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Kurzdarstellung

Die Suche nach Higgs Bosonen ist eines der Hauptziele des ATLAS Experiments. Die mi-
nimale supersymmetrische Erweiterung des Standard Modells der Teilchenphysik enthélt
drei neutrale Higgs Bosonen, welche sich durch den Zerfall in Paare von Tau Lepto-
nen nachweisen lassen. Ein wesentlicher Untergrund fiir diesen Entdeckungskanal ist im
niedrigen Massenbereich M4 = 100 — 150 GeV durch den Prozess v*/Z — 7777 gegeben.

In dieser Arbeit wird die Erzeugungshiufigkeit von Tau Lepton Paaren iiber den
Prozess pp — v*/Z — 777~ durch die Analyse des voll leptonischen Endzustandes be-
stimmt. Dazu werden L = 35.5 pb™' an Daten des ATLAS Detektors aus Proton-Proton
Kollisionen bei einer Schwerpunktsenergie von 7 TeV ausgewertet. Das ermittelte Ergeb-
nis von o(pp — v*/Z — 7777) = 1.05£0.13 (stat.) £0.10 (syst.) £0.04(lumi.)nb stimmt
mit der theoretischen Vorhersage iiberein.

Weiterhin wird eine Untersuchung des Entdeckungskanals pp — h/H/A — 777~ fiir
den Massenbereich M, = 100 — 150 GeV im rein leptonischen Endzustand durchgefiihrt.
Dazu wird die Ereignisselektion durch den Einsatz multivariater Methoden optimiert. Die
Auswertung von L = 1.06 b Daten des ATLAS Detektors basiert auf der optimierten
Selektion. Die statistische Auswertung der gemessenen Daten liefert keine signifikante
Abweichung von der Standard Modell Vorhersage. Daher werden Ausschlussgrenzen im
My x tan 8 Parameterraum des MSSMs abgeleitet. Im Rahmen des mj;'** Szenarios
kommt diese Arbeit zu dem Schluss, dass Werte tan § > 32 — 51 abhéngig vom Parame-
ter M4 mit einer Wahrscheinlichkeit von 95% ausgeschlossen sind.

Abstract

The search for Higgs bosons is among the primary goals of the ATLAS experiment. The
minimal supersymmetric extension to the Standard Model contains three neutral Higgs
bosons which are detectable through their decays into pairs of tau leptons. A major
background for this discovery channel in the low mass region M4 = 100 — 150 GeV arises
from v*/Z — 777~ events.

In this thesis, the cross section of the process pp — v*/Z — 7777 is measured by
investigating the fully leptonic final state. Therefore, L = 35.5 pb™ " of data from proton-
proton collisions recorded by the ATLAS detector at a centre-of-mass energy of 7 TeV
are analysed. The result obtained is o(pp — 7v*/Z — 7777) = 1.05 £ 0.13 (stat.) +
0.10 (syst.) £ 0.04(lumi.)nb and is in agreement with the theoretical prediction.

Furthermore, the discovery channel pp — h/H/A — 77~ is analysed in the purely
leptonic final state for the low mass region M, = 100 — 150 GeV. An optimisation of
the event selection by the usage of multivariate techniques is investigated. The optimal
selection strategy is applied on L = 1.06 fb™! of data recorded by the ATLAS detector.
As the statistical analysis does not yield a significant deviation from the Standard Model
expectation, exclusion limits in the M4 X tan § parameter space of the MSSM are derived.
In the context of the m}'®* scenario, this thesis concludes that values of tan 8 > 32 — 51
depending on the parameter M, are excluded at a 95% confidence level.
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Chapter 1

Introduction

The era of modern particle physics started with the discovery of the electron by THOMSON
in 1897 [1]. Shortly after, experiments by EINSTEIN and COMPTON revealed particle
properties of light which contradict MAXWELL’s theory of electromagnetic waves. This
ambiguity is explained by the theory of Quantum Electrodynamics (QED) founded by
DIRAC in the 1920’s which interprets the photon as light quantum. In 1934, FERMI
gave the first theoretical description for $-decays of nuclei by adopting the idea of neu-
trinos from PAULI and by postulating a four-fermion interaction [2]. During the 1960’s,
contributions from GLASHOW, SALAM and WEINBERG led to a joint description of elec-
tromagnetic and weak interactions by the electroweak theory [3-5]. The four-fermion
contact interaction of the FERMI theory is replaced by the exchange of W and Z bosons
which were discovered by experiments at CERN' in 1983 [6—9]. The formulation of
Quantum Chromodynamics (QCD) as the theory of strong interactions was proved by
the discovery of the gluon at DESY in 1979 [10]. In 1964, HIGGS and others proposed
a mechanism for spontaneous symmetry breaking in the electroweak sector in order to
allow for massive particles |11, 12]. This mechanism introduces a further scalar field, the
Higgs field, whose vacuum expectation value gives rise to the gauge boson masses. The
Standard Model of Particle Physics (SM) describes all known elementary particles and
their interactions except for gravity. Its predictions have been tested in a vast number of
experiments to very high precision. Solely, an experimental observation of the postulated
Higgs boson is missing to complete the list of SM particles.

Notwithstanding the thorough experimental verification of the SM, it is expected to be
an effective theory for energies at and below the electroweak scale? v ~ 246 GeV which
is embedded in a more fundamental theory. Moreover, there are theoretical motivations
and experimental indications that the SM does not provide a complete description of
nature and needs to be extended. As symmetries play an important role in various fields
of physics, the idea of Supersymmetry (SUSY) is considered as promising candidate for
Beyond Standard Model (BSM) theories. Supersymmetric theories exhibit a fermion-
boson symmetry which doubles the number of particles by introducing super-partners.
Theoretical arguments suggest that the masses of new particles are at the TeV scale.

In order to identify the mechanism of electroweak symmetry breaking and to explore
the parameter space of BSM theories, the Large Hadron Collider (LHC) has been installed

LConseil Européen pour la Recherche Nucléaire
2In this thesis natural units, which are explained in Appendix A.1.1, are used.



at CERN. It will be able to produce proton-proton collisions at a centre-of-mass energy
up to y/s = 14 TeV with a very high rate. This unprecedented energy scale and the huge
amount of data expected allow for probing the parameter space of BSM theories. To this
end, two multi-purpose particle detectors, ATLAS?* and CMS*, are installed at the LHC
which are capable of detecting and analysing a wide range of physics processes.

The LHC started operation in November 2009 and since the 30" of March 2010 proton-
proton collision at a centre-of-mass energy of /s =7 TeV have been taking place. In
this thesis, experimental data from proton-proton collisions recorded by the ATLAS
detector during 2010 and the first half of 2011 is analysed. The goal of this thesis
is the evaluation of the recorded data with regard to the Higgs sector of the Minimal
Supersymmetric Standard Model (MSSM) in the context of the mj™* scenario. The
Higgs sector of the MSSM contains two Higgs doublets which yield three neutral h/H/A
and two charged H* Higgs bosons. A search for the neutral MSSM Higgs bosons in the
channel h/H/A — 777~ — ep + 4v is performed.

Before the data can be analysed, the detector and its performance needs to be un-
derstood. The well-known SM processes are of great help for testing and improving
reconstruction techniques and analysis strategies. Since pp — v*/Z — 777~ events con-
stitute the largest background for the MSSM Higgs boson search, a deep understanding of
this process and its properties is an essential precondition. Therefore, the first part of this
thesis is devoted to the cross section measurement of the process pp — v*/Z — 777~ with
the 2010 data set corresponding to an integrated luminosity of L = 35.5 pb~*. Thereby,
the focus is put on a data-driven estimation of the background contribution arising from
QCD processes and its uncertainty.

In the second part of this thesis, a search for neutral MSSM Higgs bosons in the pa-
rameter range® M4 = 100 — 150 GeV and tan 8 = 5 — 50 is performed. For this purpose,
the data taken during the first half of 2011 which amounts to an integrated luminosity of
L =1.06 b~ is used. The event selection is optimised and different multivariate meth-
ods are investigated with respect to their rejection power against reducible background
components. Furthermore, the interpretation of the data observed requires advanced
statistical methods for deriving solid statements on the parameter space of the MSSM.
This work reviews two methods based on the profile likelihood method, an event counting
approach and a shape analysis, and evaluates their feasibility.

The theoretical framework of the SM and the phenomenology of the Higgs sector in
the MSSM are outlined in Chapter 2. The experimental setup with focus on particle
detection and identification with the ATLAS detector is described in Chapter 3. Chap-
ter 4 reviews briefly the event topology of the signal processes and lists the background
processes considered. In Chapter 5 the measurement of the cross section for the process
pp — v*/Z — 7777 in the eu + 4v final state is presented. The search for neutral MSSM
Higgs bosons in the the channel h/H/A — 777~ — eu + 4v is detailed in Chapter 6. Fi-
nally, the results are summarised and discussed in Chapter 7.

3A Toroidal LHC ApparatuS
4Compact Muon Solenoid
5For an explanation of these parameters, please refer to Section 2.2.2.



Chapter 2

T heoretical Foundations

In order to explain the occurring processes at the LHC, a theory, capable of describing
high energy interactions at microscopic scales, is needed. The combination of Quan-
tum Mechanics (QM) and the theory of relativity leads to the formulation of Quantum
Field Theories (QFT). A popular example of a quantum field theory is the SM which
is currently the best tested theory for elementary particles and their interactions. A
brief description of the SM with emphasis on phenomenological implications is given in
Section 2.1.

Although the Standard Model is extensively tested and no significant deviations from
its predictions were found so far, many BSM theories have been suggested to solve the
experimental and theoretical shortcomings of the SM. In the context of this work, the
Higgs sector of the MSSM is investigated. A brief motivation for SUSY and the MSSM
is given in Section 2.2.

2.1 The Standard Model of Particle Physics

The particles, which are currently believed to be elementary, can be categorised accord-
ing to their spin S into fermions with half-integer spin, and bosons with integer spin
values. Fermions are further divided into leptons which do not interact via the strong
force and quarks which undergo strong interactions. Furthermore, the fermions come in
three different generations which behave identically under the symmetry transformation
explained below and differ only in the masses of the contained particles. There are al-
ways two different flavours of leptons and quarks per generation which yields in total 12
fermions as shown in Table 2.1. The SM is a quantum field theory which incorporates the

tvpe first generation second generation third generation
yp flavour mass flavour mass flavour mass

lepton Ve <2eV vy, <2eV vy <2eV
b 512keV. pu 105.6MeV 7 L1777 GeV
uark u ~ 2.5 MeV c 1.27 GeV t 172 GeV

q d ~5MeV s 101 MeV b 4.2 GeV

Table 2.1: Fermionic particle content of the Standard Model [13].



2.1 The Standard Model of Particle Physics

boson mass electric charge symmetry group
Y <1078 eV 0 U(1)y ® SU(2)y,
A 91.188 GeV 0 U(l)y ® SU(2)y,
W= 80.40 GeV +1 U(l)y ® SU(2),,
g 0eV? 0 SU(3)c

Table 2.2: Gauge bosons in the Standard Model [13].

concept of local gauge invariance. Particles which are charged under a certain symmetry
group can interact with each other. This interaction is mediated by the gauge bosons
associated to this symmetry group. The symmetry group of the SM is given by

U(1)y ® SU2);, ® SU(3)c (2.1)

and gives rise to the gauge bosons outlined in Table 2.2. In the next sections the elec-
troweak (EW) sector of the SM and the Higgs mechanism are discussed in more detail
followed by a brief description of strong interactions and their experimental implications.

2.1.1 Electroweak Gauge Theory

Local gauge symmetries can be described by YANG-MILLS theories [11] whose general
concept is reviewed in Appendix A.3. The electroweak sector of the SM corresponds to
a YANG-MILLS theory with a U(1)y ® SU(2)y, symmetry group.

The U(1)y ® SU(2)r, symmetry group

The choice of the U(1)y ® SU(2)r, symmetry group for the electroweak sector of the SM
is motivated by the following experimental observations:

e Electromagnetic interactions of fermions are proportional to their electric charge @)
and do not change the particle flavour.

e Neutrinos do not interact electromagnetically (= @, = 0).

o Weak interactions can change the flavour of particles and violates the parity sym-
metry?.

e No right chiral® neutrinos have been observed.

! This is the theoretical value.

2Parity transformation affects all spatial coordinates: ¥ — 7’ = —.

3 A spinor 1 can be decomposed in its left chiral 1/, and right chiral component g using the projection
operators Py, = 1 (1—~s5) and Pr= 2 (1 +s5). See also Appendix A.2 for more details.
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particles Y Ty Q@

v, vy vy —% % 0
e 7 T L -1

L L L 2 2

1 1 1

). \s), \b), & 3 3
€ER MR TR —1 0 -1
UR CR tR % 0 %
dR SR bR —% 0 —%

Table 2.3: Quantum numbers of all fermions® for the U(1)y ® SU(2)y, symmetry.

The corresponding charges are called Hypercharge Yy, for the U(1l)y symmetry group
and weak isospin T = (T}, Ty, T3) for the SU(2);, symmetry group. While the former
symmetry applies to all fermions, only the left chiral components are affected by SU(2)y,
symmetry transformations. All transformations* for the left chiral SU(2)y, doublets and
right chiral SU(2);, singlets are given by

L
er = e = €7 ey, (2.4
ity = 25
dR N d% _ eiYLa(w)dR (26)

with T, = 0,/2 being half of the PAULI matrices and «, 9, being real, continuous trans-
formation parameters.

Table 2.3 summarises the charges of all fermions with the electric charge® @ defined as
@ =Y, + T3. The covariant derivative for this particular symmetry group is given as

D‘u = all -+ igWWSTa —+ Z'ngLB” (27)

with the gauge boson fields Wj and B,,. Possible mass terms for fermions and bosons
whose general forms are given by

Lmass,fermion X m@EQ/J =m (&Ld)R + 7ﬁRwL) ) (28)
Emass,boson X MQWMWM (29)

“For simplicity, the notation is restricted to fermions of the first generation.
5The electric charge @ is given in multiples of the elementary charge e = 1.6- 107! As.
6 Antiparticles carry opposite charges.
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were omitted so far as they would break the invariance of the Lagrangian under local
symmetry transformations.

Unfortunately, the assumption of mass less particles contradicts the experimental ob-
servation of massive fermions and bosons whose masses differ from 512 keV for the elec-
tron up to 172 GeV for the top quark. Therefore, a mechanism is needed to describe
massive fields and introduce mass terms in a way that is compatible with the require-
ment of local gauge invariance.

2.1.2 Higgs Mechanism

The Higgs” mechanism |11, 12, 15] postulates an additional doublet ® of complex scalar
fields with the potential

V(@) = —201d 4+ A (070)°, A>0. (2.10)
1

The hypercharge is chosen to be Yy = 5 such that the lower component of the doublet
does not carry any electric charge,

o — (f;) . (2.11)

Analogously to a complex scalar field, the Lagrangian for the Higgs sector is given by
Litiges = (D"®)T (D, ®) — V () (2.12)

which is invariant under U(1)y ® SU(2)r, symmetry transformations. Depending on the
sign of 42, the minimum of the potential is found to be:
oV

u2§0:a—q}:0—>|<1>mm|:0, (2.13)

oV [ 142 v
2 e — Doinl =1/ —=—. 2.14

The vacuum expectation value (0|®|0) vanishes in the first case and the ground state
of the Higgs field is symmetric under U(1)y ® SU(2). However, if x4 > 0, a non-zero
vacuum expectation value exists. Since no positive charged permanent background field
is observed, the ground state must take the form

By = (%) (2.15)

which obviously violates the U(1)y ®SU(2)r, symmetry. Considering measurements of the
muon decay width, the vacuum expectation value can be constrained to v ~ 246 GeV.
The fact that the ground state does not exhibit the full symmetry of the Lagrangian in
Equation (2.12) is called spontaneous symmetry breaking.

"named after Peter W. Higgs
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Expanding the Higgs doublet around its minimum introduces four real scalar fields
which correspond to excitations of the ground state,

_ §1(r) +i&a(x)
Ppn = <%(U+h<x))+m<x>> : (2.16)

Since an infinitesimal U(1)y ® SU(2);, symmetry transformation takes the form

(P sy = 1y 4 (1), + $5(2)Ya] @y + O (02, ) 217)
B v ag(x) +iag () o2 32
=00t 375 (o) eaon) FOCES) .

the fields &, & and 7 can be eliminated by applying a gauge transformation. Hence,
these fields have no physical meaning and correspond to the mass less GOLDSTONE
bosons which occur when a continuous symmetry is spontaneously broken. The remaining
field h(x) is called the Higgs field and is linked to the Higgs boson. Using the unitary
gauge, the Higgs doublet becomes

b = % (U +%(x)) (2.19)

and can be employed for evaluating the covariant derivative in Equation (2.12).
It turns out that the mass eigenstates of the gauge bosons are linear combinations of
the four gauge boson fields W, B, with 6y being the weak mixing angle,

1

W, = % (W) FiW7) (2.20)
A\ ([ cosby  sinfy B,
(Zu) - <— sin Oy COSQW) <Wj’ ' (2.21)

The resulting linear combinations are also eigenstates to the operator () = Yy, + T3 which
can be identified with the electric charge. As the Higgs ground state is electrical neutral,
the remaining symmetry group is the U(1)q.

Finally, one finds

2

1 h 2 1
+u — Y o n 1 i
{W Wit 2 cos 0%/2 Z“] (1 - v) + 5 (0"h) (Ouh)  (2.22)

2
gy U
(D" (D, @) = M

from which one can identify the gauge boson masses

_ gwv

My = 225 (2.23)
gwv My

My = = 2.24

27 9cosly  cosby (2:24)

My =0. (2.25)
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scattering amplitude of gauge bosons My < 850 GeV
validity of the SM up to A = 1 TeV My <750 GeV
vacuum stability of the Higgs potential for A ~ 1 TeV My > 60 GeV

electroweak precision measurements My = 76737 GeV
LEP (95% confidence level) My > 114.1 GeV

My & [131 GeV, 237 GeV]

ATLAS (95% confidence level) My ¢ 251 GeV, 453 GeV]
H ev, ©

Table 2.4: Theoretical bounds on the SM Higgs boson mass and experimentally
observed exclusion limits [16—18].

Furthermore, the coupling of the gauge bosons to the Higgs field are proportional to the
square of the gauge boson mass.

Expanding the term for the Higgs potential, the mass of the Higgs boson is found to
be

M3, = 2\0? (2.26)

which is a free parameter of the theory. Limits on the Higgs mass can be derived from
theoretical considerations and are given in Table 2.4 together with observed exclusion
limits from direct Higgs searches at LEP® and ATLAS (cf. Figure 2.1). To account for
non-zero fermion masses, YUKAWA terms can be added to the Lagrangian “by hand”.
The corresponding part for the first fermion generation is?

ﬁYukawa = ye-iq)eR + de(DdR + yuQ(I)CU'R + h'C- (227)
YU YaU 7, YuU _ h

=|Z—ee+ZT—=dd+Z—=uul| [1+—-]) . 2.28

V2 V2 V2 ] ( v) (228)

The fermion masses are given by My = yfv/\/§ and the couplings to the Higgs field are
proportional to the fermion masses.

