1.2~ =
TR T L A E
1t @ A
‘d ]
0.8 g
£ fd oo o9 7
0.6 e 1
r o8 R
0_4¢j —— Minimum bias events odfs 34
[ —E& Jetevents nz;\ 1 7
0.2 o zevents et
Ee e e

0 50 100 150 200 250 300 350 400 450 500

p$ or p[;_eadtrack or pl_?adiet [GeV]

Figure 5.20: Mean transverse momentum sum density, » . pr/ond¢, (left) and the mean
particle multiplicity density, Non/0nd¢, (right) in the transverse region, both
for charged particles, against the energy scale of the hard scattering are shown
for three different underlying event analyses: UE in minimum bias event
using charged particles (green), UE in jet events (blue) and UE in inclusive
Z-boson events (red). The error bars represent the combined statistical and
systematic uncertainty for the considered measurement. The results are taken

from Ref. [216].

definitions of the hard scattering process [216, ch. 9.4].
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6 Search for neutral MSSM Higgs bosons

Within this chapter, the search for neutral Higgs boson in the context of the Minimal Supersym-
metric Extension of the Standard Model (MSSM) is presented with the decay of the Higgs boson
in two hadronically decaying tau leptons. The search has been performed using about 4.5 fb~!
of proton-proton collision data taken with the ATLAS detector at LHC in the year 2011.

Searches for MSSM Higgs bosons have been already performed in the pre-LHC era. At
LEP, all four collaboration (ALEPH, DELPHI, L3 and OPAL) performed measurements using

et

e~ collision data at center-of-mass energies from 91 GeV to 209 GeV [63]. The dominant produc-
tion channels were the Higgsstrahlung (ete~ — HZ) and Higgs pair production (ete™ — HH),
with Higgs bosons decaying either into bb or 777~. No evidence for a Higgs boson (neither SM

nor BSM) has been found at LEP [63].

The search for Higgs bosons continued using proton- anti-proton collision measurements at Teva-
tron. In terms of BSM Higgs models, combined searches for neutral Higgs bosons in association
with b-quarks [217] and for decays into 777~ [218] were performed by CDF and D@ using
RUNII data at a center-of-mass energy of /s = 1.96 TeV. In addition, searches for charged
Higgs bosons have been performed by both collaborations [219,220] using various Higgs decay
channels. For the standard model Higgs boson searches, an excess of events between a mass
range of 114 GeV to 140 GeV, with a local significance corresponding to 3.0 standard deviations
around 125 GeV [221], has been observed, which is in agreement with the discovery of the SM
Higgs boson at LHC. Apart from this, no significant indication for a BSM Higgs sector has been

found.

With the start of the LHC in 2010 a broad program to investigate the origin of the electroweak
symmetry breaking mechanism started at the ATLAS and CMS experiments, both for SM like
Higgs bosons and for BSM models. On 4 July 2012, both experiments were able to confirm a
discovery of a new particle [10,11] with an invariant mass around 125.09 GeV [35]. Subsequently,
both experiments started to measure couplings and decay rates of the newly discovered particle
to the already known SM particles, in particular the decay into vy, ZZ and WW, 77, bb, utp~
and couplings to top quarks [36]. Until today, all measurements are compatible with a SM Higgs
boson, within their stated uncertainty bands.

Parallel to the search for SM Higgs boson, both experiments started programs for the search of
BSM physics in general, including studies for a BSM Higgs sector. For this thesis only searches
for MSSM Higgs sectors are considered. In this case, searches for charged Higgs bosons, with
decays into W Z, v or qq’, have been performed as well as searches for additional neutral Higgs

boson, predominantly in the H — 717~ decay channel but also puu and bb decays or decays
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into pairs of SM-like Higgs bosons are considered. So far, no significant deviation from the SM

prediction has been found and upper limits have been estimated.

The ATLAS analyses for neutral MSSM Higgs boson searches with decays into 777~ will be
briefly reviewed here. The first search [222] was performed using a 36 pb~! dataset which was
recorded during the year 2010 at a center-of-mass energy of /s = 7TeV. In this analysis only
the full-leptonic and semi-leptonic decay channels are considered! and the first exclusion limit in
ma X tan 8 for a mass interval between 90 GeV to 300 GeV has been set. The next search was
performed using the dataset recorded in 2011, again at /s = 7TeV but with an integrated
luminosity of 4.7fb~! to 4.8fb~! [223]. This study includes the full hadronic decay channel
(in addition to the full-leptonic and semi-leptonic channel) as well as Higgs decays into two
muons. Due to the increased luminosity, additional channels and improvement in the background
estimation, the exclusion limits for neutral MSSM Higgs boson could be further improved and
the probed ma values are extended up to 500 GeV. The last neutral MSSM search in Run 1 has
been performed using the 2012 dataset with /s = 8TeV and a total integrated luminosity of
19.5fb~! to 20.3fb~! [224]. New methods for the background estimation in the high mass regime
as well as the increased luminosity and center-of-mass energy allow a significant improvement of
the exclusion limits compared the the 7TeV analyses, setting the strongest exclusion limits for
neutral MSSM searches in the di-tau decay channel with ATLAS in Run 1, up a ma value of
1TeV. With the start of Run 2, the search for MSSM Higgs bosons continued and up to this
point first exclusion limits have been provided during end-of-year in 2015 [225], using the first
dataset at /s = 13TeV with an integrated luminosity of 3.2fb~!.

Within the context of the thesis, only the full hadronic decay channel will be considered. The
goal of this study is the re-analysis of the 2011 dataset using the improved background estimation
techniques developed for the 8 TeV dataset. A new estimation for the exclusion limit for the 2011
dataset has been performed and compared the current results for the 2011 dataset. In addition,
a combination with the 8 TeV full-hadronic limits is performed and combined exclusion limits

are presented.

1See Section 6.1.1 for details on the di-tau lepton decay channels.
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6.1 Analysis Overview

The basic idea in the searches for new physics phenomena is to find a significant deviation
between the observations and the SM predictions. Within the context of this search, the set of
proton-proton interactions, recorded with the ATLAS detector in 2011, is filtered with the aim of
enhancing the contribution of a possible MSSM Higgs boson signal with respect to contribution
of SM processes which are able to mimic the decay structure of the signal process, referred to
as background processes. The main objective of this analysis is therefore a precise estimation
of background contribution passing the event selection and the evaluation of the corresponding

systematic uncertainties.

The final interpretation of the measurement is performed with respect to an observable which
provides a significant discrimination power between a possible signal process and the background
prediction. For the MSSM Higgs boson search the total transverse mass observable is used which
is closely related to the mass of the di-tau lepton systems. A possible deviation within the final
discriminating observable is (usually) expressed in terms of a p-value to quantity the probability
that the deviation can origin from a statistical fluctuation of the SM background processes. The
common convention in high energy physics is to require a significance of at least five standard
deviations in order to state an observation of a new phenomenon which is not reproduced by
the SM. If no significant deviation is observed, it is possible to restrict the MSSM parameter
space which is compatible with the observations at a certain level of confidence. Within the

context of this thesis, exclusion limits within the ma X tan 8 parameter space have been evaluated.

6.1.1 Signal Process

Signal Topology The main production mechanisms for neutral MSSM Higgs bosons at the
LHC are the gluon-gluon fusion process and the production in association with b-quarks. Both
heavy neutral bosons, H and A, are degenerated in mass (in the decoupling limit). Since the
presented analysis is not sensitive to the CP properties of the given resonance, a hypothetical
signal will be a superposition of both boson. In addition, no specific separation between the
two production mechanisms is performed. Consequently, any possible contribution from signal
processes will be a superposition of gluon-gluon fusion and b-associated production. For the
purpose of visualization in the further context, only the b-associated production of the CP-odd
A boson will be shown to represent a possible signal contribution®. The full set of production

channels with their corresponding cross sections is considered during the limit setting.

The signal topology is characterized by a high mass resonance which decays directly into two tau
leptons. Since the lifetime of the tau leptons is too short to reach a significant amount? of active
detector material, they are reconstructed using their decays products. It is common practice to

distinguish between the following three sub-decay channels.

2The labeling convention will be A?;nﬁ X €, where m and tan 8 represent the corresponding boson mass in GeV
and the tan 8 value during the event generation and e a possible scaling factor to increase the visibility of the
signal.

3A small fraction of tau leptons are able to pass the first layers of the innermost pixel detector, before they

decay. However, no special treatment is applied apart from the standard tau reconstruction for those cases.
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Di-leptonic decay, H/A — TiepTiep: Both tau leptons decay into lighter leptons (either electrons
or muons), with a branching ratio of ~ 12 %.

Semi-leptonic decay, H/A — TiepThaa: One tau lepton decays into an electron or muon and

one into hadrons, with a branching ratio of =~ 46 %.

Hadronic decay, H/A — ThaqThad: Both tau leptons decay hadronically, with a branching ratio
of =~ 42%.

The leading order Feynman diagrams are shown in Figure 6.1. All three sub-decay channels

Vr

hadrons

hadrons

hadrons

23
(c)
Figure 6.1: Leading order Feynman diagrams for the di-leptonic (a) decay channel, the semi-

leptonic (b) decay channel and the hadronic (¢) decay channel. The hatched
areas symbolize non-perturbative hadronisation processes.

need to be treated quite differently in an experimental analysis, due to the different background
composition and different particle reconstruction/identification between the single decay channels.

Here, the hadronic decay channel is studied.

Both tau leptons will acquire, on average, a high transverse momentum (£'(10 — 100) GeV),
due to the high mass of the decay resonance and will be separated by a large azimuthal angle
(back-to-back topology). Since the decaying resonance is assumed to the electric neutral, both

tau leptons should have opposite electric charge and the generation of neutrinos during the tau
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Figure 6.2: The visible transverse momentum of the tau leptons (top left), the missing
transverse energy (top right), the azimuthal separation between the leading
and sub-leading tau lepton (bottom left) and the relative pr difference between
the leading and sub-leading tau lepton (bottom right) are presented for three
different values of ma and tan 8 = 20. A minimal requirement of pr > 50 GeV is
applied to the tau candidates. The leading and sub-leading tau lepton is defined
with respect to the corresponding transverse momentum. All distributions are
normalized to unit area.

lepton decays will lead to a moderate amount of missing transverse energy? (¢(10 — 100) GeV).
The corresponding distributions for three different values of ma can be found in Figure 6.2.
Potential signal events are triggered by signatures with one or two hadronically decaying tau

lepton candidates.

Simulated signal samples Simulated samples for the neutral MSSM Higgs boson production
in association with b-quarks were generated using the Sherpa MC event generator [39] version
1.4.0 and the CTEQGL1 [206] PDF. The production of Higgs bosons via gluon-gluon fusion was
simulated on next-to-leading order using POWHEG [193-195] (v1) interfaced with PYTHIA 6 [188]
(v6.4) with the CTEQ6L1 PDF and the AUET2B tune [205]. All samples are generated for mass
values ma between 100 GeV to 800 GeV and a tan S value of 20.

The cross sections and branching ratios for the neutral MSSM Higgs bosons within the considered
benchmark scenarios are provided by the LHC Higgs Cross Section Working Group [67,226,227].

4Due the back-to-topology in the azimuthal space, the contributions of neutrinos from both tau leptons will
partly cancel each other in the calculation of the missing transverse energy. Consequently, E3'° is usually
significantly lower than the total amount of energy transported by the neutrinos.

Page 139



CHAPTER 6. SEARCH FOR NEUTRAL MSSM HIGGS BOSONS

The gluon-gluon fusion production cross sections, o(gg — H ), have been calculated by scaling
the corresponding SM values taking the top-quark contribution, oy, the bottom-quark contribu-
tion, opp, and the interference terms, oy, into account [67]. All three contributions have been
calculated at full next-to-leading order accuracy in QCD using HIGLU [228], with NNLO order
corrections for the oy term which has been calculated via with GGHQ@NNLO [229,230] program.
Cross sections for the b-associated production have been obtained by matching the calculations in
the five flavor scheme with BBHQNNLO [231] with calculations in the four flavor scheme [67,232].

Branching ratios for the MSSM Higgs boson have been estimated by combining results [226,227)
from the HDECAY [233-235] and FEYNHIGGS [74,236—239] program. The total decay width
of H and A is expected to be of the order of 1GeV to 10 GeV for the considered parameter
space [59]. Cross sections times branching fractions, combined for A and H, for various points
in the ma X tan 3 space can be found in Figure 6.3 for the m{** benchmark scenario and in

mod+

Figure A.7 for the mj}) benchmark scenarios.

Systematic uncertainties have been estimated to be at the order of 10 % to 20 %, depending on
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Figure 6.3: Cross sections times branching fractions, o(pp — ¢) x B(¢ — 77) [pb], are
presented for the b-associated production channel (left) and for the production
via gluon-gluon fusion (right), combined for the pseudoscalar MSSM Higgs
boson A and the scalar MSSM Higgs boson H. The distributions are calculated
within the m*** benchmark scenario at a center-of-mass energy of \/s = 7 TeV
. The cross sections and branching fraction values are provided by the LHC
Higgs Cross Section Working Group.

the considered mp x tan 8 point. Uncertainties due to the renormalization and factorization scales
as well as uncertainties on the utilized PDFs have been taken into account [67]. An overview about
the combined cross sections times branching fractions, including the corresponding systematic

uncertainties, calculated within the m[*** scenario are presented in Table 6.1.

6.1.2 Background Processes

All possible SM processes which are able to mimic the di-tau final state of a MSSM Higgs boson

decay are considered as background processes. This includes processes with (at least) two real
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ma [GGV]

tan 3
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1.4910 53
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4.6570%5

0.19
2.19015

o(pp = @) x B(¢ — 77) in [fb]

400
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600
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13.997598
5.674030
271022
1371042
0.74%5:03
0.43%5.03
0.2610 05
0.1679 07

0.01
0.101001

89.4717:92
42021399
21.5473-39
11.547 525
6.540:15
3.90%05
2.4170%8
1537013

0.99%570

242.1973375
122.16731:5
65.5375:32
36.52138
21.337%3%3
12.9710-82
8.1370:%%
5.2310:%

0.44
3.4475:30

466.70133%3

243.531 541

1339671338
76.4215-93
45.447597
27.997520
17.731212
1150583

7602667

761.4675570
404.60135-35
225.80132-23
130.627 237
78.521%-43
48.7615-50
31.087573
20.2617 33

13.46* 175

11272572047
605.36755 53
340.86 3552
198.89170-89
120.397 3% 3¢

75167502
48.1275°77
31.471588

20971313

Table 6.1: Cross sections times branching fractions, o(pp — ¢) x B(¢ — 77), are presented
for various values in ma X tan /3. The cross sections are combined for the b-
associated production channel and for the production via gluon-gluon fusion for
the pseudoscalar MSSM Higgs boson A and the scalar MSSM Higgs boson H.

The values are calculated within the m

max
h

benchmark scenario at a center-of-

mass energy of \/s = 7TeV and have been provided by the LHC Higgs Cross
Section Working Group [64,65].
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tau leptons in the final state as well as processes containing one or more physical objects (usually

QCD induced jets, electrons, muons) which are misidentified as tau leptons (fake taus).

One can differentiate between two main types of background processes: irreducible and reducible
background processes with respect to the given signal signature. Irreducible processes are SM
processes which contain at least two real tau leptons and which cannot be separated with the
considered event selection against the signal. Irreducible processes are Drell-Yan processes, in

which a virtual photon or a Z gauge boson decays into a di-tau lepton pair, shown in Figure 6.4.

Drell-Yan production with di-tau lepton decay: Contributions from Drell-Yan processes in
combination with the decay into two tau leptons, Z/y* — 7177, are estimated using simulated
MC samples, generated using the ALPGEN [192] MC event generator interfaced with HERWIGH+
JiMMmy [190, 191] (version 6.510 + 4.31) to model the parton shower, hadronisation and the
underlying event. The simulations are performed using the CTEQ6L1 PDF and include up
to five jets in the leading order matrix element. The corresponding cross sections are scaled
to NNLO accuracy with an estimated systematic uncertainty at the order of 5% [240,241]. A
small fraction of Drell-Yan events is selected by a fake tau lepton, when one of the real tau
leptons remains outside the detector acceptance and a QCD jets is instead misidentified as a tau
lepton candidate. These events are treated similar to the reducible W — 7v background. The
total modeling of the Drell-Yan background is validated using an appropriated control region,
described in Section 6.5.

T+

W Vr

Z/y"

q T q

Figure 6.4: Exemplary leading order Feynman diagrams for the Z/y* — 77~ (left) and
W — 7v + jets (right) production at a hadron collider.

Reducible background processes are processes with either at least one fake tau lepton or two
real tau leptons, but a topology which is significantly different from the signal topology. The
two main contributions to the reducible background are either the W boson production, with a
decay into a real tau lepton in addition with a jet, or QCD multi-jet events. Both processes only
survive the event selection if at least one QCD jet is misidentified as a hadronically decaying tau
lepton. The experimental challenge for an estimation of these processes is a bad modeling of the
misidentification rate of QCD jets in the simulated samples. Data driven estimation techniques

are therefore utilized to take the mis-modeling into account.

W boson production with decay into a tau lepton, W — 7v 4 jets: This background process
is characterized by one real tau lepton, a moderate amount of missing energy due to the neutrino
of the W decay and at least one additional QCD induced jet, which is misidentified as a tau

lepton. An exemplary Feynman graph can be found in Figure 6.4. The contribution is estimated
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using a combined technique of simulated samples and data driven methods. Production and decay
of the W boson is simulated using MC event generators. The setup is similar to the simulation
of Z/y* — 7777 the leading order matrix event calculation (with up to five additional jets) has
been performed using ALPGEN interfaced with HERWIG+JIMMY. The cross section is scaled to
NNLO, with a considered systematic uncertainty of 5 % [240,241]. For fake tau candidates, no
tau identification is applied and instead a misidentification efficiency (estimated from measured

W — uv events) is considered as additional event weight.

QCD multi-jet production: The term multi-jet involves all pure QCD scattering processes
(Figure 6.5) with at least two jets in the considered detector acceptance, which are both
misidentified as tau leptons. The probability for two misidentified jets in the same proton-proton
collision is relatively small® which is compensated by the relative high cross section for QCD
scattering processes. A completely data driven approach is utilized for the multi-jet estimation
by extracting the contribution from a designated control region.

q g g 9 q q g

— Q0000000

\

g
p \QQQQQQQQJ"—‘@?E

a 9 q q 9

Figure 6.5: Exemplary Feynman diagrams for multi-jet production at a hadron collider
including possible initial and final state radiations.

Top quark production: The production of top quarks, either in pairs of ¢t or in single top
production (Figure 6.6), can contribute to the final event yield due to either real tau leptons
or high energy tau lepton fakes originating from the top quark decay products. The fraction
of top quark events can be significantly reduced by deploying differences in the event topology
compared to the signal and using the tau identification algorithm to filter out possible fake tau
leptons.

The top pair production has been simulated at next-to-leading order accuracy using MCQNLO
[242—-244], interfaced with HERWIGHJIMMY (6.51+4.31), deploying the CTEQG6.6 [245] parton
distribution function. In addition, the final cross section is normalized to an approximate next-
to-next-to-leading accuracy predicted by the HATHOR software [246], with a total systematic
uncertainty of ~ 10 %.

Contributions from single top quark processes, including the single top quark production in the
t-channel, s-channel and in association with a W gauge boson, are estimated from simulations
with ACERMC (3.8) [247] interfaced with PYTHIA 6 (6.425) using MRST LO#** [203] as PDF. The
cross sections are normalized to approximate NNLO accuracy [248-250] and a total systematic
uncertainty® of ~ 13 % is assumed. Within the further context, all processes including top quark

production are collectively referred to as “top” background.

5The exact probability value depends on several parameters like the considered identification level and the
transverse momentum of the tau candidates, but it is usually of the order of 104 to 10~9.

SFollowing the procedure utilized in the preceding neutral MSSM Higgs analysis at /s = 7TeV, the systematic
uncertainty includes comparison with MCFM [251,252] and MC@QNLO as well as top mass variations.
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b W=

W >

g t g t

Figure 6.6: Exemplary Feynman diagrams for single top quark production (top) in the
s-channel, t-channel and in association with a W boson (from left to right) and
for the t¢ production (bottom) at a hadron collider.

Single W/Z production with decay into lighter leptons: Vector bosons decaying into electrons
or muons, Z — ee/upu and W — ev/uv, can contribute to the background, if the corresponding
leptons are misidentified as 1-prong tau leptons. A possible contribution is estimated from
simulations, using the same setup as for the Z — 7t7~ and W — 7v samples. However, these
processes can be greatly suppressed by rejecting events with at least one reconstructed electron or
muon above a certain energy threshold and by applying dedicated lepton identification algorithms

for the tau candidates.