The complete electroweak Lagrangian and its derivation can be found in Appendix A.4.
Since the interactions of the Z boson are of major interest, the relevant part of the
Lagrangian is stated below:

aw - 5
L = H— " Z 2.29
EW|Z, 2 cos 9W1/J (CV'Y CAY™ Y )@D © ( )
with ey = T3 — 2sin® Oy Q (2.30)
and cy = T3 (2.31)

8Large Electron Positron Collider
g(I)C = iUg‘I)
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Figure 2.1: The combined upper limit on the SM Higgs boson production cross
section divided by the SM expectation as a function of My is indicated by the solid
line. This is a 95% confidence level limit using the CL; method [19]. The dotted line
shows the median expected limit in the absence of a signal and the green and yellow
bands indicate the corresponding 68% and 95% expected regions [18].

2.1.3 Quantum Chromodynamics

Strong interactions are generated by a local SU(3)¢ gauge invariance which gives rise to
eight mass less vector bosons, the gluons. The corresponding charge is called colour and
can describe three different states labelled red, green and blue. Among the fermions only
the quarks are charged under SU(3)c whereas the leptons do not participate in strong
interactions.

An important property of QCD is the fact that no free, coloured particles have been
observed so far which leads to the conclusion that all free particles must be in a colour
singlet state. This effect is called colour confinement. In particular, individual partons!®
which might be produced in hadron-hadron collisions, must undergo further strong inter-
actions to reach a colour singlet state. Thereby, other hadrons are necessarily produced.
Thus, a parton manifests itself as a shower of hadrons at the macroscopic scale. The
transition from coloured partons produced in a collision to a set of colourless hadrons is
referred to as hadronisation.

Furthermore, the strong coupling avg = gg/(4), as all coupling constants, is a function
of the renormalisation'! scale but exhibits an opposed scale dependence compared to

0Parton refers to any possible constituent of a proton and comprises the particle classes of quarks and
gluons.

The concept of renormalisation is not discussed in the context of this work but the idea can be
summarised as follows: Higher order calculations can depend on an arbitrary scale pgr which is
introduced to regularise occurring loop integrals. Parameters of the Lagrangian can be redefined
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QED. While the electromagnetic coupling increases with increasing energy, the behaviour
is reversed for the strong coupling leading to asymptotic freedom at high energies (or
equivalently, at short distances). On the other hand, the coupling strength becomes large
at low energies causing a breakdown of the perturbation principle. Therefore, empirical
models must be used to treat hadron decays in the low energy regime.

2.2 Supersymmetry

There is a consensus among physicists that the SM can not be a complete description
of nature. It has shortcomings on both the experimental and the theoretical side which
can be overcome by possible extensions. The choice of Supersymmetry as a promising
candidate is motivated in the next section, followed by a brief description of the Higgs
sector in the MSSM and its phenomenology.

2.2.1 Motivation

The SM shows an excellent agreement between its prediction of many observables and the
corresponding precision measurements [20]. However, it can not explain all experimental
observations and does not answer all theoretical questions. Three representative deficits
are:

Dark matter
Astrophysical data indicates the existence of non-baryonic, weakly interacting and
neutral matter of unknown composition, so-called Dark Matter. Supersymmetry
increases the number of particles and contains weakly interacting massive parti-
cles (WIMPs) which are favourite dark matter candidates.

Grand unification

Embedding the SM in a more fundamental framework, is theoretically very appeal-
ing. The unification of the symmetry structure of the SM into a larger symmetry
group leads to the formulation of Grand Unified Theories (GUT). Below some en-
ergy scale the generic theory could be broken into the symmetry group of the SM
which is then interpreted as low energy limit. An indication for this is given by the
running couplings which almost meet at a scale of ~ 10'> GeV. The scale depen-
dence is affected by the possible existence of SUSY particles. For masses of SUSY
particles in the range of 1 — 10 TeV an unification of all three coupling constants
at u ~ 10'® GeV is achieved |21].

Hierarchy problem
Higher order loop corrections to the Higgs mass take the form §M% oc A? where A

to absorb divergences and thereby become functions of the renormalisation scale. It can be shown
that higher order corrections scale o log u% with E being a typical energy in the process under
consideration. Choosing an appropriate scale ur ~ E can therefore decrease the impact of higher
order terms. Hence, the coupling constant g(ug) can be interpreted as effective coupling constant
for processes at the energy scale of ug.

10
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is the energy scale up to which the SM is expected to be valid [22]. Putting in the
GUT scale A =~ 10'® GeV where new physics is expected to show up, would require
a severe fine-tuning of the order of (v/10" Ge\/)2 = O (1072%) which seems unnatu-
ral. Supersymmetry could solve this problem as each fermion has a bosonic partner
yielding the same correction but with opposite sign. Therefore, the cancellation of
higher order correction terms would be exact and automatic'2.

2.2.2 Minimal Supersymmetric Standard Model

In a SUSY theory, the symmetry of the SM is extended by a further symmetry be-
tween fermionic and bosonic states which are linked by an operator () and arranged
in super-multiplets. More precisely, ) is a spinor operator which commutes with the
four-momentum operator P* and all generators of the U(1)y ® SU(2);, ® SU(3)¢ sym-
metry but changes the spin. The partners of the leptons and quarks are called sleptons
and squarks respectively while the partners of the gauge and Higgs bosons are named
gauginos and higgsinos.

@ |Fermion) o< |Boson) (2.32)
Q. P*] =0 (2.33)
Q,T.)=[Q,Y1] =[Q,\] =0 (2.34)

It follows from Equation (2.33) that @) also commutes with P*P, and, thus, particles in
the same super-multiplet have the same mass. Since no light SUSY particles have been
observed so far (for instance, no scalar particle with a mass of 512 keV which could be
interpreted as selectron has been discovered), Supersymmetry must be broken at a higher
mass scale Msysy. As the details of the responsible mechanism are unknown, explicitly
SUSY breaking terms are added to the MSSM Lagrangian in a way which avoids the
re-occurrence of the fine-tuning problem (soft Supersymmetry breaking) |23].

In general, Supersymmetry allows terms in the Lagrangian which violates the conser-
vation of the total lepton or baryon number. These terms are not included in the MSSM
as the stability of the proton imposes severe constraints on possible baryon number vio-
lating effects. Instead of formulating an explicit lepton and baryon number symmetry in
the MSSM, one rather introduces the R-parity defined as

PR _ (_1)3(B,L)+25 (235)

which is a multiplicative and conserved quantum number. As the angular momentum
conservation is ensured at every vertex, the product of (—1)? is always equal to +1 for
all involved particles and, therefore, B — L is conserved as well. Furthermore, SM par-
ticles have Pg = +1 while their super-partners have odd parity Pk = —1. As important

12This statement is only true for an exact Supersymmetry which implies that all SM particles and their
supersymmetric partners have the same mass. As no SUSY particles at the electroweak energy scale
have been observed, SUSY must be broken at a scale Mgygy and the corrections remain of the
order M% o apm - M3y which leads to the requirement of Mgysy = O (1 TeV) in order to avoid
a precise fine-tuning.

11
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SM particles super partners
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gauge bosons (S =1) Wt B g8 W23 B g% gauginos (S
Higgs bosons (S =0) Hf HY H; HY H} H° H; HY higgsinos (S =

= [N
N

Table 2.5: Particle content of the MSSM.

implications, SUSY particles must always be produced in pairs and the lightest super-
symmetric particle (LSP) can not decay further and, therefore, provides an attractive
candidate for the non-baryonic dark matter observed in cosmology.

The simplest supersymmetric extension of the SM has the same symmetry group but
requires two Higgs doublets to generate masses for up-type and down-type fermions. The
whole particle content of the MSSM is listed in Table 2.5.

As already stated, the MSSM Higgs sector contains two complex doublets H, and
H,; with hypercharges Y, = —% and Y, = % respectively. Similarly to the SM case, the
MSSM Higgs potential has a stable minimum which breaks the local symmetry. The
expansion around this minimum leads to the parametrisation of the Higgs doublets as

given in Equation (2.36) and yields eight mixed fields:

1 0 » PO 1 +
Huz—(U”Hu“P“), Hd:—(v Hy ) (2.36)
d

. PO
—sin B cos B) (Pg) ’ (2.37)
: -
7 2.38
) (&) 23
cosa  sina [(HY
—sin Cosa) (Hg) ' (2:39)
Breaking the continuous U(1)y ® SU(2);, symmetry generates three mass less Goldstone

bosons which can be identified with G° and G*. Thus, two charged Higgs bosons H*
remain as well as three neutral'® Higgs bosons ¢ = h, H, A of which A is odd under

13For the rest of this work ¢ always refers to any of the neutral MSSM Higgs bosons if not stated
otherwise.

12
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Figure 2.2: The masses of the neutral MSSM Higgs bosons h (green), H (blue) and
A (red) are shown as function of My for tan f§ = 5 (dashed) and tan 5 = 20 (solid).

CP transformation'* while h and H are even. At tree level, the properties of the MSSM
Higgs bosons can be described by two parameters: the mass of the pseudo-scalar Higgs
boson M, and the ratio of the vacuum expectation values tan 8 = v, /v4. The masses of
the other Higgs bosons at tree-level are then given as

MZ = M3 + M, (2.40)
2 _1 2 2 2 2\2 2012 Ana2
My = 5 M3+ M; F1/ (M3 + M2)" —4AM3ZMZ cos? 25| (2.41)
= M, < Mz, (2.42)

where the last statement contradicts with the results of direct Higgs searches performed
by the LEP experiments. It turns out that the upper bound on M) can be shifted to
M, < 135 GeV by including higher order corrections coming from the top quark. The
mass splitting for the three neutral MSSM Higgs bosons is shown in Figure 2.2.

The couplings with the SM particles are modified by functions of the mixing angles «
and £. A summary is given in Table 2.6 which lists the couplings between the MSSM
Higgs bosons and SM particles normalised to the corresponding couplings in the SM.
One observes that the coupling to gauge bosons, which are dominant in the SM due to
the large gauge boson masses, is suppressed in the MSSM or even absent in the case
of the CP odd Higgs boson. On the other hand, the coupling to down-type fermions
is enhanced for large values of tan 3 which opens ¢ — bb and ¢ — 77~ as interesting
search channels for MSSM Higgs bosons.

14CP stands for a combined charge and parity transformation of a process/state.

13
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coupling to up-type fermion down-type fermion gauge boson

h cos v/ sin 8 —sina/ cos 8 sin (8 — «)
H sin a/ sin 3 cos v/ cos 8 cos (B — «)
A cot 3 tan 8 0

Table 2.6: Higgs couplings in the MSSM relative to the SM couplings [16].

In order to describe the MSSM Higgs sector beyond tree level the energy scale of SUSY
breaking Msusy, the gaugino masses at the electroweak scale M, the strength of the
supersymmetric Higgs mixing p, the gluino mass M; and the stop mixing parameter X,
are need in addition. A set of benchmark scenarios is defined to simplify the comparison
of results between different groups and experiments [21]. In the context of this thesis the
mp** scenario is used which is defined by

MSUSY =1 Te\/, (243)
M, = 200 GeV (2.44)
=200 GeV, (2.45)

M; = 800 GeV, (2.46)

X, =2 TeV (2.47)

and maximises the upper bound on mass of the lightest, CP even MSSM Higgs boson to
M, <135 GeV.

14



Chapter 3
The ATLAS Experiment

ATLAS is a particle physics experiment conducted by about 3000 scientists from 38 coun-
tries. The ATLAS detector, installed at the LHC, is designed as a general-purpose de-
tector for high energy particle collisions. The goals of the ATLAS collaboration are
numerous, ranging from testing the SM predictions at high energies over the search for
Higgs bosons to the discovery of New Physics like Supersymmetry, dark matter or addi-
tional dimensions.

In order to meet the requirements for these ambitious aims, a profound understanding
of the detector performance is necessary as well as an extensive knowledge about the
hadron collider itself.

3.1 The Large Hadron Collider

The LHC [25] is currently the world’s largest particle collider located at the border
between France and Switzerland near Geneva. It is installed in a tunnel 100 m under
ground which is 27 km in circumference and was formerly used by the LEP collider.
Using the synchrotron principle the LHC can accelerate either proton or lead ion beams
to very high energies.

The protons are obtained from a hydrogen source and pre-accelerated by the existing
infrastructure of former experiments [26]. The whole accelerator complex is shown in
Figure 3.1. As a first step, protons of 50 MeV are generated by the linear accelerator
LINAC 2 and then fed in the Proton Synchrotron Booster (PSB) which passes them to
the Proton Synchrotron (PS). After being accelerated to an energy of 26 GeV the protons
are forwarded to the Super Proton Synchrotron (SPS) which finally injects the beam into
the main accelerator at an energy of 450 GeV. In the LHC ring, the energy of the protons
is ramped up to a maximum of 7 TeV per beam which results in a centre-of-mass energy
of /s =14 TeV.

In order to bend the counter-rotating beams around the ring, 1232 superconducting
dipole magnets cooled by super-fluid helium are installed in the tunnel. While operating
at a temperature of 1.9 K, they produce a magnetic field of 0.5 — 8.3 T depending on the
beam energy.

The two beams can be brought to collision at the interaction points where the four LHC
experiments ATLAS [27], CMS [28], ALICE [29] and LHCD [30] are located. ATLAS
and CMS are multi-purpose detectors which look for hints of New Physics of various

15
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Figure 3.1: The LHC accelerator complex [31].

kinds whereas ALICE and LHCb have more specialised detector concepts to investigate
specific phenomena. The LHCb experiment intends to measure B meson decays and
CP violation parameters with very high precision searching for answers to the imbalance
between matter and antimatter. The ALICE collaboration focuses on heavy-ion collisions
to examine the quark-gluon-plasma and addresses open questions in QQCD like the source
of hadron masses or the confinement of quarks.

Since the protons are accelerated in cavities by a 400.8 MHz radio frequency, it is not
possible to sustain a continuous proton beam. Therefore, the protons are grouped in
bunches with up to 1.15-10' protons per bunch and 2808 bunches per beam with a
separation in time of 25 ns. The rate N at which a certain process occurs, can be derived
from the cross section o of the studied process and the instantaneous luminosity £ as

- dN
In contrast to the cross section, the instantaneous luminosity depends on machine pa-
rameters and can be adjusted according to the needs of the experiments. New Physics
processes predominantly have cross sections orders of magnitudes smaller compared to
ordinary SM processes. Hence, a high luminosity is needed to reach sensitivity for these
processes. Assuming a Gaussian beam distribution the instantaneous luminosity can be
written in terms of beam parameters as

_ e[

4z, B (3.2)

where n; is the number of bunches per beam, n, the number of protons per bunch, f the
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Figure 3.2: Cross sections and expected event rates for several processes [32].

revolution frequency, ~, the relativistic gamma factor, £, the normalised transverse beam
emittance, §* the beta parameter and F' describes the geometric reduction due to the
crossing angle of both beams at the interaction point. The LHC has been designed for
peak luminosities of £ = 10** cm™2-s~!. In Figure 3.2 the expected cross sections for a
variety of processes and the corresponding event rates are shown for the design value of
Vs =14 TeV. Also, the possible acceptance rates of different trigger levels are indicated
illustrating the challenges for the trigger and data acquisition system which is explained
further in Section 3.2.5.

The LHC started operating in November 2009 and on November the 23rd first proton-
proton collisions at a centre-of-mass energy of 900 GeV were recorded. After a short pe-
riod of further testing and commissioning the beam energy has been increased to 3.5 TeV
and first proton-proton collisions at /s = 7 TeV were achieved on March the 30**, 2010.
By the end of the 2011 data taking period, L = 5.25 fb~" of data for proton-proton col-
lisions at /s = 7 TeV with instantaneous luminosities up to £ = 3.6 - 10* cm—2s™! were
recorded by the ATLAS detector.

3.2 The ATLAS Detector

The ATLAS detector [27] is a multi-purpose detector which follows a hermetic detector
design. In order to cover the broad physics programme of the ATLAS collaboration, it
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Figure 3.3: The ATLAS detector [27].

needs an outstanding performance in terms of neutral and charged particle identification
as well as an excellent energy resolution. The unprecedented energy and collision rate
at the LHC impose further restrictions on the technical design of the detector. A sketch
of the ATLAS detector is displayed in Figure 3.3. Tracks of charged particles are recon-
structed using information from the Inner Detector (ID) which is placed in the centre of
the detector. It is surrounded by a superconducting solenoid providing a 2 T magnetic
field. The Electromagnetic Calorimeter (ECAL) is responsible for measuring the energy
of electrons and photons whereas hadrons deposit most of their energy in the Hadronic
Calorimeter (HCAL). The Muon Spectrometer (MS) is the outermost sub-detector con-
taining an air-core toroid magnet system with a strong bending power for measuring the
momenta of muons with high precision.

The next section introduces the ATLAS coordinate system and some nomenclature
which is useful for describing the kinematics of particles. Afterwards the various detector
subsystems are described in more detail.

3.2.1 ATLAS Coordinate System

A right-handed coordinate system is used with the z-axis coinciding with the beam pipe
where z = 0 is the nominal interaction point, the x-axis pointing from the interaction
point to the centre of the LHC ring and the positive y-axis is pointing upwards. The
azimuthal angle ¢ is measured in the z-y-plane which is perpendicular to the beam axis.
The polar angle 6 is defined with respect to the beam axis (cf. Figure 3.4). In hadron
colliders the pseudorapidity 7 defined as

0
n = —Intan 5 (3.3)
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3.2 The ATLAS Detector

Figure 3.4: The ATLAS coordinate system.

is a widespread variable because it provides a more natural description of QCD processes.
The angular separation between two objects is given by the quantity

AR = \/(an)? + (A0)”. (3.4)

The projection of quantities on the transverse plane is denoted by a subscript t. Since
the magnetic field in the Inner Detector is parallel to the the beam direction, the track
of a charged particle is a helix whose radius is related to the transverse momentum pr
of the particle and is approximately given by

pr
== 3.5

T (35)
where B is the nominal value of the magnetic field and ¢ the absolute value of the
particle’s charge. The kinematics of a particle can be described by the three quantities
pr, 1 and ¢. Some useful relations and conversions can be found in Appendix B.

3.2.2 The Inner Detector

The cylindrical inner detector with a length of 7 m and a diameter of 2.3 m is the inner-
most part of the ATLAS detector covering pseudorapidities up to || < 2.5. It is within
a solenoidal magnetic field of 2 T and is able to reconstruct tracks of charged particles
above a pr threshold of 100 MeV.

Consisting of three independent and complementary subsystems it has robust pat-
tern recognition capabilities and provides essential information for track reconstruction.
A precise description of particle tracks is crucial for an accurate momentum measure-
ment and a good vertex identification. Especially, the analyses of processes involving
b-quarks profit from the ability to resolve secondary vertices which are caused by de-
cays of long-lived B-mesons. These needs ask for high-granular precision detectors like
semiconducting pixel or strip detectors. However, this solution contradicts the require-
ment of having a minimal amount of material in front of the calorimeters to minimise
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Figure 3.5: The Inner Detector [27].

the distortion of the energy measurement. Therefore, a compromise is chosen and the
semiconducting technology is complemented by transition radiation trackers which have
much less material per point, a lower cost and provide additional information for elec-
tron identification in the range || < 2.0. The less precise measurement in the Transition
Radiation Trackers (TRT) is compensated by the larger number of hits expected per
track. The relative precision of the different components are matched such that no single
sub-detector dominates the momentum resolution. Figure 3.5 shows the layout of the
Inner Detector.

The Pixel Detector

The pixel detector consists of 3 layers in the barrel region and 5 disks in both end-cap
regions. The detector part closest to the interaction point is the B-layer at a radius
of &~ 5 cm covering a range in pseudorapidity up to || < 2.5. Due to its exposure to
high ionising radiation, it suffers from radiation damage and may need to be replaced
to sustain a high tracking performance over the whole lifetime of the experiment. The
remaining two layers are located at radii of 9 cm and 13 cm and span a range of |n| < 1.7.
Each end-cap module hosts 5 disks with pixel detectors providing additional space points
in the range 1.7 < |n| < 2.5. The intrinsic spatial resolution achieved by the barrel layers
is 115 wm in 2-direction and 10 um in the transverse plane.

The Semiconductor Tracker

The semiconducting tracking (SCT) system comprises four layers, made out of two silicon
strip layers with a stereo angle of 40 mrad, in the barrel and nine detector wheels in the
end-cap regions. The layers in the barrel are placed at intermediate radii between 30 cm
and 52 cm covering the n range up to £1.4. In the barrel region four space points per
track are expected, each one with a resolution of 17 um in R¢ and 580 um in z. The
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3.2 The ATLAS Detector

same precision is achieved by the SCT modules in the end-cap regions which cover the
pseudorapidities between 1.4 < |n| < 2.5. The rather large uncertainty on the z-position
is caused by the small stereo angle between adjacent strip layers. The mechanic design
and the positioning of the read-out electronics inhibit larger stereo angles and, hence, a
better resolution in z direction.

The Transition Radiation Tracker

The TRT system consists of straw tubes filled with a gas-mixture containing Xenon and
is interleaved with radiator components. A charged particle crossing a straw tube creates
ionised atoms along its track which are accelerated by a high voltage and collected at
the electrodes. Photons arising from transition radiation are absorbed by the Xenon gas
and yield a typically larger signal. By supporting two different thresholds the readout
electronic can distinguish between both signals. Therefore, it contributes to the track
reconstruction as well as to the electron identification.

The tubes have a diameter of 4 mm resulting in total active detector volume of 3 m3.
They are each equipped with a 30 um thick gold sense wire which is divided in the middle
to limit the occupancy at high instantaneous luminosities.

In the barrel region |n| < 0.7 the straws are aligned in parallel to the beam axis at radii
between 56 cm and 107 cm with readout electronics at both ends while in the end-cap
region the tubes are oriented axially with only one readout chip at the outer radius. The
end-cap modules extend the coverage up to |n| < 2.0. The resolution of the drift-time
measurement is about 130 um in R¢ per straw and on average 36 hits per track are
expected which results in an expected total uncertainty of about 25 um in R¢. The
spacing of the straw tubes has been optimised for tracking at the expense of electron
identification which would benefit from bigger radiator components. However, the TRT
system provides a good pattern recognition by its continuous tracking measurements at
larger radii and allows a discrimination between electron and hadron signatures.

3.2.3 The Calorimetry System

The calorimetry system is designed to provide an accurate energy measurement for elec-
trons, photons and hadrons. A close to full coverage is desirable for a good missing
transverse energy (MET) performance but due to technical limitations (e.g. a hole for
the beam pipe is needed) a hermetic energy measurement can not be achieved. However,
the calorimeters cover a large fraction of the solid angle and a good MET resolution is
expected. In order to use information from shower shapes to distinguish between different
particle types, a high granularity of the calorimeters is beneficial.

The calorimetry system is divided into two subsystems: the electromagnetic calorime-
ter and the hadronic calorimeter. The overall layout of the calorimetry system is shown
in Figure 3.6 and the two different detector components are explained further in the
following paragraphs.
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Figure 3.6: The ATLAS calorimetry system [27].

The Electromagnetic Calorimeter

The electromagnetic (EM) calorimetry consists of three parts: the barrel calorimeter cov-
ering |n| < 1.475 and two end-cap calorimeters extending the coverage to 1.35 < |n| < 3.2.
An accordion shaped sampling geometry with lead as absorber and liquid argon as sen-
sitive component is used to detect electromagnetically interacting particles and provides
a full coverage in ¢. Due to the special accordion geometry, information about the lon-
gitudinal evolution of electromagnetic showers can be assessed. In the region |n| < 1.8,
a presampler detector is set up to correct for energy losses upstream the calorimeter.

Over the central region (|n| < 2.5) the EM calorimeter is segmented into three longi-
tudinal samplings as shown in Figure 3.7(a). The first sampling has a thickness of ~ 6
radiation lengths and serves as preshower detector enhancing the particle identification.
In addition, its narrow strips provide a good resolution of An = 0.003 and contribute
to a precise position measurement. The middle section consists of square towers with a
granularity of An x A¢ = 0.025 x 0.025 whereas the third sampling has a slightly worse
resolution of An = 0.05. The inner wheel in the end-cap calorimeter consists of only two
samplings with a coarser granularity of An x A¢ = 0.1 x 0.1 which is sufficient to satisfy
the physics requirements in terms of jet reconstruction and missing transverse energy
measurement. The total thickness of the electromagnetic calorimeter in terms of radia-
tion lengths X is at least 24 in the barrel section and 26 in the end-cap regions. The
transition region from the barrel to the end-cap section at 1.37 < |n| < 1.52 is excluded
from physics measurements due to the large amount of material equivalent to 7X; in
front of the electromagnetic calorimeters (cf. Figure 3.7(b)).
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Figure 3.7: The electromagnetic calorimeter |27].

The Hadronic Calorimeter

The hadronic calorimetry system covers pseudorapidities up to |n| < 4.9. The varying ra-
diation conditions over the 7-range are taken into account by the usage of different detec-
tor technologies. In the region |n| < 1.7, which comprises the barrel and extended barrel
components, a sampling concept with steel as absorber and scintillating tiles as active
medium is used. The hadronic end-cap (HEC) and the forward calorimeter (FCAL), cov-
ering the range 1.5 < |n| < 3.2 and 3.1 < |n| < 4.9 respectively, suffer from a much higher
radiation flux. Therefore, the intrinsically radiation hard liquid argon (LLAr) technology is
employed. The hadronic calorimeters are segmented longitudinally into three samplings
except for the HEC which has four samplings. The granularity is Anp x A¢ = 0.1 x 0.1
in the region |n| < 2.5 and An x A¢ = 0.2 x 0.2 in the region beyond the tracking ac-
ceptance.

An important aspect in the design of the hadronic calorimetry is a sufficiently large
thickness to minimise the punch-through of high energetic particles into the muon sys-
tem. With a thickness corresponding to 10 interaction lengths A, a good containment of
hadronic showers is ensured and the rate of punch-through events is reduced well below
the irreducible level of prompt muons or muons originating from decays in flight.

3.2.4 The Muon Spectrometer

The muon spectrometer is the outermost part of the ATLAS detector and is designed
to provide an efficient muon identification combined with a precise momentum measure-
ment. Whereas electron, photons and hadrons are absorbed by the calorimetry system,
muons with a ppt > 3 GeV can penetrate the detector and reach the muon spectrome-
ter. This behaviour is based on the long lifetime of 7, = 2.2 pus 13|, a higher mass of
m,, = 105.6 MeV, which reduces the energy loss due to bremsstrahlung, and the minimum
ionising characteristics.

The muon spectrometer covers the pseudorapidity range up to |n| < 2.7 and uses a
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Figure 3.8: Layout of the ATLAS muon spectrometer in the R — z plane [27].

toroidal magnetic field for momentum measurements. The magnetic field is provided by
large barrel toroids in the range |n| < 1.4 and two end-cap magnets for 1.6 < |n| < 2.7. In
the transition region of 1.4 < |n| < 1.6 charged particles are deflected by a combination
of both fields.

The spectrometer is instrumented with different types of chambers for precision track-
ing and triggering. These chambers are arranged in three cylindrical layers around the
beam axis in the barrel section as shown in Figure 3.8. In the transition and end-cap
region the chambers are installed in planes perpendicular to the beam axis.

Since muons with a high pr are of special interest for the ATLAS physics programme,
information from the muon spectrometer is used for triggering events. This role imposes
further restriction on the design of the chambers because a very short response time is
crucial for an efficient trigger. Therefore, different kinds of chambers are used: Monitored
Drift Tubes (MDT) and Cathode Strip Chambers (CSC) measure precisely track variables
whereas Resistive Plate Chambers (RPC) and Thin Gas Chambers (TGC) with intrinsic
high time resolution provide information for the trigger system.

The desired accuracy for the momentum measurement up to pr ~ 1 TeV requires an
alignment of the muon chambers with a precision of about 30 um as well as an accurate
knowledge of the magnetic field. Therefore, information from 12000 optical precision
sensors and 1800 HALL sensors is used for the correction of the momentum and track
measurement.

3.2.5 The ATLAS Trigger and Data Acquisition System

The bunch spacing of 25 ns corresponds to a nominal collision rate of 40 MHz which has
to be reduced by more than five orders of magnitude to reach the possible storage rate
of 200 Hz. As the ATLAS physics goals comprise the search for Higgs bosons and BSM
processes whose typical cross sections are many orders of magnitude smaller than those
of QCD processes (cf. Figure 3.2), an extremely efficient trigger system is needed for
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selecting those interesting events'. The trigger system is highly configurable in terms of
combinations of different requirements and algorithms at all levels which are referred to
as trigger chains. In addition, prescale factors® can be introduced to limit the rate of
trigger chains with a very high occurrence.

In order to cope with the high rates, the ATLAS trigger consists of three consecutive
levels, each one refining the decision made by the previous level and applying additional
selection criteria if needed. Furthermore, an “early abort” approach is chosen which
means that one event is rejected as soon as all active trigger chains stopped.

The first trigger level (L1 trigger) accepts events with a rate of 75 kHz and relies solely
on information from the calorimeters and the muon spectrometer with a reduced granu-
larity. The L1 trigger looks for signatures from interesting objects like electrons, photons,
jets or large missing transverse or total energy and defines regions of interest (Rol) which
contain the n and ¢ coordinates of the detected feature as well as a threshold (e.g. energy
or pr). In order to avoid a large dead time fraction, the readout channels are equipped
with circular buffers retaining the information long enough to accommodate the L1 trig-
ger latency of 2.5 us. In case an event is accepted by the L1 trigger, the event data is
transferred to Readout Buffers (ROBs) where it is temporarily stored and available for
the next stages of the trigger system.

The level 2 (L2) trigger is seeded by the Rol information and makes use of the full
granularity and precision of the data inside the Rol. The required detector information,
which has to be readout, corresponds to about 2% of the total event data. This reduced
data transfer allows an average 1.2 processing time of 40 ms. L2 selection criteria further
reduce the event rate to 3.5 kHz at which events are passed to the final event filter (EF).
During the transition from the L2 stage to the event filter the event builder is invoked
which collects the data from the Readout System (ROS) and assembles a formatted single
event data structure.

The event filter benefits from offline analysis algorithms, the latest calibrations, align-
ment measurements and the current magnetic field map to improve its selection efficiency.
After an average processing time of 4 s the data is transferred to a permanent storage
and the final event acceptance rate is roughly 200 Hz which is limited by the available
bandwidth of 300 MB/s.

3.2.6 Luminosity Measurement

In addition to the main ATLAS detector, three additional detector systems are installed
in the forward region. Two of them, LUCID (LUminosity measurement using Cerenkov
Integrating Detector) and ALFA (Absolute Luminosity For ATLAS), are devoted to lu-
minosity measurements whereas the Zero-Degree-Calorimeter (ZDC) is used to determine
the centrality in heavy ion collisions. As it can be seen from Equation (3.1), the luminos-

'Even though it would be highly desirable, it is not possible to disentangle different proton-proton
interactions taking place in one bunch crossing. Therefore, the term event always refers to total
information read out from the detector after a positive trigger decision.

2 A prescale factor is a positive integer number N which specifies that only 1 out of N events accepted
by the trigger is actually kept.
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ity is a crucial ingredient for relating the number of observed events to a cross section.
Therefore, a precise measurement of the luminosity is essential and the two dedicated
detectors are explained in the following two paragraphs.

LUCID

The two LUCID detectors are located at z = +17 m with respect to the nominal inter-
action point and use a Cerenkov light based technology to perform relative luminosity
measurements. During the initial phase luminosity calculations from the LHC beam pa-
rameters gave a relative uncertainty of ~ 25%. Dedicated calibration measurements with
the ALFA detector as well as the measurement of physics processes, such as W and Z
boson decays, will improve the measurement to an accuracy of about 5%.

The major task of LUCID is the detection of inelastic proton-proton collision to mea-
sure the integrated luminosity and provide an online luminosity monitoring. At the LHC
design luminosity multiple proton-proton interactions per bunch crossing will occur and
the exact number is necessary to calculate the luminosity. LUCID is based on the con-
cept that the number of detected particles is proportional to the number of proton-proton
interactions.

ALFA

The ALFA detectors use scintillating fibres in Roman pots® at z = 4240 m to detect pro-
tons. The optical theorem relates the elastic scattering amplitude in forward direction
with the total cross section and, therefore, can be used in a direct luminosity measure-
ment. Measuring the number of protons at extremely small angles requires special beam
conditions which are established in calibration runs. Furthermore, the location far away
from the interaction point in combination with the Roman pot technique allows to mea-
sure protons at scattering angles of 3 prad.

3.3 Event Generation

Simulated pseudo-data is vital for assessing the discovery potential of new physics pro-
cesses. Additionally, the detector performance can be evaluated by comparing the mea-
surement of well-known SM processes to their expectation. The generation of pseudo-data
can be divided into the following steps:

Event generation
A variety of event generators based on Monte Carlo (MC) techniques is available.
These generators are able to model particle interactions and produce pseudo-data
samples with sufficiently large statistics. This modelling includes:

3 Roman pots are cylindrical devices attached directly to the beam pipe. A thin window separates the
detector inside the pot from the vacuum system of the beam pipe. Therefore, it is possible to perform
measurements very close to the actual beam.
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e description of the partons in the initial state protons by parton density func-
tions (PDF),

e definition of the hard* interaction between one parton from each proton which
is the interaction of interest and can be calculated to a fixed order of the
coupling constants in perturbation theory,

e decays of short-living resonances,

e corrections due to bremsstrahlung radiation in the initial and final state,
e interactions of the other partons at lower energy scales®,

e description of beam remnants,

e phenomenological models for the hadronisation process.

The generators implement different methods to accomplish this complex task. The
output of an event generator is a list of all produced particles with their properties
as charge, spin and Lorentz vector®.

Detector simulation
The final state particles are handed to the detector simulation which uses GEANT4
to simulate the detector response [33]. Therefore, the whole geometry of the ATLAS
detector including all material properties has to be known and constant efforts
for improving the detector description are ongoing. Due to the huge number of
interactions between final state or secondary particles with the detector material,
this step takes most of the time during the event simulation work flow.

Pile-up

The effect of overlaying detector signals which are not coming from the same proton-
proton interaction is called pile-up. This effect can occur due to more than one
proton-proton interaction during one bunch crossing (in-time pile-up) or proton-
proton interactions in subsequent bunch crossings (out-of-time pile-up). The former
is mainly driven by the instantaneous luminosity whereas the latter also depends
on the bunch train structure’. In order to simulate these effects, several generated
events can be superimposed.

Digitalisation
The expected output from the readout electronics, corresponding to the detector
response of the merged pile-up and signal events, is simulated. The result is equiv-
alent to the expected output of a real data event.

Object reconstruction
Using the digital detector response, reconstruction algorithms condense information

4The hard interaction is used to describe the process with the largest momentum transfer.

SParton interactions at lower energy scales than the hard interaction are called underlying event.

6The output from the event generator is sometimes called MC' truth information.

“The proton bunches are grouped into trains of a certain length followed by empty, meaning not filled,
bunch positions. This structure is given by the LHC operation and evolves over time.
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and create analysis-oriented data structures. During this step energy deposits in
adjacent calorimeter cells are grouped into clusters, hits in the tracking system are
associated to tracks and physics object candidates are formed. This step is equal
for data and simulated events and the object reconstruction is described in more
detail in Section 3.4.

In order to enrich the statistics of simulated MC samples® in certain regions of the phase
space, cuts on kinematic variables are applied at generator level which leads to a generator
filter efficiency €. The number Nyc of simulated events of a process with a cross section o
corresponds to an equivalent integrated luminosity

Nuc

Lyic = . 3.6
o = 2 (3

To compare these events with real data corresponding to an integrated luminosity L, the
simulation has to be scaled by a factor

L _L-U-e

w _— g
Lyic Nuic

(3.7)

3.3.1 Monte Carlo Generators and Simulated Data Sets

A large variety of different MC generators exist ranging from multi-purpose generators
to specialised tools for individual processes. In the following, the generators used for this
study are briefly mentioned. For details on the various MC generators, please refer to
the given references because the discussion of technical details is beyond the scope of this
work.

Electroweak processes have either been simulated with the PYTHIA v6.423 [34] or the
ALPGEN v2.13 [35] generator while processes including top quarks have been generated
with MCQNLO v3.3 [36, 37]. HERWIG v6.510 [38] have been used to simulate di-
boson processes. The production of neutral MSSM Higgs bosons have been generated by
POWHEG [39)] for the gluon-fusion process and by SHERPA v1.2.3 [10] for the b-associated
production®. In the case of the POWHEG generator, a SM like Higgs boson is generated
with its width set to the MSSM expectation. Therefore, the CP properties of the neutral
MSSM Higgs boson A are not reflected in these samples. This is a valid approach since
the CP properties are expected to play a subordinate role for the discovery of the Higgs
bosons.

ALPGEN, MC@NLO, HERWIG and POWHEG do not include a parton shower model.
Therefore, the produced samples have been interfaced to HERWIG and JiIMMY v4.31 [11],
a generator for multi-parton interactions, except for the POWHEG samples which use the
parton shower algorithm of PYTHIA.

The ALPGEN samples employ the CTEQG6L1 [12] set of PDFs, SHERPA, MC@NLO
and POWHEG use the CTEQ6.6 |13] PDFs while PyTHIA and HERWIG samples rely on

8The term MC samples refers to a collection of simulated events and is derived from the fact that most
generators rely on MC techniques during the event generation step.
9The different production mechanisms are explained in more detail in Section 4.2.
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the MRST2007LO* [11] set of PDFs. JiMMY uses the AUET1 [15] set of parameters
to simulate the underlying event while PYTHIA deploys the AMBT1 [16] set of tuned
parameters.