Single W/Z production with decay into quarks/jets: Events with a vector boson decaying
into quarks (which hadronise into jets) are heavily suppressed by the tau identification. Like the
QCD scattering processes, at least two jets need to be misidentified as a tau lepton. In contrast
to the QCD contribution, the smaller cross sections for the W/Z production cannot compensate
for the small misidentification rate and thus leading to a vanishing contribution to the final event
yield. A possible event contribution is estimated via simulated samples, using the same setup as

for the Z — 77~ and W — 7v samples.

Gauge boson pair production: Processes with two gauge bosons in the final state, WW, WZ
or ZZ, can mimic the signal signature either by including two real tau leptons or at least one
fake tau lepton originating from a misidentified electron, muon or jet. The contribution to the
final event yield however is small due to the relatively small cross sections and the possibility
to reject this type of background events by topology-based selection criteria or via the tau
identification algorithms in case of fake tau leptons. All gauge boson pair processes are estimated
using simulated samples. The production via the ¢’ — V'V is modeled at next-to-leading
order accuracy using MC@NLO, while the production via gluon-gluon fusion, g9 - WW/ZZ
is modelled at leading order using the gg2WW [253] and ¢g2ZZ [254] packages, respectively.
For all samples, the CT10 is used as PDF and HERWIG+JIMMY to model the hadronisation

process and the underlying event. Studies for systematic uncertainties regarding renormaliza-
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tion and factorization scales can be found in Ref. [255]. In accord with the recommendations
used in the preceding MSSM analysis, the following systematic uncertainties are assumed for
the cross sections: Ao = 4.9% for q¢/ — WW, 7% for q¢' — WZ,ZZ and 50% for the
gluon-gluon fusion processes. The large uncertainty for gg — V'V processes does not affect the

analysis significantly, because their overall contribution to the final event yield is almost vanishing.

The contribution from single gauge boson production with decay in either electron, muon or
quark and the gauge boson pair production processes are combined and referred to as electroweak

background (EW Bkg.), since the individual contributions from each of the processes are very small.

For all simulated samples, except for the Sherpa samples used in the b-associated production,
the decay of the tau leptons is performed using the TAUOLA [256] software package, while the
correction for QED radiations are calculated using PHOTOS [257]. For the Sherpa samples, no
external package is used and the tau decays as well as the radiative corrections are performed
with the build-in functionalities. A full simulation of the ATLAS detector is performed on top of
the event generation, for each utilized MC sample, using the GEANT4 [40] software package.
Afterwards, the full reconstruction chain is applied to the samples in order to extract the physical
objects (e.g. tau candidates, electrons, muons, ...) from the simulated detector response. The

software setup is the same as the one used for the recorded data.

The complete tables of the logical dataset names can be found in Section A.4.5.

6.1.3 Data Sample

For this analysis, data from proton-proton collisions at the center-of-mass energy /s = 7TeV
is used recorded with the ATLAS detector at the LHC in the year 2011, divided into twelve
Periods A — M (excluding period C). In total, an integrated luminosity of 5.5 pb~! was recorded
of which 4.5pb~! are used for this search. A peak luminosity of 3.5 x 1033 cm™2s~! was reached
during the run, with a maximum of ~ 20 pile-up interactions per bunch crossing. More details

on the LHC run conditions during the year 2011 can be found in Section 3.3.

6.1.4 Object Selection

The object selection includes all selection criteria concerning reconstructed objects which are
usually closely related to physical phenomena. For this study, the central objects are the
reconstructed tau lepton candidates and their identification in order to reduce the background
contribution. Electrons and muons are reconstructed to veto against background events containing
one of the lighter leptons. Contributions from neutrinos, produced during the tau lepton decays,

are reconstructed via the missing transverse momentum.

Tau lepton selection: The baseline for tau candidates are jets reconstructed from energy
deposits in the calorimeter using the anti-k; [132] cluster algorithm with a distance parameter of
R = 0.4. Tau candidates are required to provide a minimal transverse momentum of p. > 50 GeV

and to be located with the acceptance of the ID by requiring |n7| < 2.47. The reconstructed
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charge of a tau candidate should be |¢7| = le and one or three tracks above p{* > 1 GeV should
be located within the inner core of tau jet cone. Tau candidates located in the crack region,
1.37 < |n7| < 1.52, of the calorimeter system are rejected. In April 30, a hardware failure
caused the loss of six front-ends boards (FEBs) of the readout electronic responsible for the
electromagnetic liquid argon calorimeter, which results in the lower response within the affected
region in 1 X ¢ for the periods E — H (LAr hole). A partial recovery of four FEBs was performed
during the technical stop in July 2011, which affects the remaining periods I — M. To ensure a

proper tau reconstruction, candidates which are located within the affected area of
—0.1<n" <155 and —09<¢” <—-0.5, (6.1)

are rejected. All selection criteria requiring the n coordinate of the tau candidate are tested
with respect to the pseudorapidity value of the track inside the tau core cone with the largest
transverse momentum (leading track), '*#=t%_ To reject tau fakes originating from electrons,
tau candidates are required to pass the loose working point for the cut based discrimination

algorithm against electrons (see Section 4.6.3).

A BDT based tau identification against QCD is applied for the loose or medium working point,

depending on the considered analysis channel.

Jet selection: Jets, reconstructed using the anti-k; jet clustering algorithm with a distance
parameter of 0.4, are required to provide a minimal transverse momentum of pgret > 50 GeV and
a pseudorapidity value of ’njet’ < 4.5. To suppress jets originating from pile-up vertices, only jets
with a jet vertex fraction (see Section 4.5.3) above 50 % are selected. In addition a jet cleaning

is performed by removing jets based on the selection criteria described in Section 4.5.4.

Electron selection: Electron candidates are selected by requiring a transverse momentum of
at least 15 GeV. The electrons should be within ‘7791’ < 2.47, excluding the crack region in
the calorimeter system at 1.37 < !77"1’ < 1.52. A possible candidate should pass the loose
identification requirement (see Section 4.3.2) to be considered as an electron as well as certain

quality requirements” provided by the ATLAS collaboration.

Muon selection Muon candidates are combined muons, reconstructed using the staco algorithm
and passing the loose working point. They are required to have a transverse momentum of
Pl > 10GeV and a pseudorapidity value of |n*| < 2.5. For the associated ID track, the quality

requirements presented in Section 4.4 are applied.

Primary vertex selection At least four tracks above a transverse momentum threshold of
500 MeV need to associated with the primary vertex. The vertex of hard scattering is selected as

the vertex with the highest Y p2 of the associated tracks found in the event.

TFor reference: a quality bit mask selection of 1446 is applied for each electron candidate.
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6.1.5 Event Selection

For this study, the selection will predominantly follow the procedure used for the MSSM Higgs
boson search in 2012 including modification necessary for the study of the 2011 data sample.
Two different aspects are targeted with the event selection: one is a form of event cleaning,
which ensures the only data recorded under well understood conditions is used, and secondly the
selection is optimized to enhance the fraction of potential signal event compared to the expected

background contributions.

The complete selection is separated into two steps. First a baseline selection is performed,
which includes predominantly the cleaning requirements for the data events and the basic object
selection steps. On top the baseline selection, the final event selection is performed which consists
of two orthogonal categories defined by the utilized trigger requirement: a category for events
triggered by a di-tau signature, di-tau trigger (DTT), and a category for events triggered by a

single tau signature, single tau trigger (STT).

Baseline selection: FEvery proton-proton collision event recorded with the ATLAS detector is
required to pass several quality criteria, to ensure the measurement was performed under stable
beam constitution with all detector systems fully operational®, collectively termed event cleaning.
On top, an extra selection is performed to reject event with possible errors or noise bursts in the

calorimeter system.

At least on primary vertex should be reconstructed within each proton-proton collision event,

following the vertex selection criteria discussed in Section 6.1.4.

Tau, electron and muon candidates as well as jets are selected following the object selection
criteria described in Section 6.1.4. At least two® tau candidates need pass the selection, with no
tau identification applied at this point. The tau candidate with the highest and second highest
transverse momentum will be referred to as leading and sub-leading tau, respectively, indicated
by the superscripts lead and sub. Events with at least one electron or muon candidate, passing
the object selection, are rejected (electron and muon veto). Finally an overlap removal between
reconstructed jets and tau candidates is performed, removing jets overlapping within a distance'®
of AR < 0.2 in 1 X ¢ with one of the tau candidates in order to avoid a possible double counting

of objects.

The event yield summary for the baseline selection is presented in Table 6.2. For the baseline
selection, no QCD multi-jet estimation is performed and only simulation based background yields

are stated.

8The selection of data events has been provided by Data Quality Group of the ATLAS collaboration in form a
good run list. For reference, the following good run list is used during the study:
datall_7TeV.periodAllYear_DetStatus-v36-pro10-02_CoolRunQuery-00-04-08_A1ll_Good.xml.
9Within the majority of events only two tau candidates are found passing the relative high pr threshold of
50 GeV. The fraction of events with more than two candidates is found to be around 3.8 % for the STT
category and below 1 %o for the DTT category.
10The distance is measured between the reconstructed jet and tau axis.
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Z[yx — 1T W — Tv EW Bkg. Top
Event cleaning 312404110 71650 + 340 87610+ 270 231410+£210
Jet cleaning 30850+ 110 71240 £+ 340 87420 £270 231000+ 210
LAr hole 30330+ 110 70020+ 330 85360 £270 223260+ 200
Nygx >0 30330+£110 70020+ 330 85360 £ 270 223260+ 200
Muon veto 29700+ 100 69 380 + 330 83630+ 270 166 890 + 190
Electron veto 29220+ 100 68900 % 330 80420 £ 260 120360 + 180
N >1 8450+ 50 23550+ 180 12620+ 100 13350+ 60

Table 6.2: Expected number of event for non multi-jet background processes in the baseline
selection are presented after each selection requirement. A comparison with
the observed number of events is not performed, since no dedicated trigger
requirement is applied during the baseline selection. The stated uncertainty
values for each individual background process correspond to the respective
statistical uncertainty.

Di-tau trigger category: The DTT category is defined using events which are triggered based
on a di-tau signature, searching of tau candidates with Er > 29 GeV and 20 GeV. During the
run, the corresponding L1 threshold for the trigger were raised to account for the increasing
luminosity (see Section 4.8.4). A summary about the utilized trigger tags for a given run interval
can be found in Table 6.3. To ensure that the DTT category is orthogonal to the STT category,
the transverse momentum of the leading tau candidate is required to below 150 GeV. The leading
and sub-leading tau candidates are required to match the tau objects used on trigger level within
a distance of AR < 0.2 in 7 X ¢ to ensure that the trigger was fired by the same objects which
are supposed to be two main tau leptons. A tau identification requirement is applied for both
tau candidates using the BDT based identification algorithm at the medium working point. Since
the expected signal is electrical neutral, both tau candidates are required to have opposite sign in
the electric charge, which is implemented by forcing the charge product, giead X ¢sub, t0 be equal
-1. The azimuthal separation between the leading and sub-leading tau candidate is required to
be |A@iead sub| > 2.7, to enhanced events containing a back-to-back topology. Finally the missing
transverse energy, E¥ should be above 10 GeV and the total sum of transverse energy in the
event, Y Er, should be above 160 GeV.

run interval

177986 - 187815
188902 - 191933
177986 - 184169
185353 - 191933

trigger name
EF_tau29_mediuml_tau20_mediumil
EF_tau29T_mediuml_tau20T_mediuml
EF_taul25_medium
EF_taul25_mediuml

Table 6.3: Trigger tags for the di-tau and single tau trigger used for a given run interval
during the analysis of the 2011 data set. All trigger were un-prescaled during
the 2011 data taking.

Single tau trigger category: The single tau trigger category is defined using events which are

triggered by a single tau lepton signature above pf. > 125 GeV (see Table 6.3 for the considered
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trigger tags per run interval). The tau candidate on trigger level is matched with the leading
tau candidate within a distance of 0.2 in n x ¢. In order to ensure a constant trigger efficiency
against the transverse momentum of the tau candidate and to ensure the orthogonality with
respect to the DT'T category, the transverse momentum of the leading tau need to be above
150 GeV. A BDT tau identification using the loose working point is applied for the leading and
sub-leading tau candidate. Similar to the DTT category, an opposite sign requirement and a
|A@read sub| > 2.7 requirement is applied but for this category no selection criteria for E%‘iss or
> Er are applied.

A summary of the full event selection can be found in Table 6.4.

Baseline Selection

event cleaning

object selection

N, >2
Nel + Ny = 0
overlap removal with with AR < 0.2
DTT STT
di-tau trigger single tau trigger
trigger match with Tjeaq and 7eup trigger match with 7jeaq (AR < 0.2)
(AR < 0.2)

piead < 150 GeV PP > 150 GeV
Tiead Medium BDT identification Tiead 100se BDT identification
Teup Mmedium BDT identification Tsub 1l0ose BDT identification

Emiss > 10 GeV

> Er > 160 GeV

Qlead X Gsub = —1

|A¢lead,sub| > 2.7

Table 6.4: Event selection summary for the neutral MSSM Higgs boson search.
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6.1.6 Total Transverse Mass

The reconstructed mass of the di-tau systems provides a significant separation power to distin-
guish between a possible MSSM Higgs boson process and the SM background and is therefore
used as the final discriminating observable. Due to (at least) two neutrinos in the decay channel,
it is not possible to reconstruct to mass of the di-tau system completely but rather using an
approximation based on the reconstructed visible parts of the hadronic tau decays and the

missing transverse momentum vector.

For this study, the total transverse mass,

mt’I?t = \/sz (Tleada 7-sub) + m2T (Tleada E”I[I*liss) + m2T (Tsubv E'li“niss) y (62)

of the di-tau system and the missing transverse momentum vector is utilized. The three
components represent the transverse mass values between the leading and sub-leading tau

candidate as well as the combinations with the missing transverse momentum vector:

m% (Tlcad; 7_sub) = 2P11§adp§flb []— — COS A¢(]_9)1Tead7 ﬁ%lb):l (63)
m’QI‘ (Tleada E’III‘liSS) _ 2p}FadE%1iss [1 — cos A¢(31Tead, E%liss)] (64)
mk (Tsub, Effniss) = 2pSb piiss [1 — oS A(ﬁ(]_f%“b, E?iss)] , (6.5)

neglecting the mass values of the tau leptons. For a MSSM signal process, the total transverse
mass observable is characterized by a reconstructed mean mass value below the true Higgs boson
mass and a relatively large resolution. The effect is typically stronger for larger values of may.
Distributions for three example mass points are presented in Figure 6.7.

The advantage of the total transverse mass distribution compared to other mass reconstruction
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Figure 6.7: Exemplary total transverse mass distributions for three different MSSH Higgs
boson mass values.

methods like the missing mass calculator [258] is the behavior of the observable on the SM
background processes. In particular, the dominant QCD multi-jet processes are typically shifted
towards lower m'®* values, resulting an increased significance especially towards higher Higgs

mass values.
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6.2 Background Estimation

An overview about the considered background processes can be found in Section 6.1.2. Except
for the QCD multi-jet background, all processes are estimated using simulated samples generated

with the appropriated Monte Carlo event generators and passed through a full detector simulation.

Although the predictions of the simulation are in general very accurate, it is still necessary to
correct for certain types of mis-modeling and deviation between the MC predictions and the
measured data samples. All corrections are applied in form of an event weight to the MC samples,
thus the expected number of simulated events passing the event selection, NM€ | is not just the

number of pure MC events but instead the product of weights, wc;, for each correction, Cj:

M
NMC =N ] we, (i) with C; € {C1...Cu} (6.6)

i \j=1
where i € [1,..., N] represents the index over the uncorrected MC events. Possible correction

factors from the MC generators as well as scale factor for higher order corrections are applied in

the same way.

Four main classes of corrections are considered: corrections of the pile-up spectrum, corrections on
the trigger requirements, corrections for true tau lepton decays and corrections on the estimation

of the fake tau lepton background.

Tau candidates originating from true tau lepton decays in the simulations are treated the
same way as tau lepton candidates in data: identification via the BDT based algorithm and a
corresponding electron veto. Differences between data and simulation are corrected using the
corresponding weights. Unfortunately, this procedure cannot be used for tau leptons candidates
which originate from QCD jets. The misidentification rate between data and simulation is
significantly different and MC generator depended, due to the different modeling of the jet
substructure during the simulation. The substructure is dominantly defined by the hadronisation
process, which cannot be described using perturbation theory and is instead modeled using

phenomenological approaches, implemented in different ways in the event generators.

Instead of applying the identification algorithm on fake tau candidates, data driven approaches
are utilized for this analysis. For fake candidates in non QCD multi-jet events, a fake rate

measured in a W — pv control region is applied instead of the tau identification.

Pure QCD multi-jet background is estimated from data using side-band measurements. Different
estimation techniques are utilized for the DTT and STT region, exploiting the individual trigger
structure of each region. For the DTT region, the QCD multi-jet contribution is estimated using
a side-band method with three control regions while contribution in the STT region is estimated
based on a scaling of a single side-band control region using QCD scale factor derived from an

auxiliary measurement.
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6.2.1 Pile-up Reweighting

Differences between the pile-up distribution measured in data and simulated samples are to some
extend expected. The conditions of the proton beams change during the data taking period,
which results in a change of the pile-up spectrum, while the simulated samples'! are produced
under some assumption for the average interactions per bunch-crossing, p. A weight, wpile—up, is
applied to normalize the p distribution in the simulation to the measured spectrum. The final
u spectra for the DTT and STT categories are presented in Figure 6.8, showing a reasonable
agreement between the measurements and the predictions within the combined statistical and

systematic uncertainties.

Ly=45f" {s=7TeVv DTT Ly=45f" \s=7TeVv STT
> E T T T T | > O T T T T |
) r —e- 2011 Data T ) L —-e- 2011 Data B
© i - AR 15 | o - A 30
T 20 — TTX | ~ {0k 20 — TTX |
% E I Multi-jet E g = I Multi-jet E
Q F Clzn* - ] 2 C ik Clzn* - J
w 10; w5 v ; w r ot LEEPR, [ 7

E [ EW Bkg. 3 1= oeg [ ]EW Bkg. =

C I Top 7 E Il Top E

. ; Unc. ; r i Unc. ]

E E 107 E |

10" E [ :

E | Lot 1
1ef 3 3
9 145 E 9 E
% 14215 - . e = % 3

E oY e OO g T = N« | e et e e e o s =
Foo TT TTOTY 3 g 3
O 06E E =) E

0.4F = 5
5 10 15 20 25 20 25
i 0

Figure 6.8: Average interactions per bunch-crossing for the DTT (left) and STT (right)
category. The observed data points (black dots) are compared to the SM
expectation. The contributions from the individual processes (colored areas)
are added up (stacked) and the combined statistical and systematic uncertainty
is illustrated by the hatched area. A possible signal contribution is shown in
the blue line (unstacked). The bottom area displays the ratio between the
measurements and the SM prediction in which the light band represents the
statistical uncertainty and the dark band the combined statistical and systematic
uncertainty on the background prediction.

6.2.2 Trigger Corrections

The trigger decisions for the data samples have been emulated in the simulated samples and
correction factors, wiig, are applied to account for differences between the trigger efliciency in
data and the emulation. Details on the trigger scale factors are presented in Section 4.8.4. The
corresponding systematic uncertainties on the scale factors are taken into account for the total
uncertainty on the predicted yields. Trigger scale factors for the single tau trigger were not
available for the analysis and no scale factor is applied. Crosschecks between the predicted yields
in the STT category and the measured data have shown that the effect of the missing trigger
scale factors vanish after the pi&ad criteria of 150 GeV for the leading tau candidate. The trigger

scale factors are only applied if the tau candidate signature which fired the trigger originate from

M More details about the pile-up simulation in ATLAS can be for example found in Ref. [46].
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a real tau lepton. Events triggered by a fake tau lepton are scaled using the misidentification

rate, described in Section 6.2.4.

6.2.3 Tau Lepton Corrections

Scale factor are applied for the tau identification, wia,u—1p, against QCD jets and for the electron
veto, Wel._veto- 1N both cases, the weights parametrize the differences of the identification
algorithms between the simulations and the measurements extracted from tag and probe measure-
ments. The scale factor for the tau identification are set to unity, following the recommendation
of the ATLAS collaboration at the time'2. For the electron veto on tau candidates, the scale

factors are parametrized in 1 and range from 0.70(5) to 1.24(5).

An addition a correction for the tau energy scale is applied, discussed in Section 4.6.2.

6.2.4 Tau Fakes in Non QCD Multi-jet Background

For tau candidates originating from quarks or gluons in simulated events, no tau identification is
applied, because the performance of the tau identification algorithm differs significantly between
the simulation and real data. The primary cause of this effect is the imperfect modeling of
hadronisation process leading to differences in the substructure of the underlying jet. Since the
tau identification is based on the substructure observables, the performance of the identification

algorithm is sensitive to the modeling details.

This problem affects the background estimation for all processes include at least one fake tau
candidate: dominantly W — 7v but also single top, ¢ and double vector boson processes are
effected. To a lesser extent, events containing two real tau leptons are affected too, like Z — 77,
if at least one of the two real tau leptons is located outside the considered cinematic region and

instead a accompanying QCD-induced jet is reconstructed as a possible tau candidate.

To account for these effects, a mixture of data driven and simulation based methods is used
to estimate the background contribution. The overall event topology is extracted from the
simulations but instead of applying the tau identification algorithm on a fake tau candidate, the
event is weighted by the expected rate of which the corresponding fake tau candidate will pass
the identification algorithm,

Wiet—7T = fjet—)r 5 (67)

where fiet— - is referred to as misidentification rate or misidentification efficiency. The misiden-
tification rate is estimated from a W — pv + jets control region measured in data, where the
muon is used to identify the process and the accompanying jet to probe the fake rate. Details on
the control region, the estimation of the misidentification rate as well as the results are presented
in Section 6.3. Fake tau candidates are defined as reconstructed tau candidates with no true tau

lepton on particle level within a radius of AR = 0.2 around the reconstructed tau axis. If both

12Details can be found in Section 4.6.5.
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tau candidates in the event are fakes, the product of both fake rates is applied as event weight,

Wiet—7 = f}et—rr (Tlead) X fjet—m— (Tsub) . (68)

Applying the misidentification rate directly instead of correcting the MC simulations after the tau
identification also helps to diminish statistical fluctuations of the background predictions. The
fake rates are usually at the order of a few percent and an application of the tau identification
would lead to a drastic reduction of the MC events passing the event selection, thus reducing the
amount of statistic. Although it is possible to avoid statistical fluctuation by generating more
MC events, the number of simulated events is limited in practice by the available CPU time
and storage space. By reweighting, instead of rejecting the simulated events, a larger part of
the considered phase-space can be represented and thus reducing possible dependency of the

background estimation on fluctuation induced by low statistics.

6.2.5 QCD Multi-jet Estimation in the Di-Tau Trigger Region

The QCD multi-jet estimation within the DTT region is performed using a side-band method,

splitting the phase space into four orthogonal regions. Starting with the selection of the DTT

region, which is described in Section 6.1.5 and within the further context referred to as region A,

the side-bands are defined by inverting certain selection criteria'?:

Region B inversion of the charge-product gieaq X gsub between the leading and sub-leading tau
candidate, changing the selection from a opposite sign (OS) region into a same sign (SS)

region,

Region C inversion of the EXs* requirement by forcing ERs5 < 10 GeV but still requiring the

OS criteria between both tau candidates,
Region D inversion of the charge-product and the E}S requirement.

An illustration of the different side-bands can be found in Figure 6.9. The expected number of
QCD multi-jet events within a given bin <N£CD,i>, in the signal region A can be estimated
with

<NSCD,1'> = (Ncﬁta,i - <N£<g,i>) X Ros/ss (6.9)

where Nlﬁtaﬂ- represents the observed number of event in the region B and <N£{g)i> representing
the excepted non multi-jet background contribution. The scale factor Rog/gs numbers the
miss

normalization difference between the OS and SS region and is estimated from the low E}

regions C' and D:
R _ Zz (Ndcz;ta,i - <Nl)ci(g,z>)
08/53 Z’L (Nd[z)ita,i - <Nb[l)(gz>) .

The excepted number of background events within a given region X € {B,C, D} is defined as

(6.10)

the sum of all non multi-jet processes j estimated from simulations,

process

(Nikga) = D (N5 - (6.11)

J

13Within the literature the method is sometimes referred to as ABCD method.
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Figure 6.9: Illustration of the side-band selection used for the QCD multi-jet estimation
in the DTT region. The red and blue points represent a possible MSSM Higgs
signal and the multi-jet background contribution, respectively.

For each simulated process, the corresponding correction weights are applied, including the

appropriate misidentification rates for the OS or SS region.

Since the shape of the QCD contribution is extracted from the SS region (region B) and scaled
to the OS region, the method is only valid if the corresponding distributions show no significant
difference in shape between OS and SS. In order to validate this requirement, the shapes of the
considered distributions within region C' and D are compared against each other, both normalized
to one. The results for a selected set of distributions are shown in Figure 6.10 and within the

statistical uncertainty no significant deviation between the OS and SS region is found.

The performance of the estimation method is tested using a wvalidation region (VR), which
is defined similar to the DTT signal region with the exception that both tau candidates are
required to fail to loose tau identification level instead of passing the medium one. Both fail tau
identification requirements ensure the absence of a possible MSSM signal contribution within
the validation region and enrich the fraction of QCD multi-jet background in the data. The
side-bands B, C' and D are again defined by a splitting in OS/SS and EX's5 = 10 GeV including
the fail identification requirements.

The final event yields for all four region in the validation selection are presented in Table A.3,
showing a reasonable agreement between the observed number of events and background estima-
tion which is dominate by the multi-jet background. A full summary of the event yield for each

selection requirement within the validation region A is presented in Table A .4.
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Figure 6.10: Observed number of events for various kinematic distributions of the tau
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candidates as well as the total transverse mass distribution are shown for
region C' (back dots) and region D (filled area) used in the QCD estimation
method. The expected number of background events is subtracted and both
distributions are normalized to one. The total transverse mass distribution is
limited up to 300 GeV due to a lack of statistics in the low FE3* regions. The
stated uncertainty bands correspond to the statistical uncertainties.
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The results of the validation for a selected set of observables are presented in Figure 6.11 and
Figure 6.12, showing an excellent agreement between the estimated multi-jet background and

the observed number of events within the combined statistical and systematic uncertainties.
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Figure 6.11: Kinematic distributions of the leading and sub-leading tau candidate within the
DTT validation region. The observed data points (black dots) are compared to
the SM expectation. The contributions from the individual processes (colored
areas) are added up (stacked) and the combined statistical and systematic
uncertainty is illustrated by the hatched area. A possible signal contribution is
shown in the blue line (unstacked). The bottom area displays the ratio between
the measurements and the SM prediction in which the light band represents
the statistical uncertainty and the dark band the combined statistical and
systematic uncertainty on the background prediction.
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Figure 6.12: Distributions related to the di-tau system and the missing transverse momen-
tum within the DTT validation region. The observed data points (black dots)
are compared to the SM expectation. The contributions from the individual
processes (colored areas) are added up (stacked) and the combined statistical
and systematic uncertainty is illustrated by the hatched area. A possible signal
contribution is shown in the blue line (unstacked). The bottom area displays
the ratio between the measurements and the SM prediction in which the light
band represents the statistical uncertainty and the dark band the combined
statistical and systematic uncertainty on the background prediction.
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6.2.6 QCD Multi-jet Estimation in the Single-Tau Trigger Region

The QCD multi-jet contribution within the STT region is, like the DTT region, estimated using a
side-band control region but with the difference, that the sub-leading tau candidate is unbiased in
terms of a tau identification on trigger level. This effect can be observed in BDT score distribution
of the leading and sub-leading tau candidate, presented in Figure 6.13, showing a shift in the
BDT score distribution of the leading tau toward larger values compared to the sub-leading tau,
which is a consequence of tau identification criteria applied by the single tau trigger. The large
difference between the observed number of events and the combined background prediction is

due to the missing QCD multi-jet contribution which is not estimated at this stage.
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Figure 6.13: BDT scores distributions for the leading and sub-leading tau candidate are
presented after the single tau trigger requirement and p'e? > 150 GeV. The
observed data points (black dots) are compared to the SM expectation. The
contributions from the individual processes (colored areas) are added up
(stacked) and the combined statistical and systematic uncertainty is illustrated
by the hatched area. No QCD multi-jet estimation is performed at this point.

The side-band for the signal region A is now defined by inverting the identification requirement

for the sub-leading tau only:

Region B sub-leading tau candidate is required to fail the loose tau identification level instead

of passing it.

The shape and normalization of the QCD multi-jet contribution within region A is now extracted

from the side-band via a transfer factor,

NP2 (pr, Nipk)
Nfail (pp, Niyy) ’

Glead X gsub

fpass—)fail (PT, Ntrka Qlead X QSub) = (612)

where NPass/fail renresent the number of tau candidates which pass or fail a certain tau iden-
tification level, parametrized in the pr of the tau candidates, the number of associated tracks
(1-prong or 3-prong) and the charge product between the leading and sub-leading candidate.
The transfer factors are determined within a di-jet control region and are discussed in detail in
Section 6.4. Three different charge product combinations have been study during the transfer
factor measurement: no charge product requirement (NoS), opposite charge sign (OS) and same

charge sign (SS), between both candidates. Since a relative insensitivity of the transfer factor
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on the charge product has been observed, the version without a charge product is used for the

QCD estimation including the remaining differences between OS and SS as systematic uncertainty.

Subsequently, the expected number of multi-jet events in region A and bin 7 can be estimated
with
(Ngep,i) = ZNiB (P7,55 Nurk,j) X fpass—tail (PT.5> Nirkj) 5 (6.13)
J
where NP (pr_j, Nk, ;) represents the observed number of events in region B for a certain bin j

in pr and Ngx.

A validation of the estimation method is performed within the SS regions of A and B by inverting
the charge product requirement to gieaq X ¢sup = 1. The final event yields within the validation
region as well as a summary of the observed number of events and background predictions are
provided in Table 6.5 and Table A.5, respectively.

Region A Region B

Multi-jet 39.0 +1.5 -
Z/yx = 17 2.554+0.25 10.9+1.2
W = v 6.6 £1.3 31 =+5
EW Bkg. 1.3440.30 14.0+1.9
Top 0.394£0.04  6.8+0.5

Comb. background prediction 49.9 +2.0 63 =+5
Observed number of events 47 3670

Table 6.5: The expected number of events of various SM processes and the estimated QCD
multi-jet contribution within the STT signal validation region A are presented
and compared to the observed number of events. The stated uncertainty for each
process correspond to the respective statistical uncertainty. The disparity in the
observed number of events in region B and the combined background prediction
is due to the missing QCD contribution.

Within the validation region, a reasonable agreement between the observed number of events and
the background predictions could be confirmed, proving the reliability of the multi-jet estimation
method. A sufficient level of agreement within the statistical and systematic uncertainties has
been also confirmed for various distributions, of which a selected set is presented in Figure 6.14
and Figure 6.15. The validity of the distributions is restricted due to the relative low number of

event passing STT selection requirements.
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Figure 6.14: Kinematic distributions of the leading and sub-leading tau candidate within the
STT validation region. The observed data points (black dots) are compared to
the SM expectation. The contributions from the individual processes (colored
areas) are added up (stacked) and the combined statistical and systematic
uncertainty is illustrated by the hatched area. A possible signal contribution is
shown in the blue line (unstacked). The bottom area displays the ratio between
the measurements and the SM prediction in which the light band represents
the statistical uncertainty and the dark band the combined statistical and
systematic uncertainty on the background prediction.
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Figure 6.15: Distributions related to the di-tau system and the missing transverse momen-
tum within the STT validation region. The observed data points (black dots)
are compared to the SM expectation. The contributions from the individual
processes (colored areas) are added up (stacked) and the combined statistical
and systematic uncertainty is illustrated by the hatched area. A possible signal
contribution is shown in the blue line (unstacked). The bottom area displays
the ratio between the measurements and the SM prediction in which the light
band represents the statistical uncertainty and the dark band the combined
statistical and systematic uncertainty on the background prediction.
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6.3 Measurement of the Tau Misidentification Efficiency

The probability to misclassify QCD-induced jets as a hadronically decaying tau lepton, referred
to as misidentification or fake rate, has been measured in a W — uv + jets control region, using
proton-proton interactions at center-of-mass energy of /s = 7TeV recorded with the ATLAS
detector in 2011 at the LHC. Using measurements of the fake rate from data allows to account
for the differences between the sub-structure modeling of QCD-induced jets predicted by the
simulation and the measurements, thus allowing an accurate estimation of background events

including at least one fake tau from simulated proton-proton interactions.

The utilized data set for the control region corresponds to a total integrated luminosity of about
4.5fb~1 and is selected orthogonal to the signal region of the MSSM Higgs boson search by
requiring at least one reconstructed muon in the recorded proton-proton event. To quantify the
differences in the misidentification efficiency, the results from the measurements are compared to
predictions from simulations deploying the same MC event generator samples used for the MSSM
Higgs search. The dominant W — uv process has been generated using the ALPGEN event
generator interfaced with HERWIG+JIMMY, with up to five additional jets on matrix element

level. Details on the generation of the remaining processes can be found in Section 6.1.2.

6.3.1 Overview of the Misidentification Efficiency Measurement

The measurement of the fake rate is performed using a tag-and-probe method. Within this method
one defines a tag object to identify the considered process and a probe object to test the tau
identification. The probe objects in this case are the reconstructed muon and the neutrino (which
is recognized in form of missing transverse energy in the proton-proton collision event) from the W
decay. The muon in the control region represents the real hadronically decaying tau lepton in the
W — 7v process, which is the dominant background containing tau fakes apart from pure QCD
multi-jet processes, using the lepton universality of the W boson decay process. Consequently,
the probe object is an accompanying QCD jet which pass the tau reconstruction and thus is

a possible candidate to measure the misidentification efficiency of the tau identification algorithm.

The probe jet can be either a quark or gluon induced jet (see Figure 6.16). Due to the differences
in the substructure of quark and gluon jets, the fake rate itself is sensitive to the relative fraction

of quark and gluon jets in the control region.

Object Selection

For reconstructed tau candidates, electrons and jets the selection criteria of the MSSM Higgs
boson search used, described in Section 6.1.4. For reconstructed muons, the selection crite-

ria are stricter compared to the MSSM search to ensure a high purity selection of W — uv events.
Combined muons, based on the staco reconstruction algorithm, are utilized passing the tight

working point. The kinematic phase-space is defined by a minimal transverse momentum of

Pl > 26 GeV and a pseudorapidity rapidity of |n#| < 2.4. All muon candidates are required to
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w+ v,

q q vy
(a) Quark jet (b) Gluon jet

Figure 6.16: Exemplary leading order Feynman diagrams for the W — uv + jet production
with either an accompanying quark or gluon jet.

pass the additional quality criteria for the associated ID track, described in Section 4.4. To
suppress muons originating from hadron decays, an isolation requirement is applied by comparing
the activity within a certain cone around the muon trajectory with transverse momentum of the
muon candidate. For this analysis, a calorimeter based isolation criteria has been deployed: the
isolation of the muon is expressed as the sum of the energy deposits within a radius of AR < 0.4
around the muon axis relative to the transverse momentum of the muon,

ZE%oneOA ZNcells(AR<0-4) Er;

= & ) 6.14
Pt Pt (6.14)

A correction based on the reconstructed number of primary interaction vertices is applied to the
isolation observable in order to subtract the expected contribution from pile-up, provided by

cone0.4

the ATLAS collaboration. Muons are defined as isolated if ZEP% < 0.06, which removes the

T

majority of the QCD multi-jet background.

Event Selection

The event selection starts with the same general event quality criteria used for the MSSM baseline
selection, described in Section 6.1.5. Hadronically decaying tau leptons, jets, muons and electrons
are required to pass the selection criteria mention above, without the muon isolation criteria at
this point. Events with at least on electron candidate are rejected (electron veto). The event
should contain exactly one muon candidate passing the object selection, events with several
muouns are rejected (di-muon veto). After this point, an overlap removal is applied to avoid double
counting of reconstructed object: jets and reconstructed taus are removed if they overlap with

a reconstructed muon and jets are also removed if they overlap with a reconstructed tau candidate.

The events are triggered using un-prescaled, single muon trigger with a threshold of pf. > 18 GeV.
During the 2011 data taking period, the L1 threshold was increased to account for the increased
instantaneous luminosity, resulting a trigger switch during the 2011 run. The trigger names and
the corresponding run number and periods are summarized in Table 6.6. For both trigger, the
reconstructed muon candidate is required to overlap with the corresponding muon trigger object

within AR < 0.2 to ensure that the event has been triggered by the considered tag muon.
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Trigger Run number interval Period interval
EF_mul8_MG 177986 — 186493 B-1I
EF_mul8_MG_medium 186516 — 191933 J-M

Table 6.6: Muon trigger used for the W — pv control region.

Once an event passes the baseline criteria above, the pt threshold for the muon candidate is
increased to p/. > 40 GeV and the isolation criteria is applied in order to suppress background
processes, in particular QCD multi-jet. At least one reconstructed tau object is required to pass
the selection and if more than one candidate is found the tau object with the highest transverse
momentum is utilized as probe candidate. To further suppress background processes and to
increase the purity of W — uv events the following relationship in the azimuthal plane between
the missing transverse energy, EX the muon and tau candidate is required:

Z cos A¢ = cos (A¢ (7, Efrniss)) + cos (A (1, E?iss)) < —=0.15. (6.15)

Distributions for the muon isolation observable and the > cos A¢ observable are presented in
Figure 6.17, before the selection requirement on the considered observables has been applied,
highlighting the rejection efficiency against the QCD multi-jet background, which is the missing

contribution between the data and the SM prediction.
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Figure 6.17: Distributions for the selection of the W — v control region. The observed
data points (black dots) are compared to the SM expectation, which are
estimated from simulations excluding QCD multi-jet. The contributions
from the individual processes (colored areas) are added up (stacked) and the
combined statistical uncertainty is illustrated by the hatched area. The bottom
area displays the ratio between the measurements and the SM prediction in
which the light band represents the statical uncertainty on the background
prediction.

The observed number of events and the background prediction after the full selection chain are
summarized in Table 6.7 and after each individual selection criteria in Table 6.8. In total, an

estimated purity of ~ 70% of W — uv events is achieved, with a total estimated contribution
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yield fpred.[%0]

W — uv 42210+ 180 69.89
Z — up 3683+ 30 6.1
W/Z — rv/TT 1240+ 40 2.06
EW Bkg. 8690+ 60 14.4
Top 3167+ 8 5.25
Comb. background prediction 59000 =4 190 97.7
Observed number of events 60 387

Table 6.7: Final event yields for the predictions of various SM processes in the W — uv
control region are presented and compared to the observed number of events.
In addition, the estimated relative contribution of each background to the data,
fored., is shown. The stated uncertainty for each background process correspond
to the respective statistical uncertainty.

from QCD multi-jet processes of about 2.3 %. For the background estimation scale factors for
the muon trigger, muon identification and muon isolation are applied to account for deviations

between simulations and the measurements.

The distributions for the transverse momentum and pseudorapidity of the tau candidate after
the full selection are presented in Figure 6.18. For both, a reasonable agreement between the
measurements and the predictions from the simulations has been found within the statistical
and systematic uncertainties. The systematic uncertainties are dominated by the uncertainties

on the muon scale factor and are estimated to be at the order of 2% to 5 %.

In contrast, observables related to the sub-structure of tau jets show a significant shift between the
measurements and predictions from the Monte Carlo simulations. Three exemplary observables
used for the tau identification algorithm as well as the corresponding BDT score are presented in
Figure 6.19. The mis-modeling has been found to be more dominant in observables related to
charged particles only, for examples the number of tracks in the isolation annulus, compared to
the cluster based observables. In general, the sub-structure of simulated QCD jets tend to be
closer to the structure of real hadronically decaying tau leptons, resulting on average in a higher

BDT score compared with the measurements and thus resulting in an increased fake rate.

6.3.2 Results of the Misidentification Efficiency Measurement

The misidentification rate or misidentification efficiency is defined as the observed number of
reconstructed tau candidates passing certain identification level, NP5 over the total number of

reconstructed tau candidates, N,

qu—)ass(pTaNtrkaqM X QT)
N:(p1; Nevks qu X ¢7)

fiet—7 (PTs Nivk, Qlead X Gsub) = (6.16)

The fake rate is parametrized in the transverse momentum, pr, of the tau candidate, the number

of associate tracks in the core region, Ny (one or three prong), and the charge product between
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Observed W — uv Z — up W/Z — tv/rT EW Bkg. Top

Muon trigger 8188212 214400 +£400 44610+120 28320+ 160 49500+ 150 34720+ 40
Electron veto 7993634 209400 £ 400 43170 £110 27020+ 160 44520+ 140 26830+ 40
N, >0 2432226 161840+£350 38060 100 14950+ 120 34920+ 120 19115+ 28
Di-muon veto 2404583 159640+ 350 22640+ 80 14720+ 110 34110+ 120 17807+ 27
Min. one tau candidate 1314009 111900 £ 290 15340+ 70 10400+ 100 23990+ 100 13191+ 23
Muon isolation 181090 102950 £+ 280 14130+ 60 9190+ 90 21690+ 90 9550+ 15
P > 40 GeV 121920  75240+230 11300+ 60 4480+ 60 16310+ 80 6823+ 12
> cosAg < -0.15 60387  42210+180 3683+ 30 1240+ 40 8690+ 60 3167+ 8

Table 6.8: Observed number of events and background predictions in the W — pv control region are presented after each selection requirement. The
stated uncertainty values for each individual background process correspond to the respective statistical uncertainty.
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Figure 6.18: Kinematic distributions of reconstructed tau candidates in the W — puv
control region. The observed data points (black dots) are compared to the SM
expectation, which are estimated from simulations excluding QCD multi-jet.
The contributions from the individual processes (colored areas) are added up
(stacked) and the combined statistical uncertainty is illustrated by the hatched
area. The bottom area displays the ratio between the measurements and the
SM prediction in which the light band represents the statical uncertainty on
the background prediction.

the muon and the considered tau candidate, g, x ¢-.