Finally, the decays of tau leptons are modelled by TAuOLA [17].

3.4 Object Reconstruction and Identification

The purpose of the ATLAS detector is the recognition and identification of particles and
the measurement of their kinematic properties. A priori, particles can not be measured
directly but manifest themselves through interactions with the detector material. De-
pending on the scope of the experiment and the particles of interest, an appropriate
detector concept has to be chosen to extract a maximum amount of information.

The ATLAS detector design, as outlined in Section 3.2, ensures good object recon-
struction and identification capabilities. Considering the different lifetimes, only a few
species of the particles produced in the collision will reach the sensitive detector compo-
nents. These are electrons, muons and photons as well as long-living or stable hadrons
like charged pions, kaons, protons or neutrons. Therefore, the reconstruction and identi-
fication algorithms have been optimised for a limited number of particle flavours. Only
particles which do not interact via the strong or electromagnetic force, can pass the de-
tector without leaving a signature. In the SM this applies only to neutrinos but possible
extensions contain other particles with a similar behaviour and, therefore, need inductive
methods to infer the presence of those particles.

The object reconstruction and identification is performed in two steps. First, informa-
tion from basic detector units like calorimeter cells or pixels in the tracking system are
gathered and evaluated. Adjacent calorimeter cells are grouped into energy clusters using
clustering algorithms and hits in the tracking system are combined to tracks by advanced
fitting procedures. Then, identification algorithms make use of the condensed informa-
tion to perform hypothesis tests and classify the object under investigation. Given a
signature in the detector, the identification algorithms can only state a probability that
this signature is caused by a certain particle type'’. In order to meet the needs of various
physics analyses which may benefit from different background rejection rates and identi-
fication efficiencies, a couple of working points for object identifications are supported!®.
To avoid confusion between real physics objects and objects classified by an identification
algorithm to be of a certain kind, the latter are referred to as candidates.

For this study the charged leptons play an important role and their reconstruction and
identification algorithms are briefly reviewed in the next paragraphs. The reconstruction
of hadronic showers as jets is of further interest as well as the concept of missing transverse
energy. Both topics are also explained in the remainder of this chapter.

10The probability of an object being classified correctly by an identification algorithm is called iden-
tification efficiency and is always connected to a fake rate which is the probability of mistakenly
accepting an object of wrong type.

" These working points are usually labelled as loose, medium and tight and correspond (in this order)
to decreasing fake rates and identification efficiencies.
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electrons muons
reconstruction efficiency ~ 99% ~ 94% (STACO combined)
identification efficiency 71.6% (tight) 87.1%
background rejection 1.4-10° (tight) 250

energy /momentum resolution 0.56% & 9% o 3.75% e 23—?’ @ 0.024% - pr

Table 3.1: Examples for reconstruction and identification efficiencies with corre-
sponding background rejections for electron and muon reconstruction/identification
algorithms together with obtained relative precision of the energy/momentum mea-
surement (E and pr always in GeV) [19-51].

3.4.1 Electrons

The signature of an electron in the detector is characterised by a track pointing to an
energy deposit in the electromagnetic calorimeter’?. A “sliding-window” algorithm [15],
which uses a window size of 3x5 cells in 7 and ¢, finds electromagnetic energy clusters in
the second compartment of the EM calorimeter containing a local energy maximum [19)].
Only clusters with energies above 2.5 GeV are kept and considered in the track matching
step. Reconstructed tracks are extrapolated to the second layer of the EM calorimeter
taking into account the effect of energy losses due to bremsstrahlung. The matching
is based on the AR between the extrapolated track and the cluster position which is
required to be below a certain threshold!®. An electron candidate is built if at least one
track is matched to the cluster. Finally, several corrections to the reconstructed cluster
energy are applied and the four-momentum vector is built using additional information
from the best matched track.

Electron identification algorithms rely on calorimeter, tracking and combined calorime-
ter/tracking variables to classify the electron candidates. The standard algorithm uses
simple cuts on these variables which have been optimised for three different background
rejection rates. As an example, the electron identification efficiency along with the back-
ground rejection'* for the tight selection is given in Table 3.1.

The loose identification imposes cuts on the energy leakage into the hadronic calorime-
ter and on the shape of the electromagnetic shower. It provides excellent electron iden-
tification efficiencies but low background rejections.

The medium selection additionally requires better track quality and utilises information
from the first layer of the EM calorimeter. Requiring the track to be reconstructed from
at least one hit in the pixel detector and at least seven hits in pixel and SCT tracking
system allows for tightening the matching criteria to the cluster. Furthermore, electron

12There are dedicated identification algorithms for electrons outside the tracking acceptance (|n| > 2.47)
which are not discussed here.

BFor tracks without any hits in silicon tracker, only a comparison of the ¢ coordinates is done due to
the limited accuracy of the measured 7 coordinate in the TRT system.

14 A background rejection of R means that one out of R background objects is mistakenly identified as
electron candidate.
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candidates coming from photon conversions are efficiently rejected as they usually have
no hits in the pixel system. In order to reduce the background originating from en-
ergy depositions of 7¥ particles one can benefit from the higher granularity in the first
compartment of the EM calorimeter. 7 — v decays produce two close-by energy max-
ima and, therefore, can be vetoed by looking for a second local energy maximum in the
vicinity of the original cluster.

The highest rejection power is achieved by the tight selection criteria which have even
stricter requirements on the track quality and the matching itself. Additionally, particle
identification information from the TRT system is used to reject charged hadrons and
electron candidates assigned to a photon conversion vertex are discarded. The ratio of the
cluster energy to the track momentum is tested for the hypothesis of being an electron.

3.4.2 Muons

ATLAS has two competitive families of muon reconstruction algorithms called STACO
and MulD. For this study the STACO family is used and the associated algorithms are
explained in the remainder of this section.

The reconstruction and identification of muon candidates is mainly based on tracking
information. The MuonBoy algorithm is used for pattern recognition and track recon-
struction in the muon spectrometer and performs the following steps:

1. identification of regions of activity (ROA),
2. reconstruction of local segments in each muon station within the ROA,

3. forming muon track candidates by combining segments of different stations which
requires at least two segments in different muon stations,

4. performing a global track fit on all muon track candidates in the muon spectrometer
using the individual hit information.

For the reconstruction of muon candidates multiple strategies are pursued:

Standalone: Tracks reconstructed in the muon spectrometer are extrapolated to the
beam pipe accounting for multiple scattering and energy losses in the upstream
material. Standalone muons have the advantage of a larger coverage of |n| < 2.7
compared to combined muons. However, they suffer from efficiency degradation in
poorly equipped regions at n ~ 0 and |n| &~ 1.2 where no independent momentum
measurement is possible. In addition, very low momentum muons with pr < 3 GeV
are difficult to reconstruct because they do not reach the outermost part of the de-
tector. Muons produced in the calorimeter by pion or kaon decays are considered
as background by most physics analyses but are likely to be reconstructed as stan-
dalone muon candidates.

Combined: Combined muon candidates are found by matching standalone muon can-
didates to nearby tracks in the inner detector. The x2 ., describes the quality of
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3.4 Object Reconstruction and Identification

the match and is used to decide which combinations of inner detector tracks and
standalone muons are kept. Both measurements are statistically combined using
their covariance matrices. Combined muon candidates have the highest purity but
they are restricted to the tracking acceptance and are subject to the same efficiency
degradation as the standalone muons.

Segment tagged: To resolve the efficiency losses of the standalone algorithm and
to increase the reconstruction efficiency for low pr muons, the segment tagging
algorithm starts from inner detector tracks and looks for a matching segment in
the innermost stations of the muon spectrometer. If the segment is sufficiently close
to the predicted track position, the inner detector track is interpreted as segment
tagged muon candidate.

Calorimeter tagged: Dedicated algorithms can infer the presence of a muon from its
minimum ionising signature in the calorimeter. This approach is not considered in
this study.

Similarly to the electron case, various quality levels are defined to provide different work-
ing points for the physics analyses. Of major interest for this study are tight muon
candidates which are either combined muon candidates or segment tagged muon can-
didates with at least 2 segments in the muon spectrometer. The reconstruction and
identification efficiency for this working point are given in Table 3.1.

3.4.3 Jets

Proton-proton collision may produce one or more quarks or gluons in the final state.
Due to the colour confinement in QCD which is explained in Section 2.1.3, these parti-
cles hadronise and create a multitude of neutral and charged hadrons. These ensembles
of particles are collimated in space and referred to as hadronic jets. Close-by tracks
and focused energy depositions in the calorimeter system with a significant fraction in
the hadronic calorimeter are characteristic features of jets. Gathering the signatures of
all hadrons coming from the same outgoing parton and combining this information in
a reconstructed jet object is the primary goal of jet reconstruction algorithms. These
are either seeded by tracking information or energy deposits patterns. The former is
insensitive to the neutral components of a jet and not considered in this analysis. Re-
construction algorithms starting from calorimeter information differ in their strategy of
finding energy clusters associated to a jet and the energy calibration scheme. In this
study, AntiKt4TopoEM jets are used and the related algorithm is outlined in the remain-
der of this paragraph.

Energy depositions in calorimeter cells are grouped into topological clusters by starting
from a cell with a signal to noise ratio I" above a threshold of I' > 4. All adjacent cells are
collected in the cluster and neighbours of those are only included if they fulfil another
signal to noise criteria of I' > 2. Finally, a ring of guard cells with I' > 0 is added to
the cluster. A negative signal is possible due to noise and pile-up corrections. These
initial clusters are analysed for local maxima by splitting algorithms and further divided
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if maxima are found. The prepared clusters are interpreted as mass less pseudo-particles
whose four-momenta are reconstructed from the cluster energies and the direction given
by the energy weighted barycentre of the clusters. Afterwards, they are handed over
to jet finding algorithms which implement different prescriptions how these objects are
combined into jets.

The AntiKt4 algorithm [52, 53] uses an ordering parameter R in the inverse momentum
space to merge energy clusters into jets. The ordering parameter R is the only free
parameter of the algorithm and allows for controlling the cone size of reconstructed jets.
In the default configuration, the value R = 0.4 is chosen. The AntiKt algorithm ensures
that all input objects end up in exactly one jet and that the theoretical requirements of
infrared and collinear safety'® are met.

Another experimentally important point is the energy calibration of the jets recon-
structed. Interactions of hadrons with the calorimeter can either be of electromagnetic
or hadronic nature. As the detector response is different for both kind of interactions,
dedicated calibration schemes are needed. By default, the signal of calorimeter cells is
interpreted with the electromagnetic calibration. Corrections can be applied on the level
of reconstructed cluster objects before these are given to the jet finding algorithms or
at the level of already reconstructed jets. The latter method modifies the energies of all
cells associated to a jet by correction factors which depend on the position of the cell
and the cell signal density. This approach is applied in the AntiKt4TopoEM algorithm.
An overall Jet Energy Scale (JES) correction accounting for pile-up effects, noise in the
calorimeter and algorithm effects is applied on top of that.

3.4.4 Missing Transverse Energy

At hadron colliders, the longitudinal momentum fractions carried by the colliding par-
tons are unknown and so is the total momentum of the centre-of-mass system. Therefore,
the conservation of momentum can not be employed for constraining momenta of unde-
tectable particles. However, the transverse momenta of the incoming partons can be
neglected and thus a momentum conservation in the transverse plane can be formulated
leading to the following definition of the missing transverse momentum:

Pz miss = — Zp:p,z s (38)
Py miss = — Zpy,i (39)

where the sums go over all produced visible particles. The momentum of a particle and
its transverse component can only be measured by the tracking system in ATLAS which
has a limited coverage up to |n| < 2.5. Because a close to full coverage is desirable for

15A light quark with energy FE, can radiate a gluon with an energy FE, at an angle 6 correspond-
ing to the interaction ¢ — qg. The propagator of the outgoing light quark is proportional to
(EgEq (1 —cos 6))~" which is divergent for Ey, — 0 (infrared divergence) and § — 0 (collinear di-
vergence). Therefore, the radiation of a soft and/or collinear gluon should not spoil the performance
of the jet reconstruction algorithms.
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a good performance of the missing transverse momentum measurement, ATLAS uses its
calorimeter systems which have a larger coverage in 7 to measure the Missing Transverse
Energy. Even though energy is a scalar quantity, a transverse energy together with its
components can be defined according to

E
Er = 3.10
T COShn ) ( )
E, = FEycos¢, (3.11)
E,=Eysing. (3.12)
The EﬁTymiss is then defined as
ET,miss == - Z ET,i (313)

where the sum goes over all produced particles.

In the large energy limit, when the masses of individual particles are negligible com-
pared to their energies, the EﬁTvmiSS becomes equivalent to the missing transverse momen-
tum. ATLAS considers an object-based and a cell-based approach for reconstructing the
missing transverse energy. The former benefits from a correct energy calibration of all
reconstructed and classified objects. As the object-based approach was still under inves-
tigation at the beginning of this study, the cell-based ETmiSS reconstruction algorithm is
used which calculates EﬁTﬁmiSS according to

ET,miss - _)%‘a,uigiss + E_"f[‘i}r;(l)iss + E_?’lf/[,umolrsls : (314)
The first term describes the energy contributions from all reconstructed and calibrated!®
topological clusters in the calorimeters. Due to the thickness of the cryostat between the
electromagnetic and hadronic calorimeter in the barrel section which corresponds to half
an interaction length, hadronic showers can loose part of their energy. The second term
in (3.14) accounts for these losses by comparing the energy depositions in the last layer of
the electromagnetic calorimeter with those in the first layer of the hadronic calorimeter.
Contributions from muons are treated separately as they deposit only a small fraction of
their energy in the calorimeters. The transverse energy of reconstructed muon candidates
is calculated from its measured momentum. In order to avoid a double counting of
muon contributions, the energy deposits along the direction of a track associated to
a reconstructed muon candidate are subtracted as these are already included in the
calorimeter term.

16The calibration depends once more on the cell signal density and information about the shower shape
to distinguish energy deposits from electromagnetic and hadronic interactions.
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Chapter 4

Event Topology

As the event topology is very similar for pp — v*/Z — 777~ and pp — ¢ — 777~ pro-
cesses', the common kinematic properties are discussed in this chapter. Other processes,
which yield the same signature, are also mentioned as they constitute the background for
both signal processes. In addition, the decay of tau leptons is briefly reviewed together
with possible methods for retrieving information about the invariant mass of the di-tau
systermn.

4.1 The Process pp = ~¥*/Z — 77~

Since the gauge fields A* and Z* have the same quantum numbers, the related gauge
bosons, the photon v and the Z boson, differ only in their rest mass and their cou-
pling structure to fermions. This analysis is not sensitive to the latter and can there-
fore, only rely on the different masses to distinguish the processes pp — Z — 77~ and
pp — v* — 777~. However, either gauge boson is an intermediate particle which does
not need to be on-shell?2. Consequently, it is not possible to disentangle the contribu-
tions coming from an off-shell photon, labelled +*, and the Z boson itself. To make a
well-defined statement, the cross section for the inclusive process pp — v*/Z — 777 re-
stricted to the mass range of the intermediate vector boson?® of 66 GeV < m,, < 116 GeV
is measured. In the following sections, this ambiguity is only stated explicitly in Feynman
diagrams and where otherwise confusion may occur.

Possible tree-level and next-to-leading order production processes for the Z boson are
shown in Figure 4.1. Since the transverse momenta of the incoming partons are negligible,
the pr of the Z boson, produced by qg — Z (cf. Figure 4.1(a)), is also extremely small.
The process in Figure 4.1(b) is a higher order correction to the first one (initial state
radiation) and causes a non-zero pr of the Z boson. However, the collinear radiation of
a soft gluon is preferred (see also footnote 15 on page 33) which leads to a diminished
influence on the pr of the Z boson. The last diagram 4.1(c) is a u-channel process
whose cross section is proportional to (1 4+ cos 0)_1 with the scattering angle between
the incoming and outgoing quark in the centre-of-mass frame labelled 6. Therefore, the

'In the following, both processes are referred to as “signal processes”.

20n-shell means that the invariant mass of a particle is equal to its rest mass. The opposite is called
off-shell.

3The mass of the intermediate gauge boson is given by the invariant mass of the di-tau system.
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Figure 4.1: Tree-level and next-to-leading order production processes for the Z boson.

dominant contribution comes from 6 ~ 7 which corresponds to a backward scattering of
the quark and, thus, the pp of the Z boson is again small. To conclude, the Z boson is
predominantly produced with a low transverse momentum.

As it can be seen from Equations (2.29) and (A.57), the coupling of the Z and v* does
not depend on the generation index of the fermions. Therefore, the branching ratio? into
charged leptons is the same® for all three generations (cf. Table 4.1).

As a consequence of the low transverse momentum of the produced gauge boson, the
two tau leptons exhibit a back-to-back topology in the transverse plane. In the limit
pr.z — 0, the opening angle in the x-y-plane approaches A¢ (77,77) — 7.

The theoretical cross section [54, 55] for the process pp — 7v*/Z — 777 at a centre-
of-mass energy of /s =7 TeV including NNLO® QCD and EW corrections is given by

OTheory (PP — V" /Z = T777) |66 Gevem, . <116 Gev = 964 & 48 pb. (4.1)

4.2 The Process pp -+ h/H/A — 771~

Because the couplings between the vector bosons and neutral MSSM Higgs bosons are
suppressed or even absent (cf. Table 2.6), the contributions of vector boson fusion or
Higgs strahlung processes to the total production cross section are diminished in the
MSSM. Therefore, the production of neutral MSSM Higgs bosons is driven by the gluon-
fusion process depicted in Figure 4.2(a) and the b-associated production shown in Fig-
ures 4.2(b) to 4.2(d). Sizeable loop contributions in the gluon-fusion process arises from
top and bottom quarks where the latter is enhanced for large values of tan 5. Also, effects
of stop and sbottom squarks have to be considered if the squarks are light [56]. Owing to
the relatively large Yukawa coupling, the Higgs radiation off bottom quarks amounts to a

4The branching ratio BR is the decay width for one specific decay channel divided by the total width
of the decaying particle.

5To be more precise, this statement holds only if the influence of the phase space integral is neglected.
As the Z mass is much larger than the masses of all charged leptons, the effect of the phase space
integral is indeed negligible.

5next-to-next-to-leading order
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Figure 4.2: Production processes for neutral MSSM Higgs bosons.
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Figure 4.3: Production cross sections for the neutral MSSM Higgs bosons A (red),
H (blue) and h (green) via gluon-fusion process (dashed) and in association with
b-quarks (solid) as a function of M4 (left) and tan 5 (right).

considerable contribution which is again enhanced for larger values of tan 8. The masses
of the neutral CP even MSSM Higgs bosons, the couplings and the branching ratios are
calculated with the programme Feynhiggs 2.7.4 [57-60]. The cross sections for the gluon-
fusion process are based on HIGLU [61] and ggh@nnlo [62, 63] while the cross section
for the b-associated production is derived in the Santander matching scheme [6] from 4-
and 5-flavour calculations |65, 66]. Figure 4.3 displays the contributions of the different
production processes for all three Higgs bosons as a function of the two parameters M4
and tan [.