A parametrization in the transverse momentum of the fake tau allows to account for the pp
dependence of the sub-structure observables and thus the pt dependence of the tau identification
efficiency while the differentiation in Ny is necessary because the underlying BDT algorithms are
different for 1-prong and 3-prong tau candidates. The classification of the charge product, g, x g,
follows the same convention used of the MSSM Higgs boson search: a charge product of —1 is
referred to as opposite sign (OS) and a charge product of 1 as same sign (SS). Distinguishing
between OS and SS allow to account for a different fraction of quark and gluon initiated jets
faking the tau decay. A quark induced jet is in general more likely to fake a hadronic tau decay
compared to a gluon induced jet, due to property of gluon jets to a create a wider spread in
the energy and particle flow during the hadronisation process. The leading tau candidate, with
respect to pr, is more likely to be a quark induced jet in the OS region compared to SS region.
In opposite sign the recoiling quark jet with respect to the W boson can be reconstructed as a
tau candidate, while a quark jet with the same charge as the muon need to be produced in an

additional QCD radiation process.

The misidentification rates are measured for six different variations of the identification level
requirements: the loose and medium working point are tested with and without an additional tau
trigger selection. For the trigger based selection, the considered tau candidates are required pass
either the EF_tau20_mediuml or EF_tau29_mediumil tau trigger in addition to the offline tau

identification in order to estimate a possible bias of the trigger identification on misidentification

Page 169



CHAPTER 6. SEARCH FOR NEUTRAL MSSM HIGGS BOSONS

Events / GeV Data/Bkg. Events / GeV

Data/Bkg.

—

ES

=4.5f" {s=7TeV
R R R

-e-2011Data W - uv
DZ—HLM I:lw/Z—>w/rr

[Jewskg. [ Top

10°
10
1487 .
1.2 =
4F o000 q 9 f
1= i |
E 0 e
0.8?# E
o6 . ]
0 01 02 03 04 05 06 07 08 09 1
fcore
(a) Energy fraction.
Liy=451" {s=7TeV
S B B I
10 -e-2011Data W — pv
l:lZ — up I:lW/Z - it

I Top

[]EwW Bkg.

o0 00 g O -
. *++ o o b

-

\m\m*

.
0.02 0.04 0.06 0.08 0.1 0.120.14 0.16 0.18 0.2
Rtrk

¥

(¢) Track radius.

Figure 6.19:

Data/Bkg. Events / GeV

Events / GeV

L,

g L =457 §=7Tev
108 BT

T
-e-2011Data [IlW - pv
l:lZ — U I:lW/Z — v/t

[JewBkg. [l Top

oo il

10°
10
1.4 T
1.2 L e ————
E P S— 3
IZ+ ]
0.8 E
0.6F ‘ e
05 0 05 1 15 2 25 3 35 4 45
iso
Ntrk
(b) Number of isolation tracks.
Ly=45f" {s=7TeV
105;“ IR AR AR AR R AR AR R RS
E -o-2011Data W — pv 3
L l:lZ = up I:lW/Z - it ]
10 [JewBkg. [lTop

aF R
.2;{H++++ E
4 - |
I g . 3
iy - .|
2; R TSP &
001 0203 04 05 086 07 08 09 1

BDT Score

(d) BDT Score.

Substructure distributions of reconstructed tau candidates in the W — uv
control region. The observed data points (black dots) are compared to the SM

expectation, which are estimated from simulations excluding QCD multi-jet.

The contributions from the individual processes (colored areas) are added up
(stacked) and the combined statistical uncertainty is illustrated by the hatched
area. The bottom area displays the ratio between the measurements and the
SM prediction in which the light band represents the statical uncertainty on

the background prediction.
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rate.

Both single tau trigger correspond to the trigger algorithms used in the di-tau trigger region
of the MSSM Higgs boson search and the estimated misidentification rates with the trigger
requirements are used for the leading and sub-leading tau candidate depending on which single
trigger item has be fired by the considered reconstructed tau. For the single tau trigger region
a EF_taul25_medium(1) trigger is applied for the leading tau candidate. Unfortunately, a
reasonable measurement of the misidentification rates in addition with a trigger threshold above
125 GeV was not possible due to very low number of fake tau candidates passing the selection
in the W — pv control region. The misidentification rate is therefore approximated using the

EF_tau29_mediuml trigger based fake rate.

The results for the misidentification rate measurements are presented in Figure 6.20, Figure 6.21
and Figure 6.22 for the loose identification point with no trigger requirement and for the medium
identification point with a trigger requirement at 20 GeV and 29 GeV, respectively. Despite a
difference in the overall normalization, the general trend between the different identification re-
quirements is very similar. Tau candidates with one charged particle are in general more likely to
be misidentified as a hadronically decaying tau lepton then their 3-prong counterparts. The simu-
lations for the 1-prong candidates show in general in a better agreement with the data, while the
simulations for 3-prong jets is up to factor of four larger compared to the measurements. It is also
noticeable, that the misidentification rate is larger in the OS region compared to the correspond-
ing SS region. This behavior is expected, due to the fact that the probability for a fake tau jet to

originate from the hadronisation process of a quark instead of a gluon is enlarged in the OS region.

The stated uncertainty intervals are Clopper-Pearson [259] intervals estimated for a confidence
level of 68.3 % and include the statistical uncertainty only. A possible impact of the systematic
uncertainties, arising from the muon object and muon trigger related scale factors, on the
misidentification rate has been estimated and found to be negligible (< 1%) compared to the

statistical uncertainty.

The detailed values for the misidentification rates are summarized in Table 6.9, Table 6.10 and
Table 6.11.

In addition to the misidentification rate, the fail-identification rate, fi.;1, has been measurement
as the fraction of tau candidates which not able to pass a certain identification requirement.
Definition and parametrization of the fail-identification rate is similar to the misidentification
rate, except that the number of observed tau candidates passing a certain level, NP?% is replace
by the number of observed tau candidates which fail to pass the corresponding level, Nl In the
case of the trigger requirement, the tau candidates are still required to pass the tau trigger but
fail the offline tau identification. Although the fail-identification rate is not required directly for
event selection used in the MSSM Higgs boson search, it is a necessary auxiliary measurement to
estimate the fake tau contribution in various control and validation regions used for evaluation of
QCD multi-jet estimation techniques. The values for the fail-identification rates are summarized
in Section A.4.3.
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Figure 6.20: Observed probabilities for the misidentification of jets as hadronically decaying
tau leptons in the W — pv control region are compared with the predictions
estimated using Monte Carlo simulations. The loose working point without
any additional trigger requirement is presented for 1-prong (top) and 3-prong
(bottom) tau candidates in the OS (left) and SS (right) region.
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Figure 6.21: Observed probabilities for the misidentification of jets as hadronically decaying
tau leptons in the W — pv control region are compared with the predictions
estimated using Monte Carlo simulations. The medium working point in
addition with a EF_tau20_mediuml trigger requirement is presented for 1-
prong (top) and 3-prong (bottom) tau candidates in the OS (left) and SS
(right) region.

Page 173



CHAPTER 6. SEARCH FOR NEUTRAL MSSM HIGGS BOSONS

5 0140 S pata =451 Vs =7 TeV
. 0.12F- 55 ) 0S - BDT medium & Trig29
TOE REW o v+ et 1prong
0.1 ]
0.08F .
0.06] ]
0.04F .
0.02f ]
0"50 100 150 200 250 300

P [GeV]
}30,047“””””HHHHHH‘L
500350 - DPata Ly=45f"s=7TeV 7
TR 0S - BDT medium & Trig29
0.03F v+ jet 3prong-——]
0.025]
0.02f 1
0.015F
0.01f 1
0.005[ = 1
0""50 100 150 200 250 300

Py [GeV]

—*— Data

L a5
SS - BDT mediur

Vs=7TeV
m & Trig29 1

T
AW = v +jet

1prong

= 0.04
:
+£0.035
0.03
0.025
0.02
0.015

50 100

150 200 250 300

P [GeV]

—*— Data

=450,

is=7TeV

v + jet

SS - BDT mediur

m & Trig29

3
3 prof

0.01
0.005

= S i

50 100 150 200 250 300

Py [GeV]

Figure 6.22: Observed probabilities for the misidentification of jets as hadronically decaying
tau leptons in the W — pv control region are compared with the predictions
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ph interval in [GeV]

gu xqr BDTlevel 50-70 70-100 100-150 > 150

1 prong
loose 120508 1135 165731 1975
P edium 82553 7oty 9451l 5E
loose 44107 55ME 65737 1817
> medium 2.8706 4.0} 41718 613
3 prong
loose 2087947 1427031 11131 06707
P edim 1057015 0.677018  0.717035 04707
gg  loose LO0ZGIS  0.60%03% 0.05X55  0.8%5%
medium  0.70%013  0.247715  0.00¥57°  1.57]¢

Table 6.9: Misidentification efficiencies [%)] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. No additional trigger requirements
for the tau candidates have been applied. The stated uncertainties correspond to
Clopper-Pearson intervals, estimated for a confidence level of 68.3 %.

pT interval in [GeV]

gu X qr BDTlevel 50-70 70— 100 > 100

1 prong
loose 45504 40107 74tLl
05 edium 34107 34107 487173
g loose 09405 274 14t
medium 05737 1970F 14477

3 prong
loose 0763315 045718 0.3773
O edium 0.367010 0.171073  0.2070:30
s 00 022413 0.003557  0.00%5
medium  0.23%54; 0105815 0.0053°

Table 6.10: Misidentification efficiencies [%)] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. In addition to the tau identification
a trigger requirement using the EF_tau20_mediuml trigger has been applied for
the tau candidate.
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Table 6.11: Misidentification efficiencies [%)] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. In addition to the tau identification
a trigger requirement using the EF_tau29_mediuml trigger has been applied for
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pT interval in [GeV]

@u X ¢ BDTlevel 50—70 70—100 > 100
1 prong
loose 6.3102 64708 10.27]%
09 medium 46794 52807 66773
g loose 1542 36710 3.6t)7
medium  1.0707 25705 2373
3 prong
loose LOTHYS 0.79%815 0.70553)
P medum 05391 026701 0357031
g loose 0515544 0114518 0.002547
medium 0377911 0.16%515  0.0070-4°
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6.4 Measurement of the Tau ldentification Transfer Factor

The tau identification transfer factor, fpass—fail, describes to amount jets, originating from the
hadronisation processes of quarks or gluons, which would pass a certain tau identification criteria
over the amount of jets failing the considered tau identification, defined in Eq. (6.12). The
transfer factor has been measured in a di-jet control region, using proton-proton interactions at
center-of-mass energy of \/s = 7TeV recorded with the ATLAS detector in 2011 at the LHC
and is used to estimate the contribution of multi-jet events (in the STT region only), in which
two jets are misidentified as hadronically decaying tau leptons. Similar to the measurement of
the misidentification efficiency for fake tau candidates, the extraction of the transfer factor from
measurements allows to avoid a possible mis-modeling of the jet substructure in the simulations

and thus avoiding a mis-modeling of the tau identification behavior.

The utilized data set for the control region corresponds to a total integrated luminosity of about
4.5fb~!. Considering the overwhelming cross sections for pure QCD interactions at a hadron
collider, it is excepted that the dominated contribution for this control region originates from
QCD multi-jet processes. Other SM background interactions are estimated based on simulations

using the background estimation methodology stated in Section 6.2.

6.4.1 Overview of the Transfer Factor Measurement

Similar to the measurement of the misidentification efficiencies, the transfer factor is measured
using a tag and probe method within a di-jet topology. The optimization of the di-jet control

region is performed with respect to the following aspects:

« the phase space of the control region should be relatively close to the signal region in the

MSSM analysis in order retrieve a representative measurement of the transfer factor,

 at the same time a possible contamination of the real hadronic tau decays, and thus possible
MSSM signal, should be negligible,

e and the number of tau candidates passing the identification requirement should be large

enough to perform a reasonable parametrization of the transfer factor.

For the selection of reconstructed objects, in particular the reconstructed tau candidates and
vertices, no modification with respect the to MSSM search is made. The event selection is a
simplified version of main STT region: after the same event cleaning requirements, at least
one reconstructed vertex and two reconstructed tau candidates with pr > 50 GeV are required.
Instead of a single tau trigger, the events are selected using jet based triggers, requiring a jet above
a threshold of 75 GeV, 100 GeV, 135 GeV, 180 GeV and 240 GeV, respectively'®. The transverse
momentum of the leading tau candidate is required to be pk2d > 150 GeV and the azimuthal
distance between both tau candidates should be |[A@iead sub| > 2.7. The leading tau candidates is
defined as the tag object and sub-leading tau candidate is the probe object, which is used for the

14 Technical detail: the considered trigger tags are EF_jX_adtc_EFFS with X € {75,100, 135, 180, 240}. All utilized
jet triggers are pre-scaled and the average pre-scale per trigger usually decrease with an increase of the trigger
threshold (the 240 trigger is almost un-prescaled). Since the measurement of the transfer factor is an object
and not event based quantity, the pre-scales do not effect the measurement.
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transfer factor estimation. To further enrich multi-jet processes, no tau identification requirement
is applied for both tau candidates. The final event yield summary for the di-jet control region
is presented in Table 6.12, highlighting the dominant contribution of QCD multi-jet processes,
which are not estimated from MC predictions and thus represent the missing difference between

the observed number of events and the remaining SM background processes.

Data Z[vx = 1T W — 1 EW Bkg. Top
Jet trigger 257251 1352 412 6000 + 60 24 550 £+ 100 7034 +25
N;>1 220336 306 £ 6 639 £ 17 3715+ 32 1344 £ 11
Ny >0 220336 306 + 6 639 £17 3715+ 32 1344 £+ 11
ped > 150GeV 90301 110.74+ 3.5 290+ 12 306+ 10 202+ 6

and |A¢| > 2.7

Table 6.12: Observed number of events and background predictions in the di-jet control re-
gion are presented after each selection requirement. The background predictions
are normalized to an effective luminosity value taking the trigger pre-scales into
account. The stated uncertainty values for each individual background process
correspond to the respective statistical uncertainty.

Due the pre-scales of the jet triggers, the observed number of events are compared to predictions

which are normalized to an effective luminosity value taking the pre-scales into account.

6.4.2 Results of the Transfer Factor Measurement

The transfer factor is now evaluated by the number of probe tau candidates passing the loose tau
identification working point over the number of probe candidates failing the identification. As
already stated in Eq. (6.12), fpass—fail is parametrized in the transverse momentum of the probe
tau candidate, the number of associated tracks (1-prong or 3-prong) and the charge product
between the tag and probe candidate. Besides the usually split of the charge product in an
opposite sign and same sign region, the transfer factor is also evaluated with no charge product

requirement, referred to as no-sign (NoS) region.

Transfer factors for 1-prong and 3-prong tau candidates are presented in Figure 6.23 for different
charge product selection requirements. Systematic uncertainties are estimated by varying the
charge product requirement and by forcing a minimal tau BDT score of 0.2 for the tag candidate,
symmetrizing both uncertainties. Both variations affect the fraction of quark to gluon initiated
jets in the test sample and thus affecting the average probability of a tau candidate to pass the
tau identification and therefore covering for discrepancies in the quark/gluon fraction between
the di-jet control region and signal region. The systematic uncertainties predominantly affect
the low pr 1-prong candidates, while the uncertainties for the high pr 1-prong candidates or
3-prong candidates are dominated by the statistical uncertainty. A full summary of the transfer
factor values is provided in Table 6.13 and Table 6.14.
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Figure 6.23: Tau identification transfer factor as a function of the transverse momentum
of the tau candidate, measured for 1-prong (left) and 3-prong (right) tau
candidates in no-sign (top), opposite sign (middle) and same sign (bottom)
di-jet events. The black dots represent the mean transfer factor for a given pr
interval with the black line representing the statistical uncertainty. The blue
and orange shaded areas represent additional systematic uncertainties arising
from variation of the charge product requirement and a selection criteria on
the tau identification BDT score of the tag candidate.
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pT interval in [GeV]

Qlead X Gsub 50 — &80 80 — 120 120 — 160 160 — 200 200 — 250 250 — 300 > 300

NoS 0.038 £0.008 0.057 £0.016 0.073£0.008 0.099+0.013 0.123£0.026 0.134£0.032 0.17+0.06
0S 0.045£0.009 0.044 £0.016 0.072+£0.012 0.094£0.017 0.143+£0.032 0.15£0.04 0.14 +=0.06
SS 0.032£0.009 0.070£0.021 0.075+£0.012 0.104+£0.018 0.105+£0.029 0.12+£0.04 0.21 +£0.08

Table 6.13: Tau identification transfer factors for 1-prong tau candidates estimated from the di-jet control region. The stated uncertainties combine the
statistical and systematic uncertainties.

pT interval in [GeV]

Glead X Gsub 50 — 100 100 — 150 150 — 200 200 — 250 > 250

NoS 0.0077 £ 0.0009 0.0085 £ 0.0011 0.0088 +0.0012 0.0061 £ 0.0016  0.0067 &= 0.0017
0S 0.0071 £0.0011  0.0091 £ 0.0015 0.0086 £ 0.0016 0.0070 £ 0.0026  0.0065 % 0.0023
SS 0.0082 £ 0.0011  0.0079 £ 0.0014 0.0089 £+ 0.0018  0.0053 £ 0.0020  0.0070 £ 0.0024

Table 6.14: Tau identification transfer factors for 3-prong tau candidates estimated from the di-jet control region. The stated uncertainties combine the
statistical and systematic uncertainties.
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6.5 Validation of the Z/7y* — 77 Modeling

Drell-Yan processes with two hadronically decaying tau leptons in the final state rank among the
irreducible backgrounds with respect to a possible MSSM Higgs signature and are estimated
from MC based simulations. The modeling of the simulation has been verified in a data driven

side band which is defined orthogonal to the final signal selection.

In order to enrich the fraction of Drell-Yan processes within the side band and simultaneous
avoid a possible contribution of signal, a selection towards Z/v* particles with a significant boost
along the transversal plane has been applied. The side band is defined as a variant of the DTT

selection:
1. Baseline and object selection, which are identical to the MSSM Higgs search.
2. Di-tau trigger requirement, identical to the DTT region.

3. Both tau candidates are required to pass the medium tau identification working point and

to have opposite electric charges.

In addition to these basic DTT selection criteria the following list of requirements are applied to

enrich boosted Drell-Yan processes and to simultaneously suppress QCD multi-jet background:

Emiss > 95GeV, (6.17)
cos A¢(BRP ER™) > 0.0, (6.18)
cos A (PR, PEP) > 0.2, (6.19)

where Ag (7R, P5P) and Ag (PP, E%iss) represent the azimuthal distance between the lead-
ing and sub-leading tau candidate and the sub-leading tau candidate and the missing transverse
momentum vector, respectively. Equation (6.19) ensures the orthogonality to the signal region
by limiting the azimuthal distance between both tau candidates to a maximal value of 1.37.
In contrast to the DTT region, no plTead < 150 GeV requirement has been applied to cover the

modeling of the high momentum tail, although the statistics are relatively small.

Similar to the DTT region, the multi-jet background is estimated using a splitting into three
additional side bands, based on the charge product between both tau candidates and (in contrast

to the B based splitting in the DTT region) the inversion of the tau identification requirement:
Region B both tau candidates are required to have the same electric charge (SS), Glead X ¢sub = 1,

Region C both tau candidates are required to fail the medium tau identification working point

and have opposite electric charge (OS),

Region D both tau candidates are required to fail the medium tau identification working point

and have the same electric charge (SS).

The final event yields for each region are summarized in Table 6.15 showing an excepted purity
of the Drell-Yan contribution of about 72 %. Within the Drell-Yan validation region (A4), an

excess in the total number of events in data is observed with respect to the SM background
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predictions, with a significance of 1.2 o.

Region A Region B Region C Region D

Multi-jet 14 +5 - - -

Z/yx — 17 44.7 £2.7 057 +£030 155 +£1.5  1.9440.21
W — v 2344023 030 £0.04 132 £10 55 +£0.5
EW Bkg. 0.90+0.10 0.11840.027 4.6 +05  2.37+0.33
Top 0.5440.08 0.07240.005 8394026 3.74+0.15

Comb. background prediction 62 +5 1.06 +£0.3 41.7 £1.9 135 £0.7
Observed number of events 78 11 1181 845

Table 6.15: Final event yields for various SM processes and the estimated QCD multi-jet
contribution in the Drell-Yan validation regions are presented and compared
to the observed number of events. The stated uncertainty for each process
correspond to the respective statistical uncertainty.

The slight mis-modeling occurs to an increased degree toward larger values of Es (Figure 6.24)
but the effect on the total transverse mass is rather small and covered by the combined statistical
and systematic uncertainties. Overall, the significance of Drell-Yan control region is limited due

to the relative low number of events passing the validation selection.

In conclusion, with regard to the small number of events, no significant mis-modeling of the
Drell-Yan background in the m!* distribution has been observed. A full summary of the event

yields for each selection requirement within the validation is presented in Table A.9.
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observable within the Drell-Yan validation

region. The observed data points (black dots) are compared to the SM
expectation. The contributions from the individual processes (colored areas)
are added up (stacked) and the combined statistical and systematic uncertainty
is illustrated by the hatched area. A possible signal contribution is shown
in the blue line (unstacked). The bottom area displays the ratio between
the measurements and the SM prediction in which the light band represents
the statistical uncertainty and the dark band the combined statistical and
systematic uncertainty on the background prediction.
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6.6 Systematic Uncertainties

In order to allow a reasonable physical interpretation of the measurements, it is necessary to
quantify the possible lack of knowledge on the background prediction in form of systematic
uncertainties, which are (in general) derived individually for each possible background process.
Five main categories of possible source for uncertainties are considered: theory uncertainties,
modeling uncertainties, detector related uncertainties, uncertainties from data driven estimation

techniques and uncertainties related to the luminosity.

Theory Uncertainties Theoretical calculations are (mostly) performed up to certain finite order
in perturbation theory, resulting in a systematic uncertainty on the predicted cross sections
due to the non-consideration of the remaining orders. The cross section uncertainties for the
various SM background processes and the MSSM Higgs signal processes have been discussed in

Section 6.1.1 and Section 6.1.2, respectively.

Modeling Uncertainties The term modeling uncertainties comprises all sources of uncertainties
which are associated with the simulation of the proton-proton interaction using Monte Carlo event
generators, excluding the simulation of the detector response. The systematics are evaluated for
the MSSM Higgs boson production. The estimation procedure for the modeling uncertainties is

relatively complex and discussed separately in Section 6.6.1.

Detector related Uncertainties The detector related uncertainties comprise all sources of un-
certainties related the reconstruction or identification of physical objects based on the detector
response, excluding the misidentification rate and the transfer factor which are treated separately,

and uncertainties based in the triggers.

This includes uncertainties related to reconstructed hadronic tau decays, jets and missing trans-
verse momentum vector. Possible sources of uncertainties related to reconstructed electrons or
muons have been evaluated, but the impact is found to be negligible due the electron and muon

veto, which are applied in the baseline selection.

Uncertainties related to hadronic tau decays are expressed in terms of uncertainties on the scale
factors of the tau identification, the tau energy scale und the tau electron veto. The effect of
the scale factor uncertainties on the final m!{* distributions is evaluated by adding +1o to the
scale factors (correlated between both tau candidates) and reiterating the analysis. In contrast
to the remaining uncertainties, which are treated as uncertainties on the overall normalization, a

significant change in the shape the m!* distribution after applying the tau energy scale shift has

been observed. To account for the influence of the m!* shape, the uncertainty of the tau energy
scale is not a simple normalization difference, but instead the difference in each individual bin of
the mi°* distribution is considered as systematic uncertainty. With an impact of about 5% to
30 %, the uncertainties related to the reconstructed hadronic tau decays are one of the dominant

uncertainties sources for the MSSM Higgs boson search.

Several systematic uncertainties related to the reconstruction and calibration of jets are considered,
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including: uncertainties arising from differences of the jet resolution in data and simulations and

uncertainties related to the jet energy scale. The jet energy scale uncertainties comprise:

o areduced set of six nuisance parameters (five eigenvectors and one residual element of the

covariance matrix),
« statistical and modeling uncertainties related the n-intercalibration method,
e uncertainties on the in-time and out-of-time pile-up corrections,
o effects of nearby jets on the energy scale,

e uncertainties for high-pr jet, which are calibrated using a balancing technique in multi-jet

events,

e and uncertainties related to energy scale correction terms based on the flavor of the
originating parton, including a separate treatment for jets which are likely to include
B-hadrons.

Details on each individual component can be found in Ref. [135]. Since no directly selection
requirement on jets is performed, the jet related uncertainties affect the final observables indirectly
via the recalculation of the missing transverse momentum. The uncertainties are propagated by
shifting the corresponding components by + 1o and subsequently re-performing the analysis with
the shifted EX. Thus, the effect of each component is relatively small and the jet uncertainties

are combined to a single jet related nuisance parameter.

Systematic uncertainties on the scale and resolution of the missing transverse momentum vector
have been considered, again by shifting the corresponding parameter by + 1o and re-performing
the selection with the corrected EX' term. Similar to the jet related uncertainties, the effects
of the individual uncertainties on the final mf* distribution are small and thus combined to a

single EXsS related nuisance parameter.

Uncertainties related to the di-tau and single tau trigger scale factors are taken into account by
shifting the scale factors by +10 and analyze the impact on the normalization of the predicted
number of events. For the di-tau trigger, the uncertainty is found to be at the order of 3.3% to

4.3 %, while for the single tau trigger a constant 5% shift in the normalization is applied.

Uncertainties from Data Driven Estimation Techniques This class of uncertainties comprise
the uncertainties originating from the misidentification efficiency and the transfer factor, dis-
cussed in the Sections 6.3 and 6.4. Similar to the scale factors, the effect on the final mi*
distributions is estimated by scaling the corresponding efficiency and transfer factor by £+ 1o
and subsequently reiterating the analysis. If both tau candidates are originating from QCD
jets, the shift in the misidentification efficiency is applied simultaneous for both candidates.
Since the misidentification efficiency is only applied to QCD jets passing the tau reconstruction,
the uncertainty affects dominantly background processes with at least one fake tau candidate,
including W — 7v, processes with top quarks and the remaining electroweak background. The
effect of the misidentification uncertainty is, beside of the tau energy scale, one the major

uncertainties on the final number of events and is found to be at the order of 11 % to 20 % for
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the DTT selection and 25 % to 35 % for the STT selection. The uncertainty of the transfer factor
propagates to an uncertainty of 32 % on the final number of QCD multi-jet events in the STT
region. Both uncertainties are treated as single overall normalization uncertainties, with no

significant effect on the mfe* shape.

Luminosity Uncertainty A total systematic uncertainty of §.2/.% = 1.8 % has been estimated
on the luminosity value in 2011 by the ATLAS collaboration [112]. The uncertainty is based on
results of van der Meer scans, taking various sources like the beam positing or the emittance

growth of the beam into account.

An overview about of the systematic uncertainties for each considered background component
and an exemplary signal sample is provided in Table 6.16 and Table 6.17 for the DTT and STT

region, respectively.

Multi-jet Z/y* - 77 W —7v EW Bkg. Top  A3S°

+0.6 +12.5 +6.5 +6.7 +9.1 +12.9
Tau ID —0.7 —11.8 —6.5 —6.6 -8.8 —12.1
Tau Energy Scale o 5-25 522 5-25  8-25 5-30
+0.6 +11.9 +6.0 +6.3 +9.0 4126

Tau Electron Veto —0.6 —11.3 —6.0 —6.2 —8.7 ~11.8
: +0.4 +1.3 +17.6 +17.9 +11.0  +0.0

Tau Mis-ID Eff. —0.4 ~1.3 —18.4 —19.1 —12.2 +0.0
Eiss +0.4 +1.4 +0.7 +0.4 +0.1 +0.2
T —0.2 ~1.0 —0.1 0.8 —0.1 —0.5
Jet +0.1 +0.6 +0.0 +0.2 +0.2 +0.1
e 0.1 —0.6 —0.5 —0.2 —0.2 —0.2

. —0.2 +4.3 +3.5 +3.3 +3.5 +3.8
Trigger +0.2 —2.9 —3.5 -3.3 -3.3 -3.7
: +5.0 +5.0 +7.0 +10.0  +29.3

Cross Section - —5.0 5.0 —7.0 ~10.0 —29.2

Table 6.16: Systematic uncertainties for background and signal processes evaluated for the
DTT selection. Paired uncertainty values represent the uncertainty on the
normalization obtained by a 41 variation of the associated systematic compo-

nent, while the interval uncertainties represent bin-by-bin related uncertainty

values. The stated intervals outline the expected uncertainty values on the m5*

distribution. For the signal, the uncertainties of the b-associated production for
a mass hypotheses of ma = 300 GeV and tan 8 = 20 are exemplarily presented.

6.6.1 Determination of the Modeling Uncertainties

The usage of Monte Carlo event generators implies the necessity to set additional parameters
which are a-priori unknown. This includes parameters related to the renormalization and factor-
ization scales [12], scale parameter to match contributions from the parton shower to the given
matrix element, parameter which control the amount of initial and final state radiation as well

as the choice of the considered parton-density-function (PDF).

The impact of each parameter is estimated in terms of the acceptance, AMC, which is defined

as the number of events passing the event selection requirements, NMC  divided by the total
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Multi-jet  Z/y* =77 W —7v EW Bkg. Top A

+10.8 +5.7 +4.5 +6.0 +11.0
Tau ID - ~10.2 —5.7 —4.5 —5.9 ~10.4
Tau Energy Scale — 10 — 25 10 — 28 8—24 12—-30 5-19
+11.9 +6.0 +5.4 +6.9 +12.6
Tau Electron Veto — TR 60 5 P TR
: +3.9 +32.6 +33.0 +27.6 +0.0
Tau Mis-ID Eff. - —3.8 —34.9 —33.5 —24.9 +0.0
Tau Transfer Factor R - - - - -
Fomiss _ +0.6 +0.2 40.1 +0.2 +0.1
T —0.6 —0.2 —0.1 —0.2 —0.1
Jet _ +0.6 +0.1 +0.1 +0.4 +0.1
e —0.6 —0.1 —0.1 —0.4 —0.1
. +5.0 +5.0 +5.0 +5.0 +5.0
Trigger - —5.0 —5.0 —5.0 —5.0 —5.0
. . +5.0 +5.0 +7.0 +10.0  +11.6
Cross Section - —5.0 —5.0 —-7.0 —10.0 —7.3

Table 6.17: Systematic uncertainties for background and signal processes evaluated for
the STT selection. Paired uncertainty values represent the uncertainty on the
normalization obtained by a +1o variation of the associated systematic compo-

nent, while the interval uncertainties represent bin-by-bin related uncertainty

values. The stated intervals outline the expected uncertainty values on the mi*

distribution. For the signal, the uncertainties of the b-associated production for
a mass hypotheses of ma = 600 GeV and tan § = 40 are exemplarily presented.

number of generated events, NMC,
NMC
AMC = . (6.20)
Ntot
Any dependency of the acceptance on variations of the parameters is considered as a systematic
modeling uncertainty:
SAME = | AV o — AN . (6.21)

variation nominal

The generation of Monte Carlo samples for each parameter variation is a resource-intensive process
in terms of CPU usage and storage capacity. Due to limited resources, the acceptance studies
have been performed without a dedicated detector simulation using particle level spectra after
the hadronisation process. However, the impact of the detector simulation (and the sub-sequent
reconstruction chain) on the acceptance dependency between the parameter variations is tested
for a single parameter variation and is found to be insignificant. The particle level studies are
performed using the Rivet analysis framework [260], by emulating the selection requirements for

the detector level objects on particle level.

The presented studies have been performed in the context of the MSSM Higgs boson search
using proton-proton collisions recorded at a center-of-mass energy of 8 TeV with the ATLAS
detector in 2012 [224]. The 8 TeV results are applied for the 7TeV data set, relying on the
assumption that the uncertainty values are comparable between a center-of-mass energy of
7TeV to 8 TeV within the estimated precision. This assumption is motivated by the fact, that
the Monte Carlo generator setup is similar between both analyses and that the acceptance is

unaffected by the overall change in the normalization'® due to the increased cross section. The

15 Any modification in the overall normalization equally affects the nominator and denominator in the acceptance
formula.
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modeling uncertainties are only considered for the two different signal processes: the MSSM
Higgs boson production in association with b-quarks using the Sherpa [39] and the production
via gluon-gluon fusion, generated with POWHEG+PYTHIA 6 [188,193-195].

Selection Requirements on Particle Level

Electron and muon particles are required to have a transverse momentum, pr, of at least 15 GeV
and 10 GeV, respectively and to be located within || < 2.4. Electron particles which are located
within |n| € [1.37,1.52] are rejected in order to emulated the exclusion of electrons within the
crack region of the ATLAS calorimeter. Hadronically decaying tau leptons are reconstructed

by combining the four momentum vectors of all visible and stable!® particles associated to

Thad
T,vis?

required to be above 50 GeV and the pseudorapidity to be 7| < 2.4, for both the leading and

the tau decay. The resulting transverse momentum of the visible tau decay system, p is

sub-leading tau lepton. Similar to the electrons, the crack region of 1.37 < 77, < 1.52 is excluded.

An event is selected if the leading and sub-leading tau lepton have opposite electric charge and
if no electron or muons particle, passing the selection requirements above, is found (emulating
the lepton veto on detector level). In addition, both tau leptons are required to be separated
in the azimuthal direction by |A¢ (Tiead, Tsub)| > 2.7. Based in the transverse momentum of
the leading tau lepton, plfad, an additional separation into two regions is performed, which
corresponds to the single and di-tau trigger analysis regions on detector level: every event with
pead < 150 GeV is treated as a di-tau triggered event and otherwise as a single tau triggered event.
For the di-tau triggered category, additional selection requirements on the missing transverse
momentum, EX > 10GeV, and the total sum of transverse energy, > Et > 160 GeV, are
performed. Both are calculated by combining the four momentum vectors of all stable and visible

particles (excluding neutrinos) within |n| < 4.9.

Modeling Uncertainties of the neutral MSSM Higgs Boson Production

For the b-associated MSSM Higgs boson production, the following set of parameter variations is

considered:

CKKW The CKKW parameter [39] defines the matching scale between the matrix element

calculation and the parton shower evolution. The nominal value of Eigﬁs is changed to
\/ Eéils and Ei&g for the down and up variation, respectively. The parameter Ecps

represents the center-of-mass energy.

Factorization Scale The factorization scale is weighted with a scaling factor of w = 0.5/2.0 for

the down/up variation, respectively.

Renormalization Scale The renormalization scale is weighted with a scaling factor of w = 0.9/1.1

for the down/up variation, respectively.

PDF Variation The impact the parton-distribution function is evaluated by taking the difference
in acceptance between the CT10 [169] and the CTEQ6L1 [206] PDF into account. The

uncertainty is symmetrized for the up and down variation.

16This includes all particles with a proper lifetime 7 > 0.3 x 107105, with the exception of neutrinos.
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ma [GeV] 250 300 500 700
bDTT STT DTT STT DTT STT DTT STT
CKKW15 05 =33 -01 -59 1.2 —-0.3 2.3 0.6
CKKW30 0.2 9.8 —0.9 84 -09 -10 -14 -11
Fac. Scale | —4.3 12.1 -2.8 0.5 -1.0 -16 -21 0.0
Fac. Scale 1 4.5 —-21.2 3.4 =81 2.8 14 1.3 1.6
Ren. Scale | —0.3 3.1 0.6 —03 06 —-10 -14 0.2
Ren. Scale t —0.4 04 —-04 —-0.2 1.6 —-07 -0.7 0.4
CTEQ6L1 1.1 =91 1.1 -1.7 3.6 1.5 2.3 1.9
Total 4.7 25.3 3.7 11.8 5.0 2.6 4.1 2.8

Table 6.18: Modeling uncertainties (in %) for the b-associated production of neutral MSSM
Higgs bosons using the Sherpa Monte Carlo event generator.

For the production via the gluon-gluon fusion process, the factorization scale, the renormalization
scale and the impact of the PDF are evaluated using the same procedure as for the b-associated
production. In addition, the amount of initial and final state radiation is varied by scaling the
corresponding value of the strong coupling parameter, ag, by =20 %. The specified variations

are following the internal recommendations at the time.

The uncertainty estimation is performed for mass value of the CP-odd Higgs boson, ma, of
250 GeV, 400 GeV, 500 GeV and 700 GeV and tan 8 = 20 with about 2 x 10° generated events
per variation. The uncertainties for the remaining mass points are approximated with the

uncertainties the closest mass point above.

In total, a systematic modeling uncertainties of 3.7 % to 5.0 % and 2.6 % to 25.3 % are found for
the b-associated production in the di-tau and single tau triggered region, respectively, while for
the production via gluon-gluon fusion uncertainty values of 1.2% to 2.4 % and 1.1% to 8.2%
are estimated. A full summary of the uncertainty values is provided in Table 6.18 and Table 6.19

for the b-associated production and the production via gluon-gluon fusion, respectively.
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ma [GeV] 250 300 500 700
DTT STT DTT STT DTT STT DTT STT
FSR | 03 -04 -08 01 01 -01 -08 —02
FSR 1 -01 -37 -01 -04 08 02 -13 -0l
ISR | 02 07 09 —02 1.0 08 01 06
ISR 1 -06 59 -11 -12 -02 -05 -17 —08

Fac./Ren. Scale | —-0.9 -0.6 -0.7 0.3 0.4 0.1 1.1 -0.3
Fac./Ren. Scale T —0.6 3.1 0.3 0.0 1.1 -01 -0.8 0.0
CTEQG6L1 —-0.2 2.9 0.0 -0.7 0.2 0.7 04 —-0.6
Total 1.2 8.2 1.6 1.5 1.7 1.1 24 1.1

Table 6.19: Modeling uncertainties (in %) for the production of neutral MSSM Higgs bosons
in gluon-gluon fusion processes using the POWHEG Monte Carlo event generator.

Page 190



CHAPTER 6. SEARCH FOR NEUTRAL MSSM HIGGS BOSONS

6.7 Measurement Results

Within this chapter, the results of the MSSM Higgs boson search are presented for the DTT and
STT regions. The observed number of events are compared to the SM background predictions,
which are normalized to a luminosity of ~ 4.5fb~!, including the full set of background correction

weights and systematic uncertainties.

The final event yields for the individual background components and the observed num-
ber of events are presented in Table 6.20. For the DTT selection a total number of 2565
events are observed, which is in perfect agreement with the combined background predic-
tion of 2560 + 130 (stat.) £ 50 (syst.) events. For the STT selection a total number of
88.3 £ 2.8(stat.) £ 15(syst.) events is excepted from the SM background and in total 81
events are observed. Similar to the DTT region, the observed number of events in the STT

region is in good agreement with the SM prediction, within the given statistical and systematic

uncertainties.
DTT Region STT Region

stat. syst. stat.  syst.
Multi-jet 2320 + 130 + 30 39.7 £ 13 =+ 11
Z/v* =TT 171 + 5 + 40 288 +£ 19 + 8
W —tv 56.8 + 2.0 £+ 14 144 +£ 16 £+ 7
EW Bkg. 104 £ 04 £ 25 39 £ 05 = 16
Top 392 £ 026 £ 0.8 139 £ 013 £ 0.6
Combined background 2560 + 130 + 50 883 £ 28 £ 15
Observed number of events 2565 81

Table 6.20: Final event yields for the predictions of various SM processes and the estimated
QCD multi-jet contribution for the DTT and STT region are presented and
compared to the observed number of events.

The event yields for each individual selection requirement are presented in Table 6.21 and
Table 6.22 for the DTT and STT region, respectively.

The total transverse mass distributions for DTT and the STT region are presented in Figure 6.25,
showing a good concordance between the predicted background distributions and the observed
number of events. Within the possible resolution, which is dominantly restricted by the available
number of events especially in the STT region, no local excess above the SM expectation is
observed. For the m!e* distribution in the STT region, a slight systematic deficit in the number
of observed events compared to the background prediction is observed above mf¢* > 300 GeV,

which is reasonably covered by the combined statistical and systematic uncertainty.

To ensure a reasonable modeling of event kinematics, several auxiliary distributions for the DTT

and STT selection are provided. Distributions of the transverse momenta and pseudorapidity
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Data Comb. Bkg. Multi-jet Z/y* =TT W — v EW Bkg. Top

Di-tau trigger 943651 — — 6980+40 21840 +180 11700 =100 12380 460

BDT medium 7ieaq 77104 — — 1808 419 4170 + 80 1038 + 22 3922 + 3.3
BDT medium 7y, 7542 — — 334+ 7 11094+ 25 23.6+ 0.6 11.8 + 0.4
pead < 150 GeV 7520 — — 3324+ 7 110.7+ 2.5 23.6+ 0.6 11.7 + 04
Qlead X Gsub = —1 (OS) 4326 — — 322+ 7 97.6+ 2.4 20.6+ 0.6 10.7 + 0.4
| AG(Tieads Tsub)| > 2.7 3427 — — 209+ 6 60.7+ 2.1 111+ 04 4.04+ 0.27
Emiss > 10 GeV 2582 2570+ 130 2320+ 130 172+ 5 570+ 2.0 104+ 04 3.92+ 0.26
S Bt > 160 GeV 2565 2560+ 130 2320+ 130 171+ 5 56.8+ 2.0 104+ 0.4 3.92+ 0.26

Table 6.21: Observed number of events and background predictions in the DTT region are presented after each selection requirement. The stated
uncertainty values for each individual background process correspond to the respective statistical uncertainty.