Similarly to the case of Z boson production, the Higgs bosons are mostly produced with
a small transverse momentum leading again to a back-to-back topology of the two tau
leptons in the transverse plane. In the case of b-quark associated Higgs boson production,
the presence of one or two additional b-jets” can be used for a more exclusive event
selection. This feature is not exploited in this study.

In the low mass regime of M4 = 100 — 150 GeV, which is addressed in this thesis, the

“The term b-jet refers to a hadronic shower initiated by a b quark. Sophisticated b-tagging algorithms
employ the properties of long-living B mesons to classify a jet as originating from a b quark or not.
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Figure 4.4: Branching ratio BR (¢ — 7777) of the neutral MSSM Higgs bosons
A (red), H (blue) and h (green) as a function of My (left) and tan g (right).
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Figure 4.5: Total cross section in pb for the production of neutral MSSM Higgs
bosons in proton-proton collisions at /s = 7 TeV including gluon-fusion and b-quark
associated production mechanisms.



4.3 Decay of Tau Leptons

Z boson decay Tau lepton decay
decay channel branching ratio decay channel branching ratio
7 —ete” 3.363% T — eV v, 17.85%
Z — putpm 3.366% T — UV, Vy 17.36%
A 3.367% T = q7'v, 64.79%
Z — vu 20.00%
7 —qq 69.91%

Table 4.1: Decay channels of the Z boson and 7 lepton with branching ratios [13].

neutral Higgs bosons decay almost exclusively into bb and 777~ pairs. Due to the low
Higgs boson masses and the reduced coupling to vector bosons, Higgs boson decays into
pairs of W or Z bosons, which play a dominant role in the SM, are comparably rare. The
exact branching ratio BR (¢ — 7777) depends on the parameters M4 and tan 8 and is
of the order of 10 — 12% as shown in Figure 4.4.

The total cross section for the process pp — ¢ — 777~ — £1{~ + 4v is shown in Fig-
ure 4.5 as a function of M4 and tan 5. Thereby, the contributions of both production
processes and all three neutral MSSM Higgs bosons® are summed. Additionally, the
branching ratios for the tau lepton decays, as explained in Section 4.3, are included.

For simplicity it is assumed that the event kinematics for the decay of the neutral
Higgs boson are determined by the mass of the Higgs boson and do not depend on the
value of tan 8. This is a valid approximation as tan 3 mostly influences the total cross
section and the branching ratios.

4.3 Decay of Tau Leptons

So far, the signal processes are discussed up to the 777~ final state but the tau lepton 7 is
not a stable particle. Due to its short lifetime 7, corresponding to ¢, = 87.11 wm [13], it
decays before any interaction with the sensitive detector material takes place. Therefore,
the signature of a tau lepton is given by the signature of its decay products together with
the presence of a neutrino which contributes to the Eijiss measurement. Depending on
the final states products, the decay modes of tau leptons can be classified as follows:

hadronic decays: 7 — v.qq’,
leptonic decays®: T — (v v, .

The branching ratios for the different tau lepton decay modes are summarised in Ta-
ble 4.1. Although this analysis focuses only on the leptonic tau decays, it should be

81t is essential to notice that, in general, the masses of the three neutral Higgs bosons are different (cf.
Figure 2.2). Therefore, it must be ensured that the analysis is sensitive to the masses of all three
Higgs bosons if one uses the stated cross sections.

9In the scope of this work, the symbol ¢ represents a light charged lepton, £ = e, p.
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Figure 4.6: Production of tau lepton pairs via v*/Z gauge bosons (left) or neutral
MSSM Higgs bosons (right).

mentioned that dedicated reconstruction and identification algorithms for hadronically
decaying tau leptons exist [67]. Even though the leptonic decays suffer from a signifi-
cantly smaller branching ratio, they play an important role due to their clear signature
in the detector. Especially at hadron colliders like the LHC, the reconstruction and iden-
tification of hadronically decaying tau leptons is a challenging task and strongly affected
by the large amount of QCD processes leading to a sizeable background contamination.
In contrast, the leptonic final state benefits from large reconstruction and identification
efficiencies with a comparably small background contamination.

4.4 Event Topology

Examples of Feynman diagrams for both signal processes are given in Figure 4.6. Sum-
marising the remarks of the previous sections, events from the two signal processes are
characterised by two oppositely charged leptons, either two muons, two electrons or one
electron and one muon. This work concentrates on the ey + 4v final states which reduces
dramatically the background contributions arising from v*/Z — ete™ and v*/Z — p*u~
events.

According to the remarks in Section 4.1 and 4.2, the Z and Higgs bosons are mostly
produced with a small pr resulting in a maximum transverse momentum of the tau
lepton about pr, ~ m/2 with m being the mass of the decaying resonance. Despite
the fact that the decaying resonances have high masses of m = 90 GeV, the charged
leptons in the final state have rather low transverse momenta because the four neutrinos
in the event carry away a noticeable amount of energy. Figures 4.7(a) and 4.7(b) show
the expected pr distributions of the produced leptons for the different signal processes.
These distributions are retrieved at event generation level before any detector simulation
is applied.

Due to the momentum of the tau lepton of p, = m/2 ~ 45 — 75 GeV, which is much
greater than its rest mass, its decay products are strongly boosted. Therefore, the direc-
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distributions of important kinematic variables after event
simulation is applied) for the three signal processes:

pp — v*/Z — v7~ (black) and the two production processes for a neutral Higgs
boson with a mass of 120 GeV, gluon-fusion process (red) and b-quark associated pro-
duction (blue).
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tion of flight of the produced leptons is approximately the direction of the tau lepton.
Hence, the back-to-back topology of the tau leptons is transferred to the charged leptons
as it is shown in Figure 4.7(c). Even though there are four neutrinos in the event, two
from each tau lepton decay, only a small to moderate Er s is expected because the
back-to-back topology in the transverse plane leads to large cancellations. The expected
Er miss distribution is depicted in Figure 4.7(d).

Furthermore, no more detector activity in the vicinity of the two charged leptons is
expected since the only close-by produced particles are neutrinos whose interactions with
the detector are negligible. The isolation of lepton candidates can be measured by two
criteria. On the one hand, further tracks close to the lepton candidate can be considered.
On the other hand, energy deposits in the proximity of the reconstructed lepton candidate
can be used to define an isolation criteria. The former is a track-based isolation criteria
which is insensitive to neutral particles while the latter is a calorimeter-based isolation
criteria.

Track-based isolation criteria are calculated by summing the pr of all reconstructed
tracks which are inside a cone with an opening angle defined as AR around the lepton
candidate and obey pr track > 1 GeV. The track of the candidate itself is thereby omitted.
They are labelled ptconeXX where XX defines the cone size as AR = 0.XX.

Calorimeter-based isolation variables are derived similarly. Again, a cone around the
momentum axis of the lepton candidate is spanned. All energy clusters inside this cone
are considered to calculate the total transverse energy where the transverse energy of
one cluster is given by Equation (3.10). The most central part of the cone is assumed to
belong to the reconstructed lepton candidate and is omitted. The meaning of most central
is different for muon and electron candidates. For the muons the central cone with an
opening angle of AR = 0.05 is ignored while for the electrons the central 5 x 7 calorimeter
cells in X ¢ are removed. The calorimeter-based criteria are labelled etconeXX with XX
defining again the cone size as AR = 0.XX.

To summarise the discussion, both signal processes are characterised by

e cxactly one geometrically isolated electron candidate,
e exactly one geometrically isolated muon candidate,
e both lepton candidates must carry opposite electric charge.

In order to suppress background processes and enrich the selected data sample with signal
events, the following kinematic properties can be exploited:

e both lepton candidates have a moderate pr,
e the angle A¢ (e, 1) between both lepton candidates in z-y-plane is close to ,

e the missing transverse energy is expected to be small.
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Figure 4.8: Feynman diagrams for processes involving top quarks at the LHC.

4.5 Background Processes

Background processes are defined as all processes which can mimic the signature of the
signal processes. Background events arise either from other physics processes whose sig-
natures fulfil the criteria given in Section 4.4, from mis-reconstruction and -identification
of lepton candidates or a combination of both. The main sources of background events
are listed below.

multijet events!®: Physical processes, which produce quarks or gluons, are charac-
terised by the presence of jets in the finale state. These jets can either contain
leptons coming from decays of heavy flavour quarks, or be mis-identified as lep-
ton candidates. As a result, pairs of oppositely charged lepton candidates can be
produced which fake the signal signature. Despite the mis-identification rate for
jets being interpreted as lepton candidates is low, the overwhelmingly large cross
section for QCD processes results in such events being an important background.

tt events: A possible Feynman diagram for top-quark pair production is shown in
Figure 4.8(a). In the case that both W bosons decay leptonically, the final state
contains two isolated and oppositely charged leptons and, therefore, constitutes a
background to the signal processes. Nevertheless, ¢ events can be distinguished
from signal events by the higher transverse momentum of the charged leptons and
by a significant amount of missing transverse energy.

It is also possible that one or both W bosons decay hadronically and the lepton
candidates are faked by jets analogously to the case of multijet events. However, this
is a minor effect due to the good background rejection of the lepton identification
algorithms.

10The background coming from multijet events is referred to as QCD in tables and figures as it arises
from QCD processes.
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The total cross section for top pair production at the LHC with /s =7 TeV is
calculated to |68]
o7 = 162.6 +17.1 pb. (4.2)

v*/Z — eTe~ /utu~ : These processes produce two isolated lepton candidates of
same flavour and opposite charge in the final state. Although the restriction to
the ey + 4v final state reduces the background contributions of Drell-Yan and Z
boson production considerably, it is still possible that one of the leptons is outside
the detector acceptance or fails the reconstruction but instead an additional jet
mimics another lepton candidate. Due to lepton universality in the electroweak
sector, pp — v*/Z — ete” /ut ™ processes occur as often as the signal process
pp — v*/Z — 7777 and, thus, must be considered as potential background source.

W — Lv : Decays of W bosons manifest themselves through an isolated lepton can-
didate and a large amount of missing transverse energy. Again, the second lepton
candidate may arise from any other jet in the event. The theoretical cross section
for W boson production and its leptonic decay is given by [541, 55]

o(pp— W —lv)=10.5+0.5nb. (4.3)

Di-boson production: The simultaneous production of two gauge bosons has a small
cross section which results in being a minor effect for the v*/Z — 777 signal. Nev-
ertheless, it is well suited to mimic the signature of two isolated lepton candidates
with opposite charge. As a consequence, it has to be considered as background for
MSSM Higgs boson searches whose cross sections are of the same order of magni-

tude. The total production cross sections for di-boson processes at the LHC and
Vs =7 TeV are given by [54, 5]

Single Top production: Single top events are rather rare at the LHC. The total cross
section for the production of a single (anti) top quark at /s =7 TeV is'! [69-71]

Tsingle top = 84.4 2.3 pb. (4.7)

The signature of a possible single top event is shown in Figure 4.8(b). The top quark
decay involves at least one W boson which can decay leptonically. Depending on
the production process of the top quark, another W boson might be present which
potentially causes another lepton in the final state. Otherwise, the second lepton
candidate can be produced by additional jets in the event.

1 The given number is the sum of the s-, t and Wt-channel production cross section for top and anti-top
quarks and does not yet include any branching ratio to leptonic final states.
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~*/Z — 777~ : Of course, this process is a severe background to the search for neutral
MSSM Higgs bosons in the 777~ channel. As already outlined, both processes
exhibit the same event topology and have similar kinematic properties. Thus,
pp — v*/Z — 777 events constitute an irreducible background.

4.6 Mass Reconstruction Techniques

The mass is the best usable property to distinguish between a Z boson and the neu-
tral Higgs bosons. Other differences like the spin or the coupling structure manifest
themselves in different angular distributions of the decay products. Unfortunately, these
effects are blurred by the limited detector resolution and the decay of the tau leptons.
Owing to the four neutrinos in the final state, it is not possible to reconstruct the
complete four-momentum of the 777~ system. Therefore, either partial reconstruction
methods or approximations are used to infer information about the invariant mass of the
resonance. Three possible mass definitions are explained in the remainder of this section.

The visible mass is defined as the invariant mass of the visible tau lepton decay
products. For the ey + 4v final state this corresponds to the invariant mass

Mey = \/ (plé +pz>2 . (48)

The advantage of this simple definition is the precise reconstruction of both lepton
four-vectors py and pj. However, the visible mass provides no direct link to the
invariant mass of the resonance as the contributions of the neutrino momenta are
ignored.

The effective mass incorporates information from the Er i measurement. It is
defined as

2
Meff = \/(pg + P+ Pier) (4.9)
with

T
pK/IET = (\/p?c,miss + pz,misy px,missa py,missa O) (410)

and extends the visible mass with information on the neutrino momenta. Nev-
ertheless, it can only provide an approximation since the ETmSS measurement is
only sensitive to the sum of all transverse neutrino momenta which contains large
cancellations (cf. Section 4.4). Additionally, it is based on the assumption that
the measured ET,miss is only due to the neutrinos from the two tau lepton decays.
This hypothesis ignores possible contributions from detector effects and further,
simultaneous proton-proton interactions.

The collinear approximation |72] makes use of the large boost of the tau leptons
with a typical Lorentz factor'? of v = E/m, ~ 25. Hence, the tau lepton decay

_1
12y = (1 — %) 2 with j being the velocity
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Figure 4.9: Sketch of tau lepton decay topology for the collinear mass approximation.

products are approximately collinear to the initial tau leptons and one can introduce
the fractions xy/, of the tau lepton momenta carried by the charged leptons (cf.
Figure 4.9),

Do, = Ti*Dryy ©=1,2. (4.11)

Applying the conservation of transverse momenta and assuming that the EﬂTymiss
arises only from neutrinos produced in the tau lepton decays, one obtains

ﬁTl +ﬁ7'2 = ]751 ‘|‘Z7£2 +ﬁT,miss . (412)

Combining Equations (4.11) and (4.12) and neglecting the lepton masses, the in-
variant mass of the 777~ system can be written as

Mer =

, (4.13)
VI1T2
Pty * Py,ta — Pytq Pty
DPy,t5 * Px,miss — Dby * Py,miss + Pxz.ty - Py — Pyty  Pxlo
Pz.ty " Py — Pyy "Dt
x2: T,£1 Y,£2 Y1 T,£2 (415)
Pzty " Pymiss — Py,01 * Pz miss + Pzty " Pys — Pyty * Pzt

with z; = , (4.14)

and my, being the visible mass. In contrast to the other two methods, the collinear
mass allows a full reconstruction of the mass of the decaying resonance. Similarly
to the effective mass, this method relies on a correct measurement of the ET,miSS and
is very sensitive to further neutrinos in the event. In addition, the approximation
breaks down for A¢(¢1,/;) = 7 because no unique solution for x,,, can be found
anymore. The mass resolution already deteriorates for Ag(¢y, ly) ~ 7 [32] leading
to a large portion of signal events which can not be treated with the collinear
approximation.



Chapter 5

Measurement of the Cross section of
the Process pp — v*/Z — 7777 in
the ey + 4v Final State

In this chapter the first measurement of the process pp — v*/Z — 7777 — eu+ 4v with
the ATLAS detector [73] is presented. For this purpose 35.5 pb~! of data obtained from
proton-proton collisions at a centre-of-mass energy of /s = 7 TeV are analysed.

The first part of this thesis is performed in the context of this cross section measure-
ment. In the following sections, the whole analysis is described with emphasis on parts
where significant contributions are made.

First, the data sets used for this measurement are mentioned in Section 5.1, followed
by a brief description of the event preselection in Section 5.2. The definitions for re-
constructed and identified objects are given in Section 5.3. In Section 5.4 corrections,
which have to be applied on the simulated data samples, are outlined. Explanations of
the final event selection and the background estimation are given in Sections 5.5 and 5.6,
respectively. The methodology for the derivation of the cross section and a discussion
of systematic uncertainties can be found in Sections 5.7 and 5.8. Finally, the results are
summarised and discussed in Section 5.9.

5.1 Data and Simulated Samples

For this cross section measurement the data recorded by the ATLAS experiment in the
autumn of 2010, corresponding to the data taking periods E4 - I, is analysed. The total
integrated luminosity, after the requirement of a good detector status as explained in
Section 5.2, is calculated to be L = 35.5 pb~! with a relative uncertainty of 3.4% [74].
Earlier periods are not included due to the rapidly changing pile-up and trigger condi-
tions which result in a loss of only 0.2% of the total delivered luminosity. The highest
instantaneous luminosity reached during this time was 2-10%% cm 2571,

Samples for the different background processes are simulated with the MC generators
mentioned in Section 3.3.1. The expectations obtained from these simulations are nor-
malised to the integrated luminosity of the data sample using Equation (3.7). A complete
list of all simulated samples with their corresponding cross sections and filter efficiencies

can be found in Table C.1.
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Pile-up effects are emulated in the simulated data sets by the so-called bunch train
setup. The following timing structure for the proton bunches is chosen: individual
bunches are separated by 150 ns and contained in trains of eight bunches. The aver-
age number of interactions per bunch crossing is assumed to be Poisson distributed with
an expectation value of 2.2.

5.2 Event Preselection

The event preselection imposes requirements on the recorded data events to ensure a
high quality sample of proton-proton collisions events. In the following, the cuts applied
and their motivation are explained.

5.2.1 Vertex Requirement

The event is required to have at least one reconstructed vertex with > 3 associated tracks.
Vertices are found by extrapolating reconstructed tracks to the beam pipe and looking
for regions with high track densities. Requiring a vertex with at least three associated
tracks rejects events triggered by a cosmic muon traversing the detector. Those events are
characterised by one track with a large transverse momentum going through the whole
detector. During the vertex reconstruction step, this track is interpreted as two tracks
originating from the same vertex which fails the criterion given above.

5.2.2 Detector Status

The state of the individual detector components is continuously monitored and stored
in a data base. Additionally, the quality of the two proton beams is under constant
surveillance. Events are only considered for this analysis if they were recorded when all
parts of the detector, which are necessary for this study, were fully operational and the
proton beams were stable.

5.2.3 Trigger Selection

The trigger choice is motivated by the topology of the signal events. As outlined in
Section 4.4, the final state is characterised by one electron and one muon. The expected
pr distributions of both leptons without any detector effects are shown in Figures 4.7(a)
and 4.7(b) and ask for low pr threshold in order to keep the signal selection efficiency
high. The efficiencies of triggers looking for muon signatures are intrinsically lower due
to the limited geometrical coverage of the muon trigger system.

Therefore, an event filter trigger looking for at least one electron candidate, which
passes the medium electron identification and fulfils pr > 15 GeV, is used for this anal-
ysis. It is labelled EF_e15_medium. The threshold of 15 GeV is dictated by the fact
that electron triggers with lower thresholds were prescaled (cf. Section 3.2.5) over a
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large fraction of the data taking periods resulting in a significantly decreased effective
luminosity.