Data Comb. Bkg. Multi-jet Z/v* =TT W — Tv EW Bkg. Top
Single tau trigger 198 234 — — 4270 +40 16360 4150 10950 4100 12710 £60
pead > 150 GeV 112533 — — 455 4+ 9 1600 =+ 40 877 + 22 919 +16
BDT loose Ticad 11132 — — 109 + 4 169 + 10 71 + 5 471 + 14
BDT loose Tgyp 226 199 + 4 1055+ 2.1 49.9+ 2.4 313+ 2.2 85+ 0.7 3.45+ 0.19
Qlead X gsub = —1 (OS) 140 131.3+ 34 543+ 14 46.1+ 2.4 2214+ 1.8 6.2+ 0.6 2.594+ 0.18
|AG(Tiead, Toup )| > 2.7 81 88.3+ 2.8 39.7+ 1.3 288+ 1.9 1444+ 1.6 39+ 0.5 1.394+ 0.13

Table 6.22: Observed number of events and background predictions in the STT region are presented after each selection requirement. The stated
uncertainty values for each individual background process correspond to the respective statistical uncertainty.
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Figure 6.25: Total transverse mass distribution for the DTT (left) and STT (right) region.
The observed data points (black dots) are compared to the SM expectation.
The contributions from the individual processes (colored areas) are added up
(stacked) and the combined statistical and systematic uncertainty is illustrated
by the hatched area. A possible signal contribution is shown in the blue line
(unstacked). The bottom area displays the ratio between the measurements and
the SM prediction in which the light band represents the statistical uncertainty
and the dark band the combined statistical and systematic uncertainty on the
background prediction.

values of the leading and sub-leading tau candidates are presented in Figure 6.26 and Figure 6.27,
respectively. The overall modeling of the tau kinematics is reasonably covered by the background
predictions, except for a slight systematic shift in the transverse momentum of the sub-leading
tau in the STT region (which is still covered by the combined uncertainty band) and a single bin

fluctuation observed in the n*® distribution.

The azimuthal angle between both tau candidates, |A¢(Tiead, Tsub)|, is present in Figure 6.28,
showing a good agreement for both the DTT and STT selection.

In Figure 6.29, the missing transverse momentum and the sum of the transverse energy are
presented, testing the modeling of these observables, which are in particular sensitive to the
contributions of neutrino particles. While the modeling of both observables is in good agreement
with the observation for the DTT selection, a systematic shift between data and prediction is
observed in the STT region. The shift is especially visible for Ess > 40 GeV or Y Ex > 600 GeV.
For both observables, the combined background contribution surpasses the observed number of

events, nevertheless the shift is covered by the combined statistical and systematic uncertainty.
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Figure 6.26: Transverse momentum for the leading (top) and sub-leading (bottom) tau can-
didate measured in the DTT (left) and STT (right) region. The observed data
points (black dots) are compared to the SM expectation. The contributions
from the individual processes (colored areas) are added up (stacked) and the
combined statistical and systematic uncertainty is illustrated by the hatched
area. A possible signal contribution is shown in the blue line (unstacked).
The bottom area displays the ratio between the measurements and the SM
prediction in which the light band represents the statistical uncertainty and
the dark band the combined statistical and systematic uncertainty on the
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Figure 6.27: Pseudorapidity for the leading (top) and sub-leading (bottom) tau candidate
measured in the DTT (left) and STT (right) region. The observed data points
(black dots) are compared to the SM expectation. The contributions from the
individual processes (colored areas) are added up (stacked) and the combined
statistical and systematic uncertainty is illustrated by the hatched area. A
possible signal contribution is shown in the blue line (unstacked). The bottom
area displays the ratio between the measurements and the SM prediction
in which the light band represents the statistical uncertainty and the dark
band the combined statistical and systematic uncertainty on the background
prediction.
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Figure 6.28: Azimuthal distance between the leading and sub-leading tau candidate in the
DTT (left) and STT (right) region. The observed data points (black dots)
are compared to the SM expectation. The contributions from the individual
processes (colored areas) are added up (stacked) and the combined statistical
and systematic uncertainty is illustrated by the hatched area. A possible signal
contribution is shown in the blue line (unstacked). The bottom area displays
the ratio between the measurements and the SM prediction in which the light
band represents the statistical uncertainty and the dark band the combined
statistical and systematic uncertainty on the background prediction.
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Figure 6.29: Missing transverse momentum (left) and total sum of transverse energy (right)
in the DTT (left) and STT (right) region. The observed data points (black dots)
are compared to the SM expectation. The contributions from the individual
processes (colored areas) are added up (stacked) and the combined statistical
and systematic uncertainty is illustrated by the hatched area. A possible signal
contribution is shown in the blue line (unstacked). The bottom area displays
the ratio between the measurements and the SM prediction in which the light
band represents the statistical uncertainty and the dark band the combined
statistical and systematic uncertainty on the background prediction.
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6.8 Limit Setting

In searches for new physical phenomena, it is common to quantify the agreement between a
considered theory and an acquired set of measurements in form a statistical significance, usually
in form a p-value or a significance level. It is of particular interest, whether the measurements
are in agreement with a hypothesis including only SM processes or an alternative hypothesis

including new physical phenomena in addition to the SM.

Within the MSSM, only a positive contribution to the SM background processes with two
hadronic decaying tau leptons is expected. Since no significant excess above the SM expectation
is observed, an exclusion limit is evaluated, providing an estimation for the part of the ma x tan 3
parameter space which can be disproved with a certain level of confidence. Exclusion limits
for the analysis of the 2011 dataset are provided in the m** and m°4* MSSM benchmark
scenarios. In addition, the exclusion limits for the combination of the 2011 and 2012 dataset are
stated.

6.8.1 Theoretical Foundation

The limits are derived using the method of profile likelihood, which is briefly summarized here

for the case of a single alternative hypothesis.

The baseline is the definition of two hypotheses, the null hypothesis (or background only hypothesis),
Hy, in which only SM processes contribute to the given measurement, and the alternative
hypothesis (or signal + background hypothesis), Hy, which includes a signal model in addition
to the SM contribution. Both hypotheses are expressed mathematically in form of probability
density functions,

f(lH), (6.22)

which represent the probability to obtain a set of measurements x = (21, x2,...,2x) under the

assumption that the hypothesis H is realized.

For the MSSM search, the measured data set is provided in form of a histogram:

T = (n‘fbs, nng, . ,n?\}’s) , (6.23)

obs
i

where n"® represent the observed number of events in the bin ¢ of the total transverse mass

P

distribution. The expected number of events, n; ", can be expressed in the form:

n?Xp = us; + b;, (624)

where s; represent the nominal expected number of signal events and b; the number of expected
background events for the considered bin i of the mass distribution. The strength of the signal
process is parametrized by an additional parameter p, where u = 0 represents the background
only hypothesis. The signal strength parameter is the final parameter of interest and extracted

via a fit to the measured data sample.
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The number of events in each bin is assumed to be described by a Poisson probability density

function,

obs

Pi(nPs: 1, 0) = Me*(#sﬂrbi) (6.25)

i obs| ’
Tli :

which allows the following definition of a likelihood function as a product of the Poisson

distributions over all bins,

N
L™ 1,0) = [[Pi(ng";p.0) (6.26)
JZV( (0) +b:(6)"
ns; i ¢ “(us; )
= H n0b5| e (,LL 1(9)+b,(9)) . (627)

In general, the expected number of signal and background events,
s; (@) and b; (0), (6.28)
depend on a set of additional nuisance parameters
0 =(01,05,...,0) (6.29)

which are (in the most cases) a priori unknown and need to be extracted during the fit to the
data sample, in addition to the signal strength parameter. The nuisance parameters represent

the statistical, 74, and systematic uncertainties, a,
0= (a;v) = (al, B e | PR ,qu) with m, +mg =m, (6.30)
where the systematic uncertainties'” are in general constrained by auxiliary measurements.

Likelihood Template Model

The complete likelihood model for the MSSM Higgs boson search is constructed using the
HistFactory [261] framework. For the systematic uncertainties, the values «, are assumed to the

described by a Gaussian distribution,

a, — 2
Glap) = (4 — o) ] , (6.31)

1
Voo, exp { 202
where a, represents the corresponding auxiliary measurement and o, the corresponding un-
certainty [261]. The parameter «, is scaled to ensure that the nominal value of the Gaussian
distribution is zero with a variance of unity [261]. Subsequently, a variation of o, by a factor of
+1 corresponds to a variation of the considered systematic uncertainty of £1¢. The conversion
between the scaled parameter a;, and the actual effect on the average signal and background

value is provided using interpolation methods [261].

Statistical uncertainties, arising from either a limited amount of generated events in the MC

17Here, the o represent systematic uncertainties for the overall normalization uncertainties as well as uncertainties
related to the shape of the distribution.
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samples or due to a limited amount of events in the sideband regions for the data driven
background estimations, are taken into account as nuisance parameters for the mean number of

expected background events'®,
bi (eiy i) (6.32)

To restrict the number of nuisance parameters during the fit, the statistical uncertainty per bin

is only considered for the combined background
bi (o, vi) = 7ibi (ewi) (6.33)

instead of each contribution individually. The parameter 7; allows to account for a possible
difference between the true number of expected background events and the number obtained
from the Monte Carlo simulations. The statistical uncertainties are modeled using a Poisson
constraint term,
i)
P(mi;viTi) = Meﬂm ) (6.34)

T = <§>2 (6.35)

with §; representing the total statistical uncertainty of the combined background. The method

where

itself is based on results of R. Barlow and C. Beeston [262] using the implementation within
the HistFactory framework [261]. Since the Poisson distribution is undefined for non-integer
values, the distribution is evaluated based on the Gamma function, using the functionality of the

RooPoisson package [263].

Given the definitions above, the full likelihood model can be written in the form

N mp
L(z°%; 1, 0(c, 7)) = HHPi(nfbs; 1y 0, y) - P(Ti;7%i7i) Hg(ap) ) (6.36)
[ P

where the parameter c¢ characterize the product over the considered analysis categories: ¢ €
{DTT, STT}.
Test Statistic and p-Values for Exclusion Limits

The agreement between a hypothesis, with a specified signal strength u, and a given observation

is now determined using the following likelihood ratio as test statistic'?,

D>

L(p,
L(j,

)
)

t(p) = —2InA(p) = —2In ) (6.37)

D>

which is constructed from the measured data set £°" and is a function of the strength parameter
1. The nominator represents the conditional maximized likelihood function, where 0 is the
conditional maximum likelihood estimator for the nuisance parameter set 6 for a specific value

of u. In contrast, the denominator represents the unconditional maximized likelihood function,

I8Statistical uncertainties on the expected signal contributions are not considered.
19The parameter 2°PS is suppressed within the further context.
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where i and 6 are the maximum likelihood estimators for the signal strength and the nuisance

parameter set which maximize the likelihood function simultaneously.

Due to the natural logarithm, the test statistic can take values between zero to oo, where values
close to zero correspond to a good agreement between the observation and the assumed signal
strength p and, subsequently, an increase of ¢(u) implies a greater incompatibility between the

measurement and the considered hypothesis.
Two additional requirements are demanded for the test statistic:

1. since the goal is the determination of an upper limit on the signal strength parameter p,
hypotheses in which p is below the unconditional maximum likelihood estimator ji are not

considered and the test statistic is set to zero;

2. the expected contribution from the MSSM signal model is always positive, which is
represented in the test statistic by replacing the unconditional maximum likelihood function
in the denominator for negative values of ji with the conditional maximum likelihood

function for the background only hypotheses (= 0).

Both requirements lead to the following modified version of the test statistic,

_anM

> 1<,
L(0.6(1=0))
) =04 =3 o imi 0<i<p (6.38)
0 o>,

where 9(u = 0) represents the conditional maximum likelihood estimators for the nuisance

parameter set in the case of the background only hypothesis.

The incompatibility between a measurement and a given hypothesis is quantified by the p-value
oo

e O (6.39)
qp°®

which is the integral over the probability density function of the test statistic (sampling distribu-
tion), f(Gu|u'), starting from the measured value of the test statistic for a specific value of p
up to +oo (Figure 6.30). The parameter ' represents the signal strength in the measured data
set. The p-value correspond to the probability to obtain a data set from the given hypothesis
which is at least at the same level of disagreement (or worse) with the hypothesis itself compared

to the observed data set, under the assumption that the considered hypothesis is realized in nature.

In case of a discovery, the p-value is estimated for the background only hypothesis to quantify
the disagreement between the measurement and SM only hypothesis and a discovery of a new

phenomenon is usually claimed if the p-value is below 2.87 x 10~ which corresponds to a
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Figure 6.30: Illustration of the observed p-value estimation from the probability density
function, f(gu|u), of the test statistic.

significance?® of Z = 50. For an exclusion limit instead, the p-value is calculated against a
hypothesis with > 0 in order to estimate the corresponding value of p at which the disagreement

with the data is at least pzbs = 0.05, which corresponds to a confidence level of 95 %.

Asymptotic Approximation of the Sampling Distribution

In order to evaluate the p-value given in Eq. (6.39) it is necessary to obtain the sampling
distribution f(g,|x’). Within this study?!, an asymptotic approximation of the sampling distribu-
tion [264] is used. Alternatively, it is possible to derive the sampling distribution via Monte Carlo
methods but these techniques require (in general) a sufficient amount of pseudo-experiments to
populate the tails of the sampling distribution, which involves a substantial amount of computing

resources and computing time.

The mathematical basis is the following approximation of the likelihood ratio, based on results
of Wald [264,265],

A2
—2In A(p) = M + O (YVW) (6.40)
for a single parameter of interest. The maximum likelihood estimator /i is described by a Gaussian
distribution with a mean value p’ and a standard deviation o. Neglecting the additional terms
of the order O (1/vN), where N represents the size of the data sample, allows the following

approximation of the test statistic [264]:

u_2wie’ g

o2 o2
Gu = (M;f)z 0<p<p, (6.41)
0 p>p,

20The significance Z = ®~1(1 — p) is defined as the number of standard deviations of a Gaussian distribution
it would take to find a value above Z with the probability p. The function ®~1! is inverse of the cumulative
Gaussian distribution.

21The same method has been utilized for the equivalent MSSM studies based on the 2011 and 2012 data sets.
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and the sampling distribution [264],

!

1 1 1 1 ~ u—;/ ~ ;1,2
_ PRvor ~M6XP[—5(@— > )} 0<gu<by,
fad) =2 (M) o+ TV

({jﬂ—u272uu’/02)2

1 1 ~
Vot O |3 T as b

(6.42)

N

which follows a non-central chi-square distribution. The symbol ® represents the cumulative

distribution of a normal Gaussian, with a mean of zero and the variance equals one.

Within this approximation, the p-value can be expressed with

Pu=1- F(@L‘Nl = ) (6.43)

where F(q,|p') represents the cumulative sampling distribution,

! - LZ
@(,/q —“U“) 0< g < by,

F(qﬂ|ul) = ~ 2 ’
@@LE%i% G > by

(6.44)

Asimov Data Set

The Asimov data set [264] is an artificially constructed data set, which is defined via the maximum
likelihood estimator of the theory parameters. By definition, the estimators for all parameters
return the true parameter values if the likelihood function is evaluated with the Asimov data set

instead of the observed data set,

M) = ) - (6.45)
A\M )

where 1/ and 0 represent the true values for the signal strength and the nuisance parameters,
respectively. The function Ly represents the likelihood function evaluated using the Asimov

data set.

The Asimov data set can be used to determine the variance ¢ on the estimator of the signal
strength, /i [264]. Using the Asimov data set for Eq. (6.40) (neglecting the O (1/vN) terms) leads

to
(n—p)?

—2InAp(p) = o (6.46)

where the signal strength estimator,
fr=u", (6.47)

is set to its true value due the properties of the Asimov data set. Subsequently, the variance o
can be expressed in the form
AW
o2 = W) (6.48)
qu,A

where §, A represents the test statistic (Eq. (6.41)) evaluated for the Asimov data set.
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Expected and Observed Upper Limit

obs
up

Eq. (6.39) and Eq. (6.43) using the C'Lg method [266]. Within this method, the p-value is
replaced by

The observed upper limit on the signal strength, u is derived from the p-value given in

/ Pu
pu 1 Y ) ( )

where py, represents the reversed p-value for a background only data set,

oo

P =1-— f(Cju|0) d@i : (6-50)

q‘zbs

If a p-value is found to be below a specified threshold «, the corresponding signal strength is
defined to be excluded at a confidence level (CL) of 1 — v and the upper limit on the signal

strength is defined as the p value which satisfies
P, =0 (6.51)

It is common practice for upper limits to set &« = 0.05 and subsequently quote the upper limits
at a confidence level of 95 %. Using the approximation from Eq. (6.40), the upper limit can be
expressed with
by ~ _
Pop. = 1+ 0P 1 —-a). (6.52)

where is ®~! represents the inverse of the cumulative distribution of a normal Gaussian [264].

The median, or expected, upper limit including the corresponding uncertainties can be evaluated
using the Asimov data set. Since for an upper limit, the alternative hypothesis is the background
only hypothesis, the assumed signal strength p’ is set to zero [264]. For the C'Lg method, the

median limit can be expressed by
flupsko = 0 [@7H(1 — a®(k)) £ k] , (6.53)
with
I
vV (ju,A

The uncertainties on the upper limit are reflected by variation of i by a factor of

g =

(6.54)

k=..,-2-1,01,2,... (6.55)

multiplied with o.

Subsequently, the expected upper limit for £ = 0 is

PP = et = 0@~ (1 - 0.5a) . (6.56)

up
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Interpretation of the Upper Limits Within the ma x tan S Plane

The resulting upper limits on the signal strength parameters are interpreted within the ma x tan g

plane by determining the contour with the requirement
Pup =1, (6.57)

bordering the region in the parameter space in which the nominal MSSM hypothesis is excluded
with CL of 95%. The upper limits are determined for a fixed grid of points (m ,tan 37):

mi, = {140, 150, 170, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800} |,

and
tan Bj = {10, 13,15,16,20,23,25,26,30,35,40,45,50,55,60} .

The gy contour is evaluated using a linear interpolation between neighboring points in ma and
tan 8. For contour values above 60 in tan 8, the interpolation is performed using upper limits

values within the tan 8 = [55, 60] interval.
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6.8.2 Exclusion Limits for the 2011 Data Set

Upper limits for the search of MSSM Higgs bosons using the 2011 data set recorded with the
ATLAS detector are presented at a confidence level of 95 %, interpreted within the ma x tan g3

max

plane for the m®* and m™°%* benchmark scenarios.

The results for the m{"** scenario are shown in Figure 6.31a for the combination between the
DTT and STT analysis category and in Figure 6.31b for the individual channels, both for a mass
range of 140 GeV to 800 GeV in ma. The observed upper limit is found to be in a reasonable
agreement with of the expected limit of a background only Asimov data sample. While the upper
limit in the relative low mass spectrum (ma < 350 GeV) is dominated by the DTT category, the
STT category provides a significant sensitivity boost for the high mass spectrum (ma > 350 GeV),
which contributes to the large improvement compared to the previous analysis of the 2011 data
set [223]. For the mass region below 160 GeV, the expected sensitivity is found to be below the
sensitivity of the previous analysis, presumably due to missing categorization in b-tagged jets in
the re-analysis. However, the sensitivity in the relative low mass region is usually dominated by
the di-leptonic and semi-leptonic decay channels, while the hadronic decay channel improves the

sensitivity towards higher mass values.

o I B e R LA A A B o B B P L B B
S {QQ}—Obs --- Exp. Ly=457) " s=7Tev _| c | —Obs. -~ Exp. Ly=45%"s=7Tev ]
s | @1 2 AH > Ty T T | 8 120 mtto C+2 AH = Ty T M
| - Obs.(prev) -- Exp.(prev) . . i [ —-Obs. (DTT) -- Exp.(DTT) o CL limi R
95% CL limits (L) L obe.(5TH - Exp. (5D 95% CL limits (CL) ]
100
=3

80 N\ T ]

60 { ;

200 300 400 500 600 700 800 200 300 400 500 600 700 800
m, [GeV] m, [GeV]
(a) Combination (b) DTT and STT Category

Figure 6.31: Upper limits on ma X tan 8 for the nominal MSSM Higgs boson hypothesis in
the my'™ benchmark scenario are presented. The solid black line represents
the observed limit, while the dashed black line represents the expected median
limit with the corresponding +10 and +20¢ uncertainty bands, indicated by
the shaded areas. The parameter region above the observed limit is excluded
at a confidence level of 95 %.

A summary for the upper limit tan 5 values in the m** benchmark scenario is provided in
Table 6.23.

The corresponding observed upper limits on p as a function of ma and tan 5 are presented
in Figure 6.32, using a linear interpolation method to estimate the upper limits between the

considered grid points (Section 6.8.1).
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ma [GeV] || observed expected 420 +lo —lo —20
140 28.9 23.0 349 285 19.7 173
150 26.9 21.2 323 259 183 15.6
170 23.3 19.0 284 229 159 139
200 19.4 18.9 28.1 228 15.8 138
250 15.8 18.4 26.7 22.0 155 13.6
300 19.7 22.8 33.3 275 19.7 17.6
350 21.5 271 40.3 33.0 234 209
400 22.7 28.9 419 345 25.0 224
450 25.9 31.6 436 371 278 246
500 29.7 34.2 471 39.8 299 26.9
550 34.2 38.3 52.7 446 33.7 299
600 39.3 44.5 61.4 524 39.1 348
650 44.2 51.4 674 60.3 44.8 39.9
700 47.8 57.5 71.0 65.5 50.0 445
750 53.9 63.9 73.9 69.8 57.1 504
800 62.8 69.1 76.1 733 643 584

Table 6.23: Upper limit tan 8 values for the nominal MSSM m}'** benchmark scenario at a

confidence level of 95 %.
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Figure 6.32: Observed upper limit of i at a confidence level of 95 % parametrized in ma
and tan 8 for the my"™* benchmark scenario. The solid black line represents
the contour for pup = 1.
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Exclusion limits for the mf‘)d_ and mhm°d+ benchmark scenarios are presented in Figure 6.33a
and Figure 6.33b, respectively, both with a combination of the DTT and STT category. The
general behavior of the mi"°? scenarios is similar to the m®* scenario: the sensitivity of the
mj"°4~ scenario is about one unit in tan 3 weaker for the low mass range (ma < 400 GeV), while
the sensitivity of the mﬁ“’d"’ scenario is reduced by a factor of 1 to 2 values in tan 8 for the full
mass range.
e 100 T e 100 T
§ o0 i Gl S-S S E
80f —t2 95% CL limits (L) f 80f —t2s 95% CL limits (CL) f
70F ) 70}
60F : 60F &
so; e
‘0 | w0 i
30 : A :
20- : - :
10F 10p
200 300 400 500 600 700 800 200 300 400 500 600 700 800
m, [GeV] m, [GeV]
(a) mye?” (b) myo*

Figure 6.33: Upper limits on ma X tan g for the nominal MSSM Higgs boson hypothesis

in the m™~ (left) and m;"**" (right) benchmark scenario are presented.

The solid black line represents the observed limit, while the dashed black line
represents the expected median limit with the corresponding +10 and +20
uncertainty bands, indicated by the shaded areas. The parameter region above
the observed limit is excluded at a confidence level of 95 %.

Post-Fit mf®* Distributions

The total transverse mass distributions for the DTT and STT category after a conditional
maximum likelihood fit for the background only hypothesis (¢ = 0) are presented in Figure 6.34a
and Figure 6.34b, respectively. The estimated combined post-fit background is reduced by a
factor of 10 % to 20 % compared to the pre-fit measurements for mfe* values above 180 GeV in the
DTT category and m!?* values above 300 GeV in the STT category, to account for the observed
overestimation of the background composition compared to the measurements. For mass values
above 300 GeV in the DTT category a rather strong reduction of about 60 % is observed, due to
the fact, that no data events are found for this region. However, the effect on the final limit is
small, because the exclusion limits for mass hypotheses sensitive to this region are dominated by

the STT category.

A summary of the expected event yields for each individual background process after of the
conditional maximum likelihood fit is provided in Table 6.24. The stated uncertainty values
correspond to the combined statistical and systematic uncertainty value after the fit. For
the DTT category, the combined mean number of background events is slightly reduced from
2560 + 130 (stat.) £+ 50 (syst.) to 2540 £ 40 (comb.), and for the STT category from 88.3 +
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Figure 6.34: Post-fit distributions of the total transverse mass observable for the DTT
(left) and STT (right) region. The observed data points (black dots) are
compared to the SM expectations, estimated through a conditional maximum
likelihood fit for the background only hypothesis (u = 0). The contributions
from the individual processes (colored areas) are added up (stacked) and the
combined statistical and systematic uncertainty after the fit is illustrated by
the hatched area. A possible signal contribution is shown in the blue line
(unstacked). The bottom area displays the ratio between the measurements and
the SM prediction. The pre-fit estimation for the combined SM background is
represented by the red line.

2.8 (stat.) £ 15 (syst.) to 82 + 8 (comb.). In both categories, the estimated multi-jet background
is in general increased, while the estimated event numbers for the remaining processes are reduced

by the likelihood fit, in particular the estimations for the Z — 77 and W — 7v processes.

Validation of the Maximum Likelihood Estimators

In order to verify the validity of the obtain upper limits, the pull distributions of the maximum
likelihood estimators for the nuisance parameter 0 are tested using pseudo-experiments. The

pull of a given nuisance parameter 6; is defined by,

N gen
b; —

) (6.58)

where 6; represents the estimator for the given nuisance parameter, %" represents the value
used for the generation of the pseudo-experiments and o (6;) represents the estimated uncertainty.
If the pull is unbiased and the estimated uncertainty is reliable, it is expected that the pull
distribution can be described by a normalized Gaussian distribution with a mean around zero

and a standard deviation of unity [267].
Pull distributions are generated for a Higgs boson mass of ma = 300 GeV and tan f = 20 and

presented for the six major nuisance parameter in Figure 6.35, focusing on the a parameter. The

nuisance parameter are determined for a signal strength parameter of i = / = 1. The black line
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DTT Region STT Region

Multi-jet 2331 £+ 34 44 + 8
Z/y* =TT 153+ 20 253 + 3.3
W —Tv 45 £+ 7 94 £ 3.2
EW Bkg. 82 + 13 27 £ 08
Top 32 + 04 1.02 £ 0.24
Combined post-fit background 2540 £+ 40 82 + 8
Observed number of events 2565 81

Table 6.24: Expected number of events for various SM processes in the DTT and STT
category are presented and compared to the observed number of events. The
background predictions are estimated from a conditional likelihood fit to the
background only hypothesis (u = 0). The stated uncertainty for each process
correspond to the combined statistical and systematic uncertainty derived by
the fit.

represents the pull distribution obtained from the pseudo-experiments and the red line represents

a x? fit to a Gaussian function.

The pull distributions for tau related nuisance parameter show a slight deviation from the ex-
pected mean value of zero, indicating a slight bias, which is covered well within the 1o uncertainty
interval. For the transfer factor and the tau energy scale, the standard deviation of the pull
distributions is narrower, indicating that the uncertainty represented by the considered nuisance
parameter is slightly overestimated. However, to constrain is relatively light and is not expected
to affect the limit significantly. The pull distributions for the remaining nuisance parameter can

be found in Section A.4.6, mostly following the excepted normal Gaussian distribution.

An overview of the unconditional maximum likelihood estimators, é, is provided in Figure 6.36 for
two different ma and tan 8 values, showing the result of the estimators with their corresponding
uncertainties, A6, as well as the impact of each estimator on ji. The impact is estimated
differently for pre-fit and post-fit by shifting the corresponding unconditional maximum likelihood

estimator either with a factor of 1.0,

O; pro—fit = 0; £ 1.0 (6.59)
for the pre-fit impact or with a factor of Af,

O post—tit = 0; £ AG; (6.60)

for the post-fit impact. The impact, Afi, is now defined as difference between the unconditional
maximum likelihood estimator ji and the maximum likelihood estimator derived with the shifted

nuisance parameter:
Afii pre—sit = fi — f1(0; = 0; pre—sit) (6.61)
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Figure 6.35: Pull distributions for the nuisance parameters related to the tau energy scale
(a), the tau identification scale factor (b), the misidentification efficiency (c),
the transfer factor (d), the tau electron veto scale factor (e) and the trigger
scale factors (f).
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and

A,ai,post—ﬁt = [1' - ,a(ez = éi,post—ﬁt) (662)

for the pre-fit and post-fit impact, respectively.

The nuisance parameter related to the tau energy scale, the tau misidentification efficiency and
the tau transfer factor are usually the parameters with the largest impact on fi, due the relative
large uncertainties on these parameters. The pulls for these parameters also show the largest
deviations around zero, however the deviations are always located well within the 1o uncertainty

band for all considered ma and tan 8 points.
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Figure 6.36: Summary for the maximum likelihood estimator pulls (black points) for the
nuisance parameters presented for two different ma and tan 8 values. The
black bars indicate the estimated uncertainty. The impact on the estimated
signal strength [ is indicated by the red and blue bars for the pre-fit and
post-fit impact, respectively.

A legend for the nuisance parameter name convention is provided in Section A.4.6.
The correlation between the single nuisance parameters is presented in Figure 6.37. Overall the

parameters are uncorrelated with a slight negative correlation of about ~ —0.1 between the tau

energy scale, the tau identification scale factor and the tau misidentification efficiency.
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Figure 6.37: Correlation matrix between the considered nuisance parameter, evaluated for
a signal hypothesis at ma = 300 GeV and tan 8 = 20.
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6.8.3 Exclusion Limits for the combined 2011 and 2012 Dataset

Combined upper limits for the search of MSSM Higgs bosons using the 2011 and 2012 data
set recorded with the ATLAS detector are presented in Figure 6.38, based on proton-proton

collisions with a luminosity of 4.5fb~! and 19.5fb™!, respectively.

The nuisance parameter between both data set are assumed to be in-depended between each
other, except for the modeling uncertainties and uncertainties related the cross sections of the
signal and background processes. The luminosity uncertainty of the 2012 data set has been
evaluated to 2.8 % (see Section 3.3.1).
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Figure 6.38: Combined upper limits using the 2011 and 2012 data set on ma X tanf
for the nominal MSSM Higgs boson hypothesis within the m;'®* benchmark
scenario are presented. The solid black line represents the observed limit,
while the dashed black line represents the expected median limit with the
corresponding +10 and 20 uncertainty bands, indicated by the shaded areas.
The parameter region above the observed limit is excluded at a confidence
level of 95 %. The combined upper limit is compared to the limits obtain for
the individual data set.

In general, the behavior of the 2011 upper limit and the equivalent 2012 data set analysis is
very similar, with the exception that the 2012 data set analysis is more sensitive to the MSSM
Higgs signal due to the increased luminosity and the higher center-of-mass energy of /s = 8 TeV.
Subsequently, the combined limit is dominated by the results of the 2012 data set, however the

addition of the 2011 data allows a slight improvement of about ~ 1 — 3 units in tan .
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The corresponding combined upper limits on ma X tan 3 for the mE‘Od_ and mhm°d+ benchmark

scenarios are presented in Figure 6.39. Similar to the m}'** scenario, the combined limits are
dominated by the measurements based on the 2012 data set with a light improvement from the

2011 measurement.
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Figure 6.39: Combined upper limits using the 2011 and 2012 data set on ma X tan 3 for
the nominal MSSM Higgs boson hypothesis within the mi‘n"d_ and mhm°d+
benchmark scenario are presented. The solid black line represents the observed
limit, while the dashed black line represents the expected median limit with the
corresponding +10 and +20 uncertainty bands, indicated by the shaded areas.
The parameter region above the observed limit is excluded at a confidence

level of 95 %.
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6.9 Summary and Outlook

The search for neutral MSSM Higgs boson decaying into two hadronically decaying tau leptons
using proton-proton collisions with a luminosity of 4.5fb~!, recorded with the ATLAS detector
at LHC, is presented. Several modifications, based on methods developed during the analysis
of the 2012 data set, compared to the predecessor analysis [223] are implemented, leading to a

significant improvement of the sensitivity.

The modifications include the categorization between the di-tau trigger and single tau trigger
category, the implementation of the latest recommendations for the object reconstruction and
identification and the estimation of the mf{* spectrum. Two main auxiliary measurements are
performed: the measurement of W — ur + jets final states to estimate the misidentification
efficiency and the measurement of the tau identification transfer factors within a dedicated di-jet

control region, which are utilized for QCD multi-jet estimation in the single tau trigger category.

After the full event selection, in total 2565 events are observed in the di-tau trigger category and
81 events in the single tau trigger category. Both are compared to the respective SM background
predictions (post-fit) of 2540 + 40 (comb.) events and 82 £ 8 (comb.) events.

No significant excess above the SM ex-

Q.
pectation is observed and upper limits on S 10Q|—ors e Exp. Ly=45(0) " 5=7Tev _|
S L Elttc [+20 AH -1 T, M -
had “had’ ""'h
ma X tanf at a confidence level of - oS rew) = BTV g6l GLimits (CLy) :

95% for the m™* (Figure 6.40), m™*4~

and mf°d+ benchmark scenarios are eval-

uated. A considerably improvement in

the upper limits is achieved, extending

the mass range up to mp ~ 800GeV
with an improvement of about ~ 30
units in tan 8 (around 450 GeV to 500 GeV),
which is largely boosted by the intro- T T Y S v N T

200 300 400 500 600 700 800
duction of the single tau trigger -cate- m, [GeV]

gory.

Figure 6.40: Upper limit for the m;'®* benchmark
An addition, a combination with the results scenario at 95% CL.
from the 2012 data set is performed, leading
to the small improvement of about 1 — 3 units in tan § within the upper limits, compared to the

2012 limits only.

The di-tau decay channel is a promising channel for the search of neutral MSSM Higgs bosons,
which allows to test a significant part of MSSM parameter phase space, especially the high
tan 8 regions. The presented analysis is accord with current searches for BSM physics and the

archived results and improved upper limits allow a stronger constrain of possible BSM hypotheses.

The MSSM Higgs boson search has been continued with the first data sets taken during the early
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Run 2 phase of the LHC experiment at an increased center-of-mass energy of /s = 13 TeV, using
the methods developed during Run 1. So far; also in the first results of Run 2 no significant
excess above the SM expectation is found and the upper limits are pushed beyond the Run 1

limits [268,269], taking advantage of the increased center-of-mass energy.

60
50

40
30

hMSSM | [ -
LHC 14 TeV
300 fb"

20

tang

300 400 500 600 700 1000
M, (GeV)

Figure 6.41: Expected 95% CL sensitivities to the MSSM Higgs sector for various final
states at the LHC. The sensitivities are derived within the ma X tan 8 plane
of the hMSSM model with a center-of-mass energy of /s = 14TeV and an
integrated luminosity of 300 fb~! [270].

More data and the combination of different search channels are needed to cover the ma x tan 8
plane in the MSSM model. The upcoming data from the LHC will allow further studies for
physics beyond the SM, including new scenarios which are not covered by this thesis, like the
hMSSM model [271], in which the Higgs boson mass of my, ~ 125 GeV and a SUSY breaking scale
above 1TeV are taken into account. The expected sensitivities at the LHC for /s = 14TeV at
an integrated luminosity of 300fb~! can be found in Figure 6.41.

This will show if an extended Higgs sector at the TeV scale, as in the MSSM, is realized in
nature or if alternative models need to be considered. It is also possible that the SM is capable
of describing nature up to Planck energy scales, requiring different explanations for dark matter,
CP violation and other challenges to the SM.
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A Appendix

A.1 Standard Model of Particle Physics and MSSM

A.1.1 MSSM Higgs Boson Sector
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Figure A.1l: Development of the neutral, CP-even Higgs boson masses, my and mu, as a
function of mass of the CP-odd Higgs boson A for two different values in tan 3.

The left plot shows the results for the m"°4"

mod—

and the right plot for the m

benchmark scenario, respectively. The benchmark points are provided by the
LHC Higgs Cross Section Working Group [64,65].
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A.2 Reconstruction and ldentification

A.2.1 Tau ldentification Against QCD-induced Jets - Observables

The following section contains the definitions of observables used for the identification of hadronic
tau lepton decays against QCD-induced jets. The definitions for 1-prong and multi-prong candi-
dates can be found in Table A.1 and Table A.2, respectively. The corresponding distributions
are presented in Figure A.2 and Figure A.3.

1-prong Observables

Observable Symbol  Description
Impact parameter  Sieaq 1k Significance of the impact parameter in the transversal
significance of the plane, dy, for the leading track (with respect to pr) within
leading track the core region of the tau candidate:

do

Slead trk = % ’

where ddy represents the estimated uncertainty on the
impact parameter.

Number of isolation lso Number of tracks with a distance of 0.2 < AR < 0.4 with
tracks respect to the tau candidate axis (isolation region).

Table A.1: Definition of observables used for the tau identification against QCD-induced
jets [147]. The given observables are used for 1-prong tau candidates only.

5 ' ] 5 !
5 0.35[ o Z,Z' >3, V-] g m,W = v
© = 1 © 7
T 0.3F Data 2012 1 C —e— Data 2012 ]
2 025f Ly =740pb", (5 =8TeV 1 2 Ly =740pb" §=8TeV |
£ F 1-prong, pT>15 GeV B £ T=pr ng; p; 15 Ge\
© 0.2 = © ]
n = 3 n i
0.15} 1 i
A ‘ 1 1
F 1 . ]
0.05F = i
| - L]
C 1 A
15 10 -5 0 5 10 15 20 25 30 2 3 4 5 6 7
N\SO
lead trk trk

Figure A.2: Distributions for the impact parameter significance of the leading track (left)
and the number of isolation tracks (right) for 1-prong tau leptons are shown.
Predictions for real tau leptons, which are taken from simulations of Z — 7777,
7' — 77 and W — Tv processes, are compared with distributions from QCD-
induced jets, which are measured using early 2012 data recorded with the
ATLAS detector.
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Multi-prong Observables

Observable Symbol  Description

Maximum  track ARmax Maximum distance of a track within the core cone (AR <
distance 0.2) to the tau candidate axis.

Transverse flight S%ight Significance of the distance, LﬂTight7 between the secondary
path significance vertex, which is associated with the tau lepton candidate

and a possible tau decay vertex, to the primary vertex:

flight
T - flight ’
LT

where cSLﬂTight represents estimated uncertainty on the
distance observable.

Track system mass Mirk Invariant mass of the track system. All tracks (from core
and isolation region) associated with the tau candidante
are considered.

Table A.2: Definition of observables used for the tau identification against QCD-induced
jets [147]. The given observables are used for multi-prong tau candidates only.

A
=57

&
<

—e— Data 2012

=740 pb”, Vs = 8 TeV
ulti-prong, pT >15GeV

—e— Data 2012

(2740 pb (s =8 Te
ulti-prong, P, > 15 Ge

s

Sample Fraction
5

o€ e b b b b e 141
o

0.15
L]
0.1
0.05
L]
-10 -5 0 5 10 15 20 25
flight
s}
o
=)
[<p) ST o\
~
S 10 —e— Data2012
‘g . L.=740pb" s=8TeV
Lt Muiti-prong;, P> 15 GeV
O 42
a 10
IS
©
n
107
.l

0 2000 4000 6000 8000 10000 12000 1(50
m,, [MeV]

Figure A.3: Distributions for the maximum track distance (top left), the transverse flight
path significance (top right) and the track system mass (bottom) for multi-
prong tau leptons are shown. Predictions for real tau leptons, which are taken
from simulations of Z — 7777, Z/ — 77 and W — Tv processes, are compared
with distributions from QCD-induced jets, which are measured using early 2012
data recorded with the ATLAS detector.