5.2.4 Jet Cleaning

The jet reconstruction and ETmiSS measurement are very sensitive to energy deposits in
the calorimeter which do not originate from proton-proton collisions. As a consequence,
additional jet candidates may be reconstructed and the Equmiss measurement is distorted.
Possible sources for disturbing energy deposits are hardware problems, cosmic ray show-
ers and abnormal beam conditions. To ensure a correct E_)Tmiss measurement, events
affected by those problems, have to be rejected. The various sources and how they can
be eliminated are explained in more detail in Appendix C.2.

5.3 Object Definitions

As explained in Section 3.4, the reconstruction and identification algorithms provide
various definitions of reconstructed objects. A quality level expresses a certain confidence
that the reconstructed object is classified correctly. The most appropriate definition is
analysis specific and depends on the background composition as well as on the expected
signal to background ratio. For the measurement of the pp — v*/Z — 7777 — ey + 4v
cross section, the following object definitions are found to be optimal. A more detailed
and technical summary can be found in Table C.3.

Electron Candidates Electron candidates are considered if they are reconstructed and
identified by either the standard algorithm or an algorithm optimised for the reconstruc-
tion of low-pr electrons. They have to pass the medium identification and refined track
matching criteria. The latter is introduced to correct for alignment differences between
the inner detector and the EM calorimeter which are observed in data. In order to ensure
that the electron candidates are in a region where the reconstruction, identification, and
trigger efficiencies are well understood, a transverse momentum of pp > 16 GeV is re-
quired. Furthermore, the candidate has to be reconstructed within |n| < 2.47 but outside
1.37 < |n| < 1.52. The first requirement is motivated by the tracking acceptance of the
ATLAS detector while the second removes candidates reconstructed in the transition re-
gion between the barrel and the end-cap calorimeters. Regions in the calorimeters which
are affected by readout problems or non-nominal high voltage conditions are flagged and
stored as 17 X ¢ maps. The map corresponding to the data taking period with the highest
integrated luminosity is used and the electron candidates are required to be outside of
these problematic regions.

The electron four-vector is constructed from the energy measurement in the calorimeter
while the direction is taken from the associated track. However, all cuts motivated by
calorimeter related issues (e.g. 1 cut, problematic calorimeter regions) are applied on the
position of the electron energy cluster.
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Muon Candidates For this analysis, combined muon candidates reconstructed with
the STACO algorithm are used. The required transverse momentum is pr > 10 GeV and
candidates with pseudorapidities up to || < 2.4 are considered. The combined track
extrapolated back to the beam pipe has to match the z position of the primary vertex
within 10 mm. This requirement further reduces background coming from cosmic muons.
Additional constraints are imposed on the associated inner detector track to enhance the
quality of the muon momentum measurement and to suppress muon signatures arising
from in-flight decays of hadrons. The latter is important as interactions of hadrons in
the hadronic calorimeter are likely to produce secondary muons. These secondary muons
lack a track in the inner detector. Tightening the requirements on the associated inner
detector track reduces the chance that a secondary muon is linked erroneously to a track
produced by a charged hadron. The exact requirements are stated in Table C.3 but
can be summarised as follows: it is ensured that several hits in the various layers of the
inner detector are found while taking into account that the muon may pass dead detector
components or poorly instrumented regions.

Jet Candidates Jet candidates are reconstructed using the Anti-kr algorithm with a
cone parameter of R = 0.4. Their energies are calibrated to the electromagnetic energy
scale with a further correction applied on top of that (cf. Section 3.4.3). To ensure that
all candidates are in a region where the jet energy scale calibration is reasonably well
understood, they are required to have a transverse momentum of pr > 20 GeV and have
pseudorapidities of |n| < 4.5.

Missing Transverse Energy The EﬂTmiSS is reconstructed as outlined in Section 3.4.4.
Topological energy clusters in the calorimeter are calibrated according to their classifica-
tion as electromagnetic or hadronic interaction. Furthermore, contributions of isolated!
muon candidates are added. To avoid a double counting, the energy contributions in
calorimeter cells which are crossed by a track of an isolated muon candidate are sub-
tracted,

ET,miss = ET7miss,ca10 + ET,miss7u - ET,miss,p track - (51)

Resolving Ambiguities A common problem is the classification of one and the same
detector signature as reconstructed objects of different types. To resolve this ambiguity,
reconstructed objects are ranked according to the complexity of their signature with
the more complex signature getting a higher priority. Objects, which are close to other
reconstructed objects with a higher priority, are discarded. Sometimes two close-by
objects of the same type are reconstructed. In this case, the object with the higher pr is
kept. The distance between two objects is measured in AR as defined in Equation (3.4).
For this analysis the following ranking is applied

muons > electrons > jets (5.2)

' A muon candidate is defined as isolated if the AR to the closest reconstructed jet is greater than 0.3.
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pr range in GeV  correction factor

16 < pr <18 1.004 £ 0.025
18 <pr <20 0.987 £ 0.023
20 < pr 0.995 £ 0.005

Table 5.1: Correction factors with total uncertainty for the trigger efficiency.

with lepton candidates being removed if AR(¢1,¢3) < 0.2 and jet candidates being re-
moved if the AR to the closest object is less than 0.4.

5.4 Corrections to the Simulated Samples

Even though the ATLAS detector simulation contains a very complex description of
the geometry together with the properties of the detector materials used, it remains
an approximate model which is, for practical reasons, limited in detail and accuracy.
Furthermore, detector defects, which occur during operation, can only be included in
reprocessed simulations. Also, the pile-up scenario used for generating the simulations
is fixed while the actual pile-up conditions vary over time. Consequently, the simulated
samples have to be corrected for such effects. The corrections applied are explained in
the next sections.

5.4.1 Trigger Efficiency Correction

This analysis uses the EF_e15_medium trigger and reconstructed electron candidates with
pr > 16 GeV. The corresponding trigger efficiency ey, is measured in data and in sim-
ulated samples as a function of the pr of the electron candidates by studying Z — ete™
and W — ev, processes [75]. Thereof, pr-dependent corrections factors wy,, are derived
according to

o gtrig,data (pT,e)

Wirig(Pre) = (5.3)

Etrig,MC (pT,e)
which are summarised in Table 5.1. The total uncertainty given includes statistical uncer-
tainties due to the limited number of data events and effects of systematic uncertainties.

5.4.2 Corrections Related to Lepton Candidates

Efficiency Corrections Reconstruction and identification efficiencies for electron and
muon candidates are determined in dedicated studies by other groups. These groups
provide sets of derived correction factors which are used in this analysis.

The reconstruction efficiencies of electron candidates are found to agree between data
and simulation within a relative systematic uncertainty of 1.5% [75]. Correction factors
for the electron identification efficiency, which correspond to the object definition used
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5.4 Corrections to the Simulated Samples

in this analysis, are given in Table C.4. They depend significantly on the n position
of the associated electromagnetic energy cluster. Additionally, a shift depending on the
pr of the reconstructed electron candidate is observed. Due to the limited statistics,
the correction factors are not provided as a two-dimensional map. Instead, the overall
correction factor w, ip is given by

We,ID (pT,e7 ne) = We,ID (pT,e) X We, 1D (77@) . (54)

The uncertainties on the individual terms are added in quadrature to yield the uncertainty
on the final correction.

Similarly, correction factors for the muon reconstruction and identification efficiencies
are provided [76]. Since the instrumentation of the muon spectrometer is not as uniform
in ¢ as the inner detector and the electromagnetic calorimeter are, these correction factors
are given as a two-dimensional map in order to better reflect the poorly equipped regions
due to the design of the ATLAS detector. The correction weights w, are in the range
0.98 — 1.01 with uncertainties of the order of 0.01.

By studying the processes Z — ete™ and Z — ™, which are expected to yield
isolated lepton candidates in the final state, one can estimate the efficiency of a lepton
candidate being considered as isolated according the definition given in Section 5.5.3. The
resulting correction factors we s, and w, i, are summarised in Table C.5. Although the
isolation efficiencies for muon candidates agree between data and the simulation within
their uncertainties, it is decided to apply them on the simulation in order to be consistent
with other ATLAS analyses. The correction factor for the electron isolation efficiency is
the product of a pr dependent and a 1 dependent correction.

Energy and Momentum Corrections By studying the SM processes Z — ete™ and
Z — putu~, one can compare the expected energy and momentum resolutions with the
ones obtained in data. For this purpose, the invariant m.. and m,, mass distributions are
investigated [51]. Dedicated tools are provided to the analysis teams which smear the
energy /momentum of the reconstructed lepton candidates to reproduce the resolution
observed in data. The resulting shift in the transverse momenta of the lepton candidates
is propagated back to the ET,miSS such that

ﬁT,e + ﬁT,u + ET,miss = p_;/I‘,e + ﬁ%,u + E’f,miss (55)

where the primed quantities represent the pp values after the correction.

For the reconstructed muon candidates the transverse momentum is smeared while
for the electron candidates the energy is modified. The correction is applied before the
object selection is performed.

5.4.3 Pile-up Related Corrections

The MC samples are simulated with the pile-up scenario described in Section 5.1. How-
ever, the changing beam conditions cause varying instantaneous luminosities and, thus,
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Figure 5.1: top) normalised vertex multiplicity distributions for the signal MC sam-
ple (black dots) and data (stacked); the different data periods are weighted according
to their integrated luminosity fraction; bottom) derived correction weights as ratio of
the stacked data histogram and the simulation.

affect the number of simultaneous proton-proton interactions. In 2010, the individual pro-
ton bunches were separated in time by 150 ns resulting in negligible out-of-time pile-up
effects. A measure for the in-time pile-up activity is the number of reconstructed ver-
tices which is assumed to be proportional to the number of simultaneous proton-proton
interactions. In Figure 5.1 the normalised distribution of the number of vertices with at
least three associated tracks is shown for the collected data, after all event preselection
cuts, and for the signal simulation. The simulated samples are re-weighted to match the
vertex multiplicity distribution observed in data. Table C.6 states the derived correction
factors Wyertex.

5.5 Event Selection

This section outlines the selection for the complete pp — v*/Z — 7777 — eu + 4v anal-
ysis. The distributions of important kinematic variables used during the event selection
are shown in Figure 5.4. The shapes and normalisations of all background components
are taken from simulated samples except for the multijet component which is derived
from data as explained in Section 5.6.1. These plots show the data distributions only for
comparison reasons. The definition of the following cuts is based purely on information
obtained from simulated samples.

The goal of the event selection is to guarantee a high quality of the selected data sample
and to minimise the expected relative statistical uncertainty on the signal yield. Let S
denote the expected number of selected signal events and B the expected number of all
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selected background events, the relative statistical uncertainty of the final measurement
of S, assuming that the number of observed events follows a Poisson distribution, is given

by
vS+B
S

Therefore, the expected relative statistical uncertainty can be minimised by maximising
the signal purity S/v/S + B.

The event yields for the individual processes after several selection steps are sum-
marised in Table 5.2 which also illustrates the enhanced purity in the signal region.
Figure 5.8 shows the event display for data event passing all the selection criteria.

(5.6)

5.5.1 Event Preselection

The event selection starts with the event preselection as explained in Section 5.2. The
requirement of a good detector status and the jet cleaning procedure are only applied on
data. After the vertex requirement, all simulated events are weighted with the pile-up
correction factor wyeex depending on the number of reconstructed vertices with at least
three associated tracks. The correction factor for the trigger efficiency wyiy is applied
after the trigger requirement and depends on the pr of the electron candidate which
activated the trigger.

5.5.2 Selection of the eu Final State

Afterwards, cuts motivated by the event topology for the ep final state are applied.
Therefore, exactly one selected electron candidate and exactly one selected muon can-
didate are required with the lepton candidates being defined by the criteria given in
Section 5.3. At this point, the simulated events are weighted with the product of the
electron and muon reconstruction/identification efficiency corrections wep X w,. Both
lepton candidates must carry opposite electric charges.

5.5.3 Lepton Isolation

As mentioned in Section 4.4, little detector activity in the vicinity of the lepton candidates
is expected which can be described by track- and calorimeter-based isolation variables.
In contrast, lepton candidates arising from mis-identified jets or decays of heavy quarks
are characterised by nearby detector activity and can be suppressed by tightening the
isolation requirements. The choice of the most appropriate cone size for the isolation
variables is driven by two conflicting issues. A larger cone improves the sensitivity of
the isolation variables to background events and provides a better background rejection.
In contrast, a smaller cone size diminishes the chance of finding further tracks/energy
clusters by accident. Additionally, it reduces effects arising from electronic noise in
the calorimeter and pile-up. Another problem for the calorimeter-based isolation is the
possible energy leakage of the reconstructed object outside the central cone. The higher
the energy of the object, the larger the energy leakage. This problem can be resolved
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by using isolation criteria normalised to the transverse momentum of the reconstructed
object.

For this study, the following combination of track- and calorimeter-based isolation
criteria is found to be optimal:

e An eclectron candidate is considered isolated if

ptconed0/pr < 0.06 (5.7)
and etcone30/pr < 0.10. (5.8)

e A muon candidate is considered isolated if

ptconed0/pr < 0.06 (5.9)
and etcone40/pr < 0.06. (5.10)

The distributions of all four isolation criteria can be found in Figure 5.2. For the analysis,
both selected lepton candidates are required to be isolated. The simulated events are
weighted after this step with the lepton isolation corrections we so X Wy iso-

5.5.4 Suppression of W — fv Backgrounds

In order to suppress background contributions coming from leptonic W decays, one uses
angular correlations between the reconstructed lepton candidates and the direction of the
missing transverse energy. Hereby, it is always assumed that the EﬂTymiss measurement is
dominated by the neutrinos originating from the process under investigation.

Because the W decay produces only one lepton, the second lepton candidates arises
mostly from an additional jet in the event. It follows from the conservation of transverse
momentum that the pp of the lepton candidate originating from the W decay, the pro-
duced neutrino and the fake lepton candidate must balance. Hence, the ET,miSS vector
lies outside the opening angle between the two lepton candidates.

As already discussed in Section 4.6, the tau leptons in the process Z — 777~ — ey + 4v
are highly boosted due to the high mass of the Z boson compared the rest mass of the
tau lepton. Therefore, the decay products can be assumed to be collinear to the tau
momentum axis. In the case of a very low pr of the Z boson, the two tau leptons are
back-to-back in the transverse plane leading to a ET,miSS which is aligned with one of
the lepton candidates. If the Z boson is produced in association with one or more ad-
ditional jets, it recoils against those. The resulting pr of the Z boson causes the tau
leptons to have a smaller opening angle in the x-y-plane. Then, the ET,miSS vector is no
longer aligned with one of the lepton candidates but lies in between. The two different
topologies are sketched in Figure 5.3.

The following variable exploits this angular correlation:

> " cos Ap = cos (¢ — pupr) + 08 (¢, — drpr) - (5.11)
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Figure 5.2: Distribution of calorimeter-based (left) and track-based (right) isolation
variables for electron (top) and muon (bottom) candidates. The individual simulated
processes are normalised to the stated integrated luminosity and stacked. The multijet
component is estimated from data (cf. Section 5.6.1). The red arrows indicate the

applied cuts.
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Figure 5.3: Event topology for a boosted v*/Z — 777~ — ep + 4v event (left) and
a W +jet — pv, + “fake e” event (right) in the transverse plane.

This variable is positive if the ET,miss vector is in between the transverse lepton momenta,
and it is negative if the ETmiss vector is outside the lepton-lepton opening angle. The
value > cos Ag = 0 corresponds to the topology where both lepton candidates are back-
to-back in the transverse plane. The distribution of this variable is shown in Figure 5.4(e).
In this analysis, the events are required to fulfil

D cosA¢g > —0.15. (5.12)

5.5.5 Suppression of the tt Background

Background contributions arising from top-quark pair events can be reduced by employ-
ing the different event kinematics (cf. Figure 4.8(a)). Due to the higher top quark mass,
the leptons tend to have larger transverse momenta. In addition, the pr of the neutrinos
do not necessarily cancel as it happens for signal events. Therefore, tt events exhibit a
significant Er niss. Also, the top quark decays produce at least two b-quarks which man-
ifest themselves as jets in the detector whereas pp — v*/Z — 7777 — ep + 4v events
have no jets at leading order. All this information is condensed in the variable

ZPT + ET,miss = PTe + pT,u + ZpT,jet + ET,miss (513)

jets

which is the scalar sum of the transverse momenta of the two lepton candidates, all
reconstructed jets, which have to pass the selection criteria mentioned in 5.3, and the
ET miss- 1ts distribution is shown in Figure 5.4(f). Events are selected if

> Pt + Brmiss < 150 GeV . (5.14)
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cut v )Z = tvrT A%/ Z 4T W — 4y i, di-boson QCD S/VS+ B
di-lepton cut 167 £+ 2 22 + 0.6 147 £ 10 138 £ 0.9 - -
lepton isolation 87 + 1 5.5 + 0.2 10 £0.7 58 £0.5 124 + 7.3 6.6
W suppression 82 +1 3.8 £ 0.2 1.9+ 04 24 + 0.3 94 +5.5 7.5
tt suppression 75 £ 1 3.5+0.2 1.34+03 13+0.1 81+48 7.9
mass window 73 +£1 1.9+ 0.1 0602 07£0.1 69 £4.1 8.0

Table 5.2: Expected event yields for the different processes. The multijet contribution
is estimated from data only after the isolation requirement (cf. Section 5.6.1). Other
contributions are scaled to an integrated luminosity of L = 35.5 pb™!. Only statistical
uncertainties are given.

5.5.6 Definition of the Visible Mass Window

Finally, a mass window is defined using the visible mass definition as given in Equa-
tion (4.8). From Figure 5.5 one infers that the remaining background contributions are
small and almost uniformly distributed. Motivated by the limited mass resolution, a
large mass window of

25 GeV < m,, <80 GeV (5.15)

is defined for the final selection.

5.6 Estimation of Background Contributions

The important background processes for this analysis are already discussed in Section 4.5.
In the scope of this work, the shape and normalisation of all background contributions,
except that of the multijet background, are determined from simulations. However, the
normalisation of the most important background processes are validated in dedicated
control regions which is described in the following paragraphs. Also the data-driven
multijet estimation is explained in the remainder of this section.

5.6.1 Estimation of the Multijet Background

The determination of the multijet background from simulation is unsuited for the follow-
ing reasons.

1. The large cross sections for the production of jets demand for simulated samples
of very high statistics in order to provide a reasonable equivalent luminosity (cf.
Equation (3.6)).

2. The good background rejection of the electron and muon identification algorithms
results in a very small phase space of the simulated multijet processes which is
accepted. Therefore, the modelling of those processes has to be understood in
minute detail.
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Figure 5.4: Distribution of important kinematic variables at different points in the
selection (see captions). The individual simulated processes are normalised to the
stated integrated luminosity and stacked. The multijet component is estimated from
data (cf. Section 5.6.1). The red arrows indicate the applied cuts.
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Figure 5.5: Visible mass spectrum before applying the final mass window cut. The
individual simulated processes are normalised to the stated integrated luminosity and
stacked. The multijet component is estimated from data (cf. Section 5.6.1). The red
arrows indicate the applied cuts.