Page 221



APPENDIX A. APPENDIX

A.3 Underlying Event

A.3.1 Merged Vertex Effect
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Figure A.4: AZpy py distribution shown independently for each 2010 data taking period.
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The red lines represents the fit results for a Gaussian distribution with a gap
around AZ = 0 and the blue line represents the estimation for a full Gaussian
without merged vertices. The non-Gaussian shape in the earlier periods is a
result of frequent changes in the run conditions within these periods.
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A.3.2 Results for " pr/ondp and Ng,/dnd¢ in trans-max and trans-min
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Figure A.5: Mean transverse momentum sum densities, Y . pr/dnd¢, for charged particles

lead

against prt°“ are shown for the inclusive (left) and exclusive (right) event
selection and for the trans-max (top) and trans-min (bottom) region. The
distributions are presented for the combined transverse region. The unfolded
data points (black) are compared to several MC model predictions. The black
error bars indicate the statistical uncertainty and the green shaded areas
indicate the combined statistical and systematic uncertainty.
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are compared to several MC model predictions. The black error bars indicate
the statistical uncertainty and the green shaded areas indicate the combined
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A.4 Search for neutral MSSM Higgs boson

A.4.1 Cross Sections for neutral MSSM Higgs bosons
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Figure A.7: Cross sections times branching fractions, o(pp — ¢) x B (¢ — 77) [pb], are
presented for the b-associated production channel (left) and for the production
via gluon-gluon fusion (right), combined for the pseudoscalar MSSM Higgs
boson A and the scalar MSSM Higgs boson H. The distributions are calculated

mod—

within the m}

mod+
(top) and my*°

(bottom) benchmark scenarios at a center-

of-mass energy of /s = 7TeV . The cross sections and branching fraction
values are provided by the LHC Higgs Cross Section Working Group.
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A.4.2 Background Estimation

Region A Region B Region C Region D
Multi-jet 221200 +1300 — — -
Z[yx = 71T 66.0+ 2.1 381 1.1 76 £0.7 42 £04
W — tv 245 + 8 734 +£34 163 £19 54 £1.0
EW Bkg. 744+ 2.0 279 1.1 53 +£0.5 1.4440.21
Top 31.0+ 0.5 13.17+£0.27 2.96+£0.13 1.13+£0.07

Comb. background prediction 221700 +1300 153 +4 322 +£21 122 +1.1
Observed number of events 224928 201 262 75816 68901

Table A.3: The expected number of events of various SM processes and the estimated QCD
multi-jet contribution for the signal region A within the DTT validation regions
are presented and compared to the observed number of events. The stated
uncertainty for each process correspond to the respective statistical uncertainty.
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Data  Comb. Bkg.  Multi-jet Z[vx — 1T W — v EW Bkg. Top

Single tau trigger 198234 — — 4270 £40 16360 =£150 10950 +100 12710  +60
pre2d > 150 GeV 112533 - - 455 £ 9 1600 =+ 40 877 £ 22 919 +16
BDT loose Tiead 11132 — — 109 + 4 169 + 10 71+ 5 471 + 14
BDT loose Tgup 226 199 + 4 105.5+2.1 499 £ 24 313+ 2.2 85 £ 0.7 3.45+ 0.19
Qlead X Gsub = 1 (SS) 86 673+ 2.1 51.2+£1.5 3.81+ 0.34 9.2+ 13 22 £ 04 0.86+ 0.06
|AG(Ticad, Tsub)| > 2.7 47 4994+ 2.0  39.0+1.5 2.55+ 0.25 6.6+ 1.3 1.34+  0.30 0.39+ 0.04

Table A.5: Observed number of events and background predictions in the STT validation region A are presented after each selection requirement. The
stated uncertainty values for each individual background process correspond to the respective statistical uncertainty.
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A.4.3 Fail-identification rate for QCD Jets to Hadronic Tau Decays

Fail-identification efficiencies [%] for tau candidates measured in the W — pv + jet control region
are summarized in Table A.6 without any trigger requirement and in Table A.7 and Table A.8 in

addition with a EF_tau20_mediuml and EF_tau29_mediuml trigger requirement.

pT interval in [GeV]

gy X g BDT level 50 — 70 70 —100 100 — 150 > 150

1 prong
loose 88.070¢  88.71Y 835721 8178
05 medium 91.8M05 921709 90.6T17 954
" loose 95.6107  94.5%13 935737 g2t
medium 97.2%%¢  96.0t11  95.9718 94+2

3 prong
o8 loose 97.921017  98.58102%  98.9%01  99.470¢
medium  98.95%013  09.337018 g9 99020 g9 G+0.4
o loose 99.0075-15  99.4070-2¢  99.95709%  99.270-8
medium  99.30912 9976919 100.0799. 98.510

Table A.6: Fail-identification efficiencies [%] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. No additional trigger requirements
for the tau candidates have been applied. The stated uncertainties correspond
to Clopper-Pearson intervals, estimated for a confidence level of 68.3 %.
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pT interval in [GeV]

gy %X qr BDTlevel 50-70 70-100 > 100

1 prong
loose 0.106 116719 102729
0S medium 102798 12.2%71 12913
gg oo 54705 5.241% 25437
medium 59109 59tLT 95t28

3 prong
o oo 8497081 11.2%03 143743
medium 8897035 114757 145507
g loose 6.0704 74797 10473
medium 60755 7.3%07 102735

Table A.7: Fail-identification efficiencies [%)] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. In addition to the tau identification
a trigger requirement using the EF_tau20_mediuml trigger has been applied for
the tau candidate.

pT interval in [GeV]

gy X ¢- BDT level 50 — 70 70 —100 > 100

1 prong
loose 9.7+06  150%11  13.3%20
oS medium 11.4%5¢ 163771 16.8733
g oose 68508 82t 73733
medium  74%3§ 9357 86735

3 prong
oy loose 10797083 152508 19.9%1)
medium  11.33703%  15.715¢  20.2%70
g loose 75104 102707 16,0714
. P _ )
medium 76105 101%07 158717

Table A.8: Fail-identification efficiencies [%] for fake tau candidates measured in the W —
uv + jet control region using proton-proton collision events at /s = 7TeV
recorded with the ATLAS detector in 2011. In addition to the tau identification
a trigger requirement using the EF_tau29_mediuml trigger has been applied for
the tau candidate.
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A.4.4 Validation of the Z/~* — 77 Modeling

Data Comb. Bkg. Multi-jet Z[vx — 1T W — Tv EW Bkg. Top

Di-tau trigger 943651 — — 6980 +40 21840 180 11700 =100 12380 £60

BDT medium Tieaq 77104 — - 1808 £19 4170 £ 80 1038 £+ 22 392.2 + 3.3
BDT medium 7y 7542 — - 334 + 7 1109 + 2.5 23.6 + 0.6 11.8 + 04
Qlead X Gsub = —1 (OS) 4339 4040+ 60 3580+ 60 324 + 7 97.8 + 24 20.6 + 0.6 108 + 04
ERiss > 25 GeV 304 281+ 15 170+ 15 69.2+ 3.2 29.1 + 1.1 710+ 0.34 5514+ 0.31
cos Ag(Paub, Emiss) 179 177+ 11 94+ 11 57.9+ 2.9 174 £ 09 419+ 027 3.39+ 0.25
cos Ag(phead, pb) 78 62+ 5 14+ 5 4.7+ 2.7 2344+ 0.23 0.90+ 0.10 0.54+ 0.08

Table A.9: Observed number of events and background predictions in the Drell-Yan validation region are presented after each selection requirement. The
stated uncertainty values for each individual background process correspond to the respective statistical uncertainty.
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A.4.5 Signal and Background Samples
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dataset name production tag cross section [pb]  k-factor filter efficiency
Z =TT
mcll_7TeV.116270.AlpgenJimmyZtautauNpO_M1110to40_pt20 e959_s1310_s1300_r3043_r2993_p851 3.06 x 10° 1.22 1.0
mcll_7TeV.128510.AlpgenJimmyZtautauNpO_M11150t0250_pt20 e997_s1372_s1370_r3043_r2993_p851 1.69 x 10° 1.25 1.0
mcll_7TeV.128520.AlpgenJimmyZtautauNp0_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 2.03 x 1071 1.25 1.0
mcl1_7TeV.128530.AlpgenJimmyZtautauNpO_M11400_pt20 e997_s1372_s1370_r3043_r2993_p851 3.36 x 1072 1.25 1.0
mcll_7TeV.107670.AlpgenJimmyZtautauNpO_pt20 e835_s51299_s51300_r3043_r2993_p851 6.68 x 102 1.25 1.0
mcll_7TeV.116271.AlpgenJimmyZtautauNpl_M1110to40_pt20 e959_s1310_s1300_r3043_r2993_p851 8.49 x 10! 1.22 1.0
mcll_7TeV.128511.AlpgenJimmyZtautauNpl_M11150t0250_pt20 €997 _s1372_s1370_r3043_r2993_p851 5.64 x 10~ 1t 1.25 1.0
mcll_7TeV.128521.AlpgenJimmyZtautauNpl_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 9.32 x 1072 1.25 1.0
mcll_7TeV.128531.AlpgenJimmyZtautauNpl_M11400_pt20 e997_s1372_s1370_r3043_r2993_p851 2.11 x 10™2 1.25 1.0
mcll_7TeV.107671.AlpgenJimmyZtautauNpl_pt20 e835_s51299_s1300_r3043_r2993_p851 1.35 x 102 1.25 1.0
mcll_7TeV.116272.AlpgenJimmyZtautauNp2_M1110to40_pt20 e959_s1310_s1300_r3043_p851 4.15 x 10! 1.22 1.0
mcll_7TeV.128512.AlpgenJimmyZtautauNp2_M11150t0250_pt20 e997_s1372_s1370_r3043_r2993_p851 1.88 x 101 1.25 1.0
mcll_7TeV.128522.AlpgenJimmyZtautauNp2_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 3.40 x 1072 1.25 1.0
mcll_7TeV.128532.AlpgenJimmyZtautauNp2_M11400_pt20 e997_s1372_s1370_r3043_r2993_p851 8.43 x 1073 1.25 1.0
mcll_7TeV.107672.AlpgenJimmyZtautaulNp2_pt20 e835_s51299_s1300_r3043_r2993_p851 4.04 x 10" 1.25 1.0
mcll_7TeV.116273.AlpgenJimmyZtautauNp3_M1110to40_pt20 e959_s1310_s1300_r3043_r2993_p851 8.36 x 10° 1.22 1.0
mcll_7TeV.128513.AlpgenJimmyZtautauNp3_M11150t0250_pt20 e997_s1372_s1370_r3043_r2993_p851 5.75 x 10~2 1.25 1.0
mcl1_7TeV.128523.AlpgenJimmyZtautauNp3_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 1.08 x 10~2 1.25 1.0
mcll_7TeV.128533.AlpgenJimmyZtautauNp3_M11400_pt20 e997_s1372_s1370_r3043_r2993_p851 2.75 x 1073 1.25 1.0
mcll_7TeV.107673.AlpgenJimmyZtautaulNp3_pt20 e835_s51299_s1300_r3043_r2993_p851 1.12 x 10t 1.25 1.0
mcll_7TeV.116274.AlpgenJimmyZtautaulNp4_M1110to40_pt20 €959_s1310_s1300_r3043_r2993_p851 1.85 x 10° 1.22 1.0
mcll_7TeV.128514.AlpgenJimmyZtautauNp4_M11150t0250_pt20 e997_s1372_s1370_r3043_r2993_p851 1.59 x 102 1.25 1.0
mcll_7TeV.128524.AlpgenJimmyZtautauNp4_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 3.04 x 1072 1.25 1.0
mcll_7TeV.128534.AlpgenJimmyZtautauNp4_M11400_pt20 €997 _s1372_s1370_r3043_r2993_p851 7.80 x 10™* 1.25 1.0
mcl1_7TeV.107674.AlpgenJimmyZtautauNp4_pt20 e835_s1299_s1300_r3043_r2993_p851 2.79 x 10° 1.25 1.0
mcll_7TeV.116275.AlpgenJimmyZtautauNp5_M1110to40_pt20 e959_s1310_s1300_r3043_r2993_p851 4.60 x 1071 1.22 1.0
mcll_7TeV.128515.AlpgenJimmyZtautauNp5_M11150t0250_pt20 e997_s1372_s1370_r3043_r2993_p851 4.70 x 1073 1.25 1.0
mcll_7TeV.128525.AlpgenJimmyZtautauNp5_M11250t0400_pt20 e997_s1372_s1370_r3043_r2993_p851 9.20 x 10~* 1.25 1.0
mcll_7TeV.128535.AlpgenJimmyZtautauNp5_M11400_pt20 e997_s1372_s1370_r3043_r2993_p851 2.30 x 10~4 1.25 1.0
mcll_7TeV.107675.AlpgenJimmyZtautaulNp5_pt20 e835_s51299_s1300_r3043_r2993_p851 7.69 x 10~ 1.25 1.0
W — 7Tv + jets
mcll_7TeV.107700.AlpgenJimmyWtaunuNpO_pt20 e835_s51299_s1300_r3043_r2993_p851 6.92 x 10° 1.2 1.0
mcl1l_7TeV.107701.AlpgenJimmyWtaunuNpl_pt20 e835_s51299_s51300_r3043_r2993_p851 1.30 x 103 1.2 1.0
mcll_7TeV.107702.AlpgenJimmyWtaunuNp2_pt20 e835_s1299_s1300_r3043_r2993_p851 3.78 x 102 1.2 1.0
mcll_7TeV.107703.AlpgenJimmyWtaunuNp3_pt20 e835_s1299_s51300_r3043_r2993_p851 1.02 x 102 1.2 1.0
mcl1_7TeV.107704.AlpgenJimmyWtaunuNp4_pt20 e835_s1299_s1300_r3043_r2993_p851 2.56 x 10* 1.2 1.0
mcll_7TeV.107705.AlpgenJimmyWtaunuNp5_pt20 e835_s51299_s1300_r3043_p851 6.99 x 10° 1.2 1.0

Table A.11: Logical dataset names, cross sections, k-factors and filter efficiencies for the simulated Z — 77 and W — 7v production.
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dataset name production tag cross section [pb] k-factor  filter efficiency
W — qq” + jets
mcll_7TeV.107280.AlpgenJimmyWbbFullNpO_pt20 e887_s1310_s1300_r3043_r2993_p851 4.74 x 10! 1.2 1.0
mcll_7TeV.107281.AlpgenJimmyWbbFullNpl_pt20 e887_s1310_s1300_r3043_r2993_p851 3.57 x 10* 1.2 1.0
mcll_7TeV.107282.AlpgenJimmyWbbFullNp2_pt20 e887_s1310_s1300_r3043_r2993_p851 1.73 x 10* 1.2 1.0
mcll_7TeV.107283.AlpgenJimmyWbbFullNp3_pt20 e887_s1310_s1300_r3043_r2993_p851 7.61 x 10° 1.2 1.0
mcl1_7TeV.117293.AlpgenWcNpO_pt20 e887_s1310_s1300_r3043_r2993_p851 6.44 x 102 1.2 1.0
mcl1_7TeV.117294.AlpgenWcNpl_pt20 e887_s1310_s1300_r3043_r2993_p851 2.05 x 102 1.2 1.0
mcll_7TeV.117295.AlpgenWcNp2_pt20 e887_s1310_s1300_r3043_r2993_p851 5.09 x 10" 1.2 1.0
mcl1_7TeV.117296.AlpgenWcNp3_pt20 e887_s1310_s1300_r3043_r2993_p851 1.14 x 10t 1.2 1.0
mcll_7TeV.117297.AlpgenWcNp4_pt20 e887_s1310_s1300_r3043_r2993_p851 2.77 x 10° 1.2 1.0
mcll_7TeV.117284.AlpgenWccFullNpO_pt20 e887_s1310_s1300_r3043_r2993_p851 1.28 x 10? 1.2 1.0
mcll_7TeV.117285.AlpgenWccFullNpl_pt20 e887_s1310_s1300_r3043_r2993_p851 1.05 x 10?2 1.2 1.0
mcll_7TeV.117286.AlpgenWccFullNp2_pt20 e887_s1310_s1300_r3043_r2993_p851 5.21 x 10* 1.2 1.0
mcll_7TeV.117287.AlpgenWccFullNp3_pt20 e887_s1310_s1300_r3043_r2993_p851 1.70 x 10! 1.2 1.0
top production

mcll_7TeV.105500.AcerMC_Wt e825_s1310_s1300_r3043_r2993_p851 1.56 x 107 1.0 1.0
mcl1_7TeV.105200.T1_McAtNlo_Jimmy e835_s1272_s1274_r3043_r2993_p851 1.65 x 102 1.0 0.54259
mcll_7TeV.105204.TTbar_FullHad_McAtNlo_Jimmy e825_s51310_s1300_r3043_r2993_p851 1.65 x 10?2 1.0 0.45741
mcll_7TeV.117363.st_schan_enu_AcerMC e825_s1310_s1300_r3043_r2993_p851 5.00 x 10~ 1.0 1.0
mcll_7TeV.117364.st_schan_munu_AcerMC e825_s1310_s1300_r3043_r2993_p851 5.00 x 10~* 1.0 1.0
mcll_7TeV.117365.st_schan_taunu_AcerMC e825_s51310_s1300_r3043_r2993_p851 5.00 x 10~* 1.0 1.0
mcll_7TeV.117360.st_tchan_enu_AcerMC e835_s1310_s1300_r3043_r2993_p851 6.93 x 10° 1.0 1.0
mcll_7TeV.117361.st_tchan_munu_AcerMC e835_s1310_s1300_r3043_r2993_p851 6.93 x 10° 1.0 1.0
mcll_7TeV.117362.st_tchan_taunu_AcerMC e825_s1310_s1300_r3043_r2993_p851 6.93 x 10° 1.0 1.0

Table A.13: Logical dataset names, cross sections, k-factors and filter efficiencies for the simulated W — gq’ + jets, single top and tt production.
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A.4.6 Exclusion Limits

Exclusion Limits for the 2011 Data Set

Summary tables for the upper limit tan 8 values in the mﬂ“"d_ and mﬁ1°d+ benchmark scenarios

are provided in Table A.15 and Table A.16, respectively.

ma [GeV] || observed expected +20 +lo0 —lo —20
140 29.9 24.0 379 29.8 206 182
150 28.4 22.3 349 278 192 16.5
170 24.7 19.9 314 247 171 147
200 204 19.8 31.1 245 170 14.7
250 16.9 19.3 29.8 23.7 16.6 144
300 20.7 23.9 370 294 207 185
350 22.1 28.1 44.0 346 243 21.7
400 23.3 29.7 453 364 259 23.0
450 26.5 32.6 476 389 285 252
500 30.2 34.8 50.8 41.7 30.6 27.5
550 34.6 38.8 56.6 46.3 342 30.5
600 39.6 44.9 64.2 53.8 395 353
650 44.3 51.6 69.0 614 451 40.3
700 47.7 57.4 71.9 66.0 50.2 44.7
750 53.5 63.5 742 69.9 56.8 50.5
800 62.0 68.5 76.0 73.0 63.8 58.1

Table A.15: Upper limit tan 8 values for the nominal MSSM mhmOdf benchmark scenario
at a confidence level of 95%. The upper limits are estimated using the 2011
data set recorded with the ATLAS detector.
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ma [GeV] || observed expected +20 +lo0 —lo —20
140 31.0 24.5 393 309 21.0 185
150 29.1 22.7 36.3 28,6 194 16.9
170 25.3 20.2 325 253 174 149
200 20.9 20.1 322 251 174 149
250 17.2 19.6 308 243 169 14.6
300 21.2 24.5 385 303 21.3 189
350 22.6 29.0 46.2 36.1 25.0 222
400 24.0 30.9 479 38.0 269 238
450 27.6 33.8 50.1 40.6 29.5 26.1
500 31.7 36.5 54.1 43.8 32.1 28.6
550 36.3 40.7 60.4 49.0 35.7 320
600 41.9 47.7 67.3 576 41.7 372
650 47.0 54.9 71.5 64.8 48.1 428
700 50.6 61.3 74.0 68.8 5H3.7 47.7
750 57.3 66.7 76.1 723 60.8 54.0
800 65.3 71.1 77 75.0 66.9 61.9

Table A.16: Upper limit tan 3 values for the nominal MSSM mhmodJr benchmark scenario
at a confidence level of 95%. The upper limits are estimated using the 2011
data set recorded with the ATLAS detector.
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Validation of the Maximum Likelihood Estimators

The pull distributions of the remaining nuisance parameters are provided in Figure A.8 and
Figure A.9. All distribution are estimated using the pseudo-experiments with signal hypothesis
at ma = 300 GeV and tan 5 = 20.
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Figure A.8: Pull distributions for the nuisance parameters related to the cross sections of
the signal and background processes.

A legend for the nuisance parameter name convention is provided in Table A.17.
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Figure A.9: Pull distributions for the nuisance parameters related to jets (a), EF* (b),
modeling (c-d) and luminosity (e).
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Symbol Description

TAU_IDSF Uncertainty on the scale factor for the tau identification,
for the loose and medium working point, respectively.

TAU_TES Uncertainty related to the reconstructed tau lepton energy
scale.

TAU_FF Uncertainty on the tau lepton transfer factor, used for the
QCD multi-jet estimation in the STT category.

TAU_FW Uncertainty on the tau misidentification efficiency.

TAU_EVETO Uncertainty on the scale factor for the tau electron veto
algorithm.

TRIG_SF Uncertainty on the trigger scale factor, for both the di-tau
and single-tau trigger.

JET_COMB Combined value for the all jet related uncertainty sources,
discussed in Section 6.6.

MET_COMB Combined value for the all EX related uncertainty
sources, discussed in Section 6.6.

LUMI Uncertainty on the estimated luminosity.

AU_bbA Uncertainty on the modeling of b-associated MSSM Higgs
production.

AU_ggH Uncertainty on the modeling of MSSM Higgs production
via gluon-gluon fusion.

XS_Z Cross section uncertainty for the Z — 77 production.

XS_W Cross section uncertainty for the W — 7v production.

XS_OTHERS Combined cross section uncertainty for the remaining elec-
troweak background.

XS_TQP Combined cross section uncertainty for ¢ and single top
production.

XS_bbA_400 Cross section uncertainty for the b-associated production
of the A and H Higgs boson.

XS_ggH_400 Cross section uncertainty for the production of the A and

H Higgs boson via the gluon-gluon fusion process.

Table A.17: Legend for the nuisance parameter.
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