3. Theoretical predictions for jet production at hadron colliders are challenging as they
rely on the running of the strong coupling constant and on a correct model for the
colliding protons by using parton density functions. Furthermore, the hadronisation
process and the simulation of additional overlaid events at lower energy scales
include non-perturbative effects which are described by empirical and approximate
models.

Therefore, it is essential to derive this important background in a data-driven way. For
this purpose, the ABCD method is used.

Explanation of the ABCD Method

Two variables, which are assumed to be uncorrelated and provide a reasonable discrim-
ination power between the signal and multijet processes, are employed to span a two-
dimensional phase space. This plane is divided into four disjoint regions by imposing
a cut on each variable in a way that the signal process is concentrated in one region.
For this analysis the charge product of the two lepton candidates and their isolation are
chosen. The plane is split according to the electric charges of the reconstructed lepton
candidates in an opposite sign (OS) and a same sign (SS) region. Depending on the
isolation of both lepton candidates, the plane is divided in an isolated (both lepton can-
didates are isolated) and an anti-isolated region (both lepton candidates fail the track-
and the calorimeter-based isolation criteria). The resulting two-dimensional plane with
its four regions is displayed in Figure 5.6. Region A is the signal region for which the
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Figure 5.6: Two-dimensional plane for the ABCD method.

contribution coming from multijet events is unknown. The other three control regions
are dominated by background processes. Supposing that for the multijet background the
charge product of the two reconstructed leptons is uncorrelated with their isolation, one
obtains

NSCD B NgCD

NECD = NSCD (5.16)
QCD aop NG
D
= N3 Ros/ss (5.18)

where NZ»QCD is the number of multijet events in region i. While the regions C' and D
are dominated by multijet events and contributions from other background or signal pro-
cesses are tiny (cf. the numbers in Table 5.3), region B contains sizeable contributions
from other electroweak processes. Therefore, the number of multijet events in the in-
dividual control regions is determined from the number of observed data events in the
corresponding regions according to

NP = Ng*=, (5.19)
NgCD _ Ngata’ (520)
NgCD — gata - NEW (521)

with NEW being the expected number of other electroweak background contributions in
region B estimated from simulations. Possible contributions from the signal process are
excluded explicitly from the correction since the normalisation of the signal process is to
be measured.

Ideally, this procedure is applied after the full selection in order to derive the final
number of multijet events in the signal region. However, the limited data statistics,
especially in region B where only three events are observed, reduce the validity of this

61
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estimate. Therefore, the number of multijet events in the signal region A is estimated with
the ABCD method after the selection of exactly one electron and one muon candidate.
The result is propagated to the end of the selection by applying an efficiency eqcp for
the subsequent selection steps. This selection efficiency for the multijet background is
estimated from region D as

N%&,lftiaﬁal

data '
ND,dilepton

€QCDh = (5.22)
Hereby, it is assumed that the selection efficiency is neither correlated with the charge
product nor with the isolation variables. This assumption is investigated in Section 5.8.5.
The final estimation of multijet events in the signal region is given by

N = (Ng on — Nhiepton) - Rl08/58  €QCD - (5.23)
Table 5.3 summarises?all numbers which are needed to perform the calculation. The
expected number of signal events is shown only for comparison because the normalisation
of this process is to be measured. The signal contribution in control region B is about
10% and is not corrected for but it is considered as a systematic uncertainty on the
method. In the other control regions, the expected signal yields are small compared to
other background contributions and are within the statistical uncertainty of the observed
number of data events. Finally, one obtains

data

[V date
Ros/ss = W = 1.55 4 0.04 (stat.) (5.24)

D ,dilepton
data

£qep = # = 0.56 #+ 0.02 (stat.), (5.25)

D ,dilepton
= Noo, = 6.9 £ 4.1 (stat.). (5.26)

Figure 5.4 shows the distribution of important variables. The distribution displayed for
the multijet background is derived in the following way. First, the normalisation at this
point in the selection is calculated using the ABCD method described with a modified
selection efficiency. The nominator in Equation (5.25) has to be adapted according to the
selection step at which the distribution is shown. The shape for the distribution is then
taken from data in the corresponding same-sign and anti-isolated region which is domi-
nated by multijet events. As these shapes are only needed for illustrative purposes and
do neither influence the final result nor the selection strategy, the cross checks performed
are documented elsewhere [77].

The basic assumptions of the whole method are considered as sources of systematic
uncertainties on the method itself and are investigated in more detail in Section 5.8.5.

5.6.2 Normalisation of the Simulation of W Decays

Leptonic decays of W bosons constitute a major background to this measurement and,
thus, their normalisation needs a careful validation. Among the three possible processes

2The complete cut flows for the individual control regions can be found in Appendix C.5.

62



5.6 Estimation of Background Contributions

Ny on = 1.4 0.2
region B after the di-lepton requirement  NEW, . . = 14.0 £ 0.8
Ngig?lepton = 22
Neste won = 0.6 £ 0.1
region C' after the di-lepton requirement  NEW, o, = 12.0 £ 0.7
Ngi;clial‘epton = 3771
Npot won = 0.5 £0.1
region D after the di-lepton requirement NpW, = 9.0 & 0.6
Ngi,lé?lepton = 2432
NpEe = 0.2 4 0.1
region D after the full selection NP = 02+£0.1
Ng?i%%al = 1367

Table 5.3: Summary of numbers needed for the multijet estimation. Only statistical
uncertainties are given.

W — 7v, plays a minor role due to the small branching ratio for leptonic decays of the
tau lepton. As the probability for a jet being interpreted as an electron candidate is much
higher than the mis-interpretation rate of jets as muon candidates, it is expected that
W — uv, is a more severe background than W — ev,.. That is because both processes
need a second lepton candidate which usually originates from additional jets in the event.

The control regions are defined by the data preselection cuts and the presence of ex-
actly one electron and one muon candidate. This time both leptons are required to
have the same electric charge in order to reduce the migration of signal events into
these control regions. Furthermore, the events have to pass the ¢f suppression cut
> 01+ Ermiss < 150 GeV. For the W — puv, control region the muon isolation cuts
are applied while for the W — er, control region only the electron candidate needs to
be isolated. Finally, the transverse mass defined as

mr = \/2 “Prye- ETJniss (1 — COS (@ - ¢MET)) (5-27)

is employed to enrich the contribution of the W decay processes. Both control regions
require a transverse mass in the range of 60 GeV < my < 100 GeV. For the W — puv,
control region, the transverse mass is calculated from the muon candidate and the ET,miSS
while for the W — ev, cross check the electron candidate is used.

In Table 5.4 the expected number of events in both control regions are shown together
with the observed number of data events. In both cases, the observed number of data
events agrees well with the expectation considering the limited statistics. The control
region for the W — puv, events is dominated by this process and the normalisation of
the W — pv, simulation is considered adequate. In the W — ev, control region, the
dominant contribution arises from multijet events because of the larger mis-identification
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process events process events

v Z — ete <0.1 Y72 — ete 0.34 £+ 0.06
Y7 — T 0.59 + 0.06 Y] Z = ptuT 0.10 £+ 0.02
v Z — T 0.11 £+ 0.05 Y Z — T 0.18 + 0.06
W — ev, <0.1 W — ev, 5.24 + 0.62
W — uv, 10.69 + 0.78 W — uv, 2.81 £ 0.39
W — 1, 0.62 + 0.35 W —1v, 0.40 £ 0.32
tt <0.1 tt 0.12 £+ 0.03
QCD estimation  5.17 £ 1.04 multijet estimation 17.32 4+ 1.45
> expectations  17.18 + 1.35 > expectations 26.51 £+ 1.66
data 18 data 29

(a) W — pv, control region. (b) W — ev, control region.

Table 5.4: Expected and observed number of events in the control regions for W
decays. The background components are normalised to an integrated luminosity of
L = 35.5 pb~! except for the multijet background which is estimated from data. Only
statistical uncertainties are given.

rate of jets as electron candidates. However, the normalisation of the W — ev, simulation
is regarded as acceptable for this analysis.

5.6.3 Normalisation of the Simulation of ¢t Processes

Another important background is the production of tf pairs which constitute a physical
background to the signal process. Additionally, the theoretical cross section for this
process is less precise, compared to that of Z and W boson production, and a cross check
of the normalisation is essential. A control region is defined by requiring a successful data
preselection and exactly one electron candidate and one muon candidate with opposite
charge which passes the corresponding isolation criteria. Contributions of the signal
process are reduced by inverting the cuts on ) cos A¢ and ) pr+ Em miss. The resulting
numbers of expected and observed events are given in Table 5.5. It is concluded from
the good agreement that the normalisation for the simulation of ¢ events is correct.

5.7 Methodology of the Cross Section Measurement

In order to calculate a cross section of a certain signal process, the number of signal
events Nggna and the integrated luminosity L is needed. While the latter is measured
directly, the number of signal events is estimated from the observed number of data
events Ngata in the signal region and the estimated background contribution Ny, The
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process events

V)7 — ete” <0.1

Y7 = wtu 0.19 £+ 0.04
v )Z — T 0.31 £+ 0.07
W — ev, <0.1

W — uv, 1.29 + 0.26
W — tu, 0.33 £ 0.25
tt 26.96 + 0.38

QCD estimation  2.30 4 2.75
> expectations  31.38 + 2.80
data 31

Table 5.5: Expected and observed number of events in the control region for the tt
process. The background components are normalised to an integrated luminosity of
L = 35.5 pb~! except for the multijet background which is estimated from data. Only
statistical uncertainties are given.

cross section of the process can then be calculated according to

Nsignal _ Ndata - kag
L L '

o= (5.28)
However, this number is difficult to compare among different experiments as it includes
the definition of the chosen signal region. By applying cuts to define the signal region,
only events in a very specific part of the available phase space are selected. Therefore,
the cross section calculated above is the differential cross section of the process of interest
integrated over the selected, and usually highly complicated, phase space regions. For
the sake of comparability, the measured cross section is corrected for effects coming from
a restricted phase space. Let oy, denote the fully inclusive cross section for the process
considered, then the correction factor € can be split into two parts,

0 = Oincl * € = Oincl AZ : Cz . (529)

The correction factor Az describes the probability that the process generates a final
state which is within a certain geometrical and kinematic region, the fiducial phase
space region. Given that a signal event is within the fiducial region, C'; represents the
efficiency that this event is correctly reconstructed and selected in the signal region. Both
numbers can be calculated from a simulated signal sample which contains Ng, events
of which N, are within the fiducial phase space and Ny, are finally reconstructed and
selected in the signal region. One obtains the following relations

Nsel . Nacc Nsel
N gen N, gen Nace
~—~—

€ =

(5.30)

AZ C'Z
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5.7 Methodology of the Cross Section Measurement

cuts
pr Z 16 GeV
electrons In| < 2.47 but outside 1.37 < |n| < 1.52
>
LIUOLS pT = 10 GeV

In| <24

> cosA¢ (¢,MET) > —0.15
25 GeV < m,, < 80 GeV

event

Table 5.6: Definition of the fiducial phase space region.

It is important here to notice that Ny, and N, rely only on the simulated process
and are fixed already after the event generation step (cf. Section 3.3). In contrast, Ny
is based on final reconstructed objects and is affected by the detector simulation and
reconstructions/identification algorithms.

One can then state the fully inclusive cross section

g

incl — 5.31
il =40, (5:31)
and the fiducial cross section o
Ofd = - (532)
Cy

Let 07"/ denote the production cross section of pp — 7*/Z with the invariant mass of
the gauge boson within 66 GeV < m.,./, < 116 GeV. Taking into account the branching
ratios of the 4*/Z boson and the tau lepton decays, one obtains

* Ngata — IV,

agd/z X BR (V)2 =777 ) x BR (77 = ep+4v) = % , (5.33)
v*/Z BR (~*/7 +, - B + - o Ndata_kag

T X BR(Y(Z 5 700 X BR(r = endv) = —pemhe (530

Since the fiducial cross section does not require an extrapolation of the measured cross
section to the full phase space, it is less affected by theoretical uncertainties on the
modelling of the gauge boson production and the subsequent decays.

5.7.1 Determination of the Acceptance and Correction Factors

The fiducial phase space in this analysis is defined by the cuts given in Table 5.6. The
constraint to 66 GeV < m..,; < 116 GeV has to be taken into account when the correc-
tion factors Az and C are calculated using simulated signal events. The invariant mass
of the gauge boson is given by the invariant mass of the di-tau system m,.. Thereby, the
four-momenta of the tau leptons are given by the summed four-momenta of their decay
products (one charged lepton and two neutrinos). Additionally, momenta of photons are
added if these are radiated either off the tau lepton itself or off the charged lepton within
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in a cone of AR = 0.1. This procedure allows for partial correction of the QED final
state radiation back to the tree-level process.
The correction factor Ay is finally given by

Nacc
Ay = = 0.1139 = 0.0004 (5.35)

N, gen,mass window

where both numbers are determined before any detector simulation is applied but include
a correction for possible radiation of photons. Then, Ngen mass window 15 the number of
generated events which fall inside the mass window m,, € [66 GeV, 116 GeV] and N,
is the number of events fulfilling the criteria given in Table 5.6. By construction, N, is
not a strict sub-sample of Ngen mass window and, hence, Az includes a correction for events
that migrate from outside the invariant mass window into the fiducial phase space region.

The corrections factor Cz, accounting for detector and analysis efficiencies like the
reconstruction, identification and trigger efficiencies but also event selection efficiencies,
is calculated according to

reco

Cy = =24 = 0.286 + 0.006 (5.36)
Nacc
with N 5 being the number of events passing all analysis cuts, including the corrections
described in Section 5.4, after the full detector simulation is applied. Again, C'; includes
by construction a correction for events migrating from outside the fiducial phase space
into the final signal region.

Both numbers are determined using a signal sample simulated with the PYTHIA gen-
erator and the PDF set and underlying event model as given in Section 3.3.1. The
uncertainties stated are the statistical uncertainties arising from the limited number of
simulated events.

5.8 Evaluation of Systematic Uncertainties

The estimation of background contributions is subject to systematic uncertainties as well
as the acceptance correction factors Ay and Cyz. In this section, different sources of
systematic uncertainties are investigated and their effects are quantified. The effects of
all systematic variations considered are summarised in Tables 5.9, 5.10 and 5.11.

5.8.1 Theoretical Uncertainties

Theoretical uncertainties on the normalisation of v*/Z — (¢~ and W — (v, simulations
were studied in the context of the Z and W boson cross section measurements by the
ATLAS collaboration [78]. The programme FEWZ [57] is used to calculate the cross sec-
tions at NNLO accuracy in electroweak and strong corrections. Systematic uncertainties
are evaluated by varying the renormalisation and factorisation scales and by considering
uncertainties on the strong coupling constant as well as on the PDF sets used. An over-
all uncertainty of 5% for the normalisation of v*/Z — ¢t~ and W — (v, simulations is
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. . . . . . +7%
found. Regarding the top-pair production, an uncertainty on the normalisation of g%,

is used following the strategy of the top-pair production cross section measurement by
ATLAS [79].

5.8.2 Uncertainty on the Luminosity Measurement

The relative uncertainty on the luminosity is derived from measurements with dedicated
beam conditions and is found to be 3.4% [74].

5.8.3 Uncertainties Related to the Corrections Applied
Correction Factors

All correction factors are obtained from simulation and data samples with limited statis-
tics. In some cases, additional systematic variations are considered when deriving those
correction factors. The resulting total uncertainties are given in Table 5.1, C.4, C.5 and
C.6.

In general, the correction factors and their uncertainty are given in bins of some quan-
tity (e.g. pr, 1) OF Nyertex). The impact of these uncertainties on the cross section mea-
surement is estimated by shifting the correction factors in all bins coherently by +1lo
and evaluating the relative change in the background estimation and C';. This proce-
dure leads to a conservative estimate of the systematic uncertainties as the correction
factors in different bins are treated fully correlated. Indeed, a large portion of the to-
tal uncertainties on the correction factors arises from limited statistics and, therefore,
is uncorrelated between different bins. A future analysis might disentangle the different
contributions of the total uncertainty to perform a refined estimation of the systematic
uncertainties.

This prescription is applied separately for the trigger efficiency and pile-up corrections
as well as for the isolation scale factors and the muon reconstruction efficiency correction.
For the electron related corrections an additional relative uncertainty of 1.5% coming from
the reconstruction efficiencies (cf. Section 5.4.2) is added in quadrature.

Lepton Energy/Momentum Corrections

As described in Section 5.4.2, the transverse momenta/energies of reconstructed lepton
candidates undergo an additional correction. The tools used for the smearing allow to
shift the correction by its uncertainty. The arising systematic uncertainty is quantified
by comparing the results for the background estimation and C'; obtained with the shifted
corrections to those obtained with the nominal correction.

5.8.4 Jet Energy Scale and Er s Uncertainty

The calibration of jet energies is subject to rather large uncertainties, especially in the
low pr regime [380]. To evaluate the consequences for this analysis, the jet energies are
altered using a dedicated tool.
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The missing transverse energy is calculated from reconstructed topological energy clus-
ters and reconstructed muon candidates. Since the shift in the muon  pr due to the cor-
rection is propagated back to the ET miss vector, the uncertainty on ET miss coming from
reconstructed muons is already accounted for. The energy of the topological clusters is
modified according to a pp dependent scaling factor [31]

1.2 GeV
103+ =270 for |y < 3.2, (5.37)
pr
1.2 GeV
110+ =270 for |y > 3.2. (5.38)
pr

Because the jet energy scale, the electron energy and the ET,miss measurement depend on
calorimeter information, the corresponding systematic variations are shifted coherently.

The whole analysis is re-run to determine the relative changes in the background
estimation and the calculation of C'5.

5.8.5 Uncertainty on the Estimate of the Multijet Background

The ABCD method relies on the following vital assumptions for the multijet background
estimation:

1. The ratio Ros/gs is independent of the isolation of the two reconstructed lepton
candidates.

2. The ratio Rog/ss is not affected by selection steps after the di-lepton requirement.

3. The selection efficiency eqcp is independent of the charge product and the isolation
of both lepton candidates.

Cross Checks for Rog/ss

In order to evaluate the dependence of Rog/ss on the isolation criteria of the two lepton
candidates, the following check is performed. After the di-lepton selection criteria Rog/ss
is calculated analogously to (5.24) as a function of the four variables which are used to
define the isolation of the electron and muon candidates. The resulting distributions
are shown in Figure 5.7. The first bin is always chosen such that it covers the range
used to define an isolated electron or muon candidate while the last three bins represent
the anti-isolated region. Therefore, the first bin is dominated by electroweak and signal
contributions and the calculation of Rog/sg for multijet events would require a correction
for all electroweak processes including the signal process. That is not possible as the
normalisation of the latter should be measured in this analysis and, thus, the ratio
Ros/ss is not calculated for the first bin.

The assumption, that Rog/ss is independent of the isolation, is checked by fitting the
last three bins with a linear function. If the slope of this function is not compatible with
0 within the errors of the fit, a systematic uncertainty is derived in the following way:
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Figure 5.7: Dependence of Rpg/gg on the calorimeter-based (left) and track-
based (right) isolation variables for electron (top) and muon (bottom) candidates.
The linear fit with its uncertainty on the slope parameter is displayed as blue lines.
The red triangles represent the values used for determining the relative systematic
uncertainty.
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isolation variable slope parameter R /ss R /ss Agyst. Ros/ss
etcone30/pr (electrons) -0.05 £ 0.16 - - -
ptconed0/pr (electrons)  0.10 £ 0.20 - - -
etcone40/pr (muons) -0.34 £ 0.15 1.652  1.511 9.4%
ptcone40/pr (muons) -0.25 + 0.18 1.689  1.579 7.0%

Table 5.7: Parameters for the estimation of the systematic uncertainty on Rog/ss-

1. The linear function is extrapolated to the centre of the first bin yielding an hypo-
thetical value R /ss-

2. The last three bins are merged into one anti-isolated bin.

3. The ratio of opposite sign to same sign events in data is recalculated in the anti-
isolated bin resulting in a value Ry /ss-

4. A relative systematic uncertainty of

ex 5
0S/SS 0S/SS

R/OS/SS

(5.39)

is stated.

The procedure leads to the relative systematic uncertainties given in Table 5.7. No
significant dependence on the isolation of the electron candidate is observed. The relative
uncertainties related to the isolation of the reconstructed muon candidates are assumed
to be fully correlated. Therefore, the average deviation of 8.2% is quoted as systematic
uncertainty on Rog/ss-

One might notice that this prescription is a simplification since the actual definition of
“being isolated” is two-dimensional. Therefore, one should include the exact correlation
between calorimeter-based and track-based isolation variables. Additionally, if a non-
negligible dependence of Rog/ss on the isolation variables is observed, one should correct
for this and quote the uncertainty on the correction as systematic uncertainty rather
than taking the total observed discrepancy as systematic uncertainty as it is done in
this analysis. However, as the uncertainty on the multijet estimate is dominated by the
limited data statistics, it is decided to pursue the conservative and simplified approach
described above. Nevertheless, further analyses may benefit from larger statistics and
consider a more thorough treatment of this systematic uncertainty.

The second assumption is checked by calculating the ratio Rog/ss from the anti-isolated
region after different selection steps analogously to Equation (5.24). The values obtained
are stated in Table 5.8 and are constant throughout the full selection. Hence, assumption
2) is justified.

71



5.8 Evaluation of Systematic Uncertainties

selection step Ndata - ydata Ros/ss
di-lepton requirement 3771 2432 1.55 4+ 0.04
> cos Agp > —0.15 2841 1835 1.55 + 0.05

Y o1+ Ermiss < 150 GeV 2475 1583 1.56 £ 0.05
25 GeV < my, < 80 GeV 2101 1367 1.54 £ 0.05

Table 5.8: Ratio between events with oppositely charged (OS) and equally
charged (SS) lepton candidates in the anti-isolated region with its statistical uncer-
tainty at different points in the selection.

Cross Checks for eqcp

For the selection efficiency eqcp a similar study is performed. After the di-lepton require-
ment the selection efficiency for multijet events is calculated in the same-sign region as
function of the four isolation variables according to Equation (5.22). Again, the first bin
contains sizeable electroweak contributions and, therefore, is not shown. The systematic
uncertainty on the selection efficiency is derived in the same way as for the ratio Rog/ss
and the results can be found in Appendix C.6 (Figure C.1). It is found that the selection
efficiency of multijet events does not depend on the isolation variables of both lepton
candidates.

In order to check that eqcp does not depend on the charge product of both lepton
candidates, the selection efficiency is also calculated from the anti-isolated opposite-sign
region (region C). The result is

N&f, 2101

50 =
QCD — data -
NC,dilepton 3771

= 0.56 + 0.02 (stat.) (5.40)

¢

and is in perfect agreement with the result obtained from region D (cf. Equation (5.25)).

Summary

While no significant systematic uncertainty on the selection efficiency eqcp is observed,
the relative systematic uncertainty on the ratio of opposite-sign to same-sing multijet
events is found to be 8.2%. According to Equation (5.23), the estimate of the number
of multijet events in the signal region involves a correction for electroweak processes in
the same-sign isolated region. This contribution is derived from simulated samples and
are subject to the systematic uncertainties given in Table 5.11. In addition, a relative
uncertainty of 10% is added in quadrature to account for the non-negligible amount
of signal events in control region B, which is not corrected for, leading to a relative
systematic uncertainty on the electroweak correction of 17.4%. The resulting systematic
uncertainty on the multijet background estimate is

2
Asys‘c.ROS/SS ? AsySt-Ng,\(q/;lepton — 31.5% 5.41
R + Ndata - NEW - /0. ( : )
0S/SS B,dilepton B,dilepton

72



5.8 Evaluation of Systematic Uncertainties

5.8.6 Uncertainties Related to the Detector Status
Effect on Electron Candidates in Problematic Calorimeter Regions

As explained in Section 5.3, reconstructed electron candidates are rejected if they are
within a calorimeter region which is flagged as problematic. Since the detector conditions
evolve over time, there are several maps of problematic regions for different data taking
periods. While for the data selection always the correct quality map is used, the selection
on the simulated samples is based on the quality map corresponding to the last data
taking period which has the largest integrated luminosity. Due to the slight degradation
of the detector performance over time, quality maps for earlier periods contain fewer
problematic regions. To estimate the loss in selection efficiency on the simulated samples
due to the usage of the quality map with the most detector defects, the analysis is re-run
with the earliest quality map containing the least problematic regions. The difference in
the background estimate and the calculation of C is of the order of 0.4%.

Effect of Jet Cleaning Procedure

The jet cleaning procedure is only applied on data events and has a selection efficiency
of 99.6%. It could be considered as additional “good event requirement” which reduces
the effective integrated luminosity of the data sample by 0.4%. Instead of doing so, an
additional systematic uncertainty of 0.4% is assigned to the simulated samples. Efforts
are on-going to emulate the jet cleaning procedure also on simulated samples which would
allow a more thorough treatment of this uncertainty.

5.8.7 Uncertainties on the Acceptance Factor

The model dependence of the geometric and kinematic acceptance factor Ay is deter-
mined by comparing different parametrisation for the parton density functions and the
parton shower model.

The PDF sets CTEQ6.6 and HERA-PDF1.0 [382] are compared to standard PDF set
of the PYTHIA generator which is MRST2007LO*. Uncertainties of the PDF sets are
evaluated as well.

The default PYTHIA parton shower model is compared with the one of the HERWIG
generator to infer a possible model dependence. The results are summarised in Table 5.9.

5.8.8 Summary of Systematic Uncertainties

The systematic uncertainties on the acceptance factor Az are given in Table 5.9. The
effect of individual systematic variations on the correction factor Cy are stated in Ta-
ble 5.10 while Table 5.11 shows the impact of the different systematic uncertainties on
the individual background processes. The individual systematic uncertainties are added
in quadrature to obtain the total systematic uncertainty.
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source 0Az/Az in %
uncertainty on CTEQ6.6 PDF 1.3
different PDF sets 1.8
different parton shower models 1.8
total uncertainty 2.9

Table 5.9: Relative systematic uncertainties on the acceptance factor Ay.

source 0Cz/Cy in %
trigger efficiency 2.3
pile-up correction 0.6
electron related efficiencies 5.6
muon related efficiencies 2.6
electron energy resolution 0.1
muon momentum resolution 0.1
jet energy scale and MET systematic 1.7
problematic calorimeter regions 0.4
total uncertainty 6.8

Table 5.10: Relative systematic uncertainties on the correction factor C'z.

The systematic uncertainty on Cy is dominated by the uncertainties related to lepton
and trigger efficiency corrections. Also the uncertainty on the jet energy scale contributes
significantly.

The systematic uncertainty on the final background estimate is dominated by the large
uncertainty on the multijet estimation assigned to the method itself. Other important
contributions come from the electron related efficiency corrections and from the jet energy
scale uncertainty.

5.9 Summary

5.9.1 Results

The numbers needed for the final calculation of the cross section measurement are sum-
marised in Table 5.12. One corrects for the branching ratio BR (777~ — ep+ 4v) in
order to be able to compare with pp — v*/Z — eTe™ /ut ™ cross section measurements.
According to Table 4.1 one obtains

BR(T77" > ep+4v) =2-BR(T = e +2v) - BR(T — e+ 2v) (5.42)
— 0.062. (5.43
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Relative uncertainty in %

Souree v )Z =0 W = ly, tt, di-boson  QCD
theory uncertainty 5.0 5.0 10.0 -
luminosity 3.4 3.4 3.4 -
trigger efficiency 0.7 0.8 0.4 1.1
pile-up correction 0.6 0.6 0.6 0.6
electron related efficiencies 5.4 6.4 5.9 4.7
muon related efficiencies 1.2 1.8 1.7 4.9
electron energy resolution 0.1 <0.1 0.3 0.1
muon momentum resolution 0.1 <0.1 0.4 0.1
jet energy scale, MET systematic 7.5 11.9 9.3 2.6
problematic calorimeter regions 0.4 0.4 0.4 0.3
jet cleaning 0.4 0.4 0.4 0.4
QCD estimation - - - 315
total uncertainty 11.2 15.0 154 324

Table 5.11: Relative systematic uncertainties on the background estimates.

Finally, one calculates the cross section of the process pp — v*/Z — 7777 at /s =7 TeV
with 66 GeV < m., < 116 GeV by using Equations (5.33) and (5.34) to

op? x BR (v*/Z = 7477) = 119 + 15(stat.) + 7(bkg.) + 4(lumi.) + 8(5C) pb (5.44)

= 119 & 15(stat.) £ 11(syst.) & 4(lumi.) pb, (5.45)

olt? x BR(v*)Z = m+77) = 1045 + 129(stat.) + 66(bkg.) + 36(lumi.)
+ 73(6C) + 31(5A,) pb

= 1045 + 129(stat.) & 103(syst.) & 36(lumi.) pb.  (5.47)

(5.46)

The statistical uncertainties quoted arise from the number of observed data events in
signal region only while the systematic uncertainties stated comprise the systematic vari-
ations studied as well as effects of limited statistics for the background estimation.

5.9.2 Discussion and Outlook
The measured cross section is in agreement with the theoretical prediction of
OTheory (PP — V*/Z — 7777) = 964 £ 48 pb (5.48)

and the measurement of the v*/Z boson production cross section in other decay channels
by the ATLAS experiment [33],

ol "7 x BR (v*/Z — e*e™) = 750 £ 90(stat.) & 80(syst.) = 80(lumi.) pb, (5.49)

incl

olt? x BR(v*/Z = ptu~) = 870 4 80(stat.) + 60(syst.) + 100(lumi.) pb.  (5.50)

incl

75
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multijets 6.9 £4.1 (stat.) + 2.2 (syst.)
v/Z — ptpm 1.9+ 0.1 (stat.) + 0.2 (syst.)
A W = uv, 0.6 £ 0.2 (stat.) £ 0.1 (syst.)

background contributions o) 0.5+ 0.1 (stat.) + 0.1 (syst.)

tt 0.2+ 0.1 (stat.) £ 0.1 (syst.)

other <0.1
total background estimation Ny, 10.1 £ 4.1 (stat.) & 2.3 (syst.)
expected signal events Naignal 72.9 £+ 1.1 (stat.)
observed data events Naata 85
L centance comections Ay 0.1139 = 0.0004 (stat.) & 0.0033 (syst.)

P Cy, 0.286 = 0.006 (stat.) & 0.019 (syst.)

integrated luminosity L 35.5 4 1.2 (syst.) pb!

Table 5.12: Final numbers needed for cross section calculation.

The total uncertainty on the measurement is dominated by the limited statistics. How-
ever, contributions from systematic uncertainties are of the same order of magnitude while
the uncertainty on the luminosity measurement plays a minor role. A future analysis may
benefit from larger statistics to reduce both the statistical and the systematic uncertainty.
The latter is dominated by low statistics in the control regions for the multijet background
estimation. This situation is expected to improve with more date. Moreover, additional
data will allow for a more precise determination of the lepton efficiency correction factors
which, in return, reduces the corresponding systematic uncertainties. Currently, a study
of the 2011 data set corresponding to 1.5 fb™' is on-going and an update on the cross
section measurement is going to be published soon.
The final numbers given here differ slightly from those in [73] where

ol 4? x BR (y*/Z — 7F77) = 1060 + 140(stat.) + 80(syst.) + 40(lumi.) pb  (5.51)
is stated for the eu + 4v final state. This difference arises from the way the contribution
from signal events in the same-sign isolated region is handled during the multijet estima-
tion. While this contribution is not corrected for but treated as systematic uncertainty
in this thesis, the official ATLAS analysis uses the theoretical cross section to normalise
the signal contribution in control region B and corrects for it. This approach leads to a
slightly smaller estimate of the multijet background and, thus, results in a larger cross
section. In contrast, the result, presented in the context of this work, states a smaller
cross section but a larger systematic uncertainty. Both results are compatible within the
uncertainties given.
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Chapter 6

A Search for Neutral MSSM Higgs
Bosons in the 777~ Channel

The second part of this thesis is devoted to a search for neutral MSSM Higgs bosons in
the channel pp — ¢ — 777~ — eu+4v. First, simulated samples are used to investigate
different selection strategies which discriminate efficiently against background processes
while retaining most of the signal events. Secondly, possible approaches for the final
interpretation of the observed data are discussed. Finally, the data sample, which was
recorded by the ATLAS detector in the first half of 2011 and corresponds to 1.06 fb™" of
proton-proton collisions at a centre-of-mass energy of /s = 7 TeV, is analysed and an
exclusion limit in the M, X tan 8 parameter space of the MSSM is derived.

6.1 Data and Simulated Samples

The data taking periods B-H of the 2011 LHC proton run are considered in this study
resulting in a total integrated luminosity of 1.06 b~ of good quality data events. Instan-
taneous luminosities up to 1.3 - 10** cm~2s~! were reached during these periods. Different
beam conditions and higher instantaneous luminosities lead to different pile-up conditions
in 2011 compared to the 2010 data set. Due to the small fraction of integrated luminosity,
the latter is not included in this study.

In order to benefit from the insights gained by the analysis of the 2010 data set,
the simulated samples are reprocessed with improved reconstruction /identification algo-
rithms and an updated detector simulation. The exact list of simulated samples used for
evaluating and optimising the different selection strategies can be found in Appendix D.1.
Again, the expectations obtained from these simulations are scaled to the integrated lu-
minosity according to Equation (3.7). Pile-up conditions are simulated in these samples
by assuming that the proton bunches are grouped into bunch trains of 36 bunches where
the individual bunches are separated in time by 50 ns.

6.2 Event Preselection

Events have to pass data preselection cuts which resemble those of the v*/Z — 777~
cross section measurement outlined in Section 5.2. The requirement of at least one recon-
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6.2 Event Preselection

structed vertex with > 3 associated tracks, the jet cleaning procedure and the require-
ment of a good detector status are identical. Only the trigger selection is changed and
an additional criterion is introduced to remove events affected by calorimeter problems.

6.2.1 Trigger Selection

Motivated by the event topology triggers looking for electron or muon signatures are
appropriate to select signal events. Due to the increased instantaneous luminosities in
2011, the pr thresholds for all triggers are raised in order to keep the trigger acceptance
rate at a sensible level. Therefore, an event filter trigger looking for an electron signa-
ture, which passes the medium! identification criteria and has a transverse momentum of
pr > 20 GeV, is used. It is labelled EF_e20_medium. The loss in efficiency owing to the
higher pr threshold can be recovered partially by looking for muon signatures as well.
Hence, events triggered by an event filter searching for muon candidates with transverse
momenta pr > 18 GeV (EF_mu18_MG) are also accepted. Due to a misconfiguration in
the muon trigger menu, low pr muon triggers exhibit significant efficiency losses for high
pr muons (2 200 GeV). Therefore, it is recommended to complement the low threshold
muon trigger by a second muon trigger which is not affected by the misconfiguration.
An event filter which looks for muon signatures with pr > 40 GeV only in the muon
spectrometer and in the barrel region, is chosen to perform this task. It is labelled
EF_mu40_MSonly_barrel. The final trigger decision is based on the logic

EF €20 medium OR EF mul8 MG OR EF_mu40 MSonly barrel. (6.1)

6.2.2 Readout Problems in the Calorimeter System

Due to a power glitch on 29" of April 2011, the readout electronics for a part of the barrel
electromagnetic calorimeter broke down and were not back to operation until the end of
data-taking period H. The affected region spans 0.1 < n < 1.48 and —0.88 < ¢ < —0.45
corresponding to =& 0.8% of the full coverage of the calorimeter. In this region the perfor-
mance of reconstruction and identification algorithms for electrons and jets is deteriorated
as well as their energy measurement. Additionally, information for the trigger system
are lost and the Epmiss measurement is biased towards the dead calorimeter region. This
effect must be taken into account by removing events in which a reconstructed electron
or jet candidate points to the problematic region. The exact details on how events are re-
jected are given in Appendix D.2. Simulated samples do not contain this detector defect
and, thus, must be corrected for it according to the prescription given in Section 6.4.4.

!The definition and actual meaning of medium identification criteria evolves over time as the recon-
struction and identification algorithms are improved continuously. However, it is intended that the
corresponding identification efficiencies and background rejections remain at approximately the same
level.
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6.3 Object Definitions

The investigated final state of the signal process involves electrons, muons and neutri-
nos. In addition, hadronic showers arising from initial state radiation may occur. Some
background processes are characterised by the presence of hadronic showers as well.
Therefore, it is essential to specify the criteria for the reconstruction and identification of
lepton candidates, jets and the missing transverse energy. The object definitions used for
this analysis are summarised in Table D.2. They are very similar to the object definitions
given in Section 5.3 for the cross section measurement. In the following paragraphs, these
criteria are reviewed briefly and differences are highlighted.

Electron Candidates Electron candidates are considered within the range |n| < 2.4 but
outside 1.37 < |n| < 1.52. They have to be reconstructed with either the standard or the
soft-pr electron reconstruction algorithm. Electron candidates affected by problematic
calorimeter regions are discarded.

A transverse momentum of pp > 15 GeV is required as a pre-selection. If an event is
triggered by the electron trigger, the pr threshold for the selected electron candidate is
raised to 22 GeV to be in a regime where the trigger performance is well understood.

Since this analysis is a search for new phenomena, the neutral MSSM Higgs bosons,
it is even more important to understand precisely the background processes for this
search. The theoretical description of hadronic showers and their evolution is the focus
of extensive research but still related to comparably large uncertainties. Hence, in order
to reduce possible background contributions originating from mis-interpreted jets, only
electron candidates passing the tight identification criteria are considered.

Muon Candidates Muon candidates, which meet the tight identification require-
ments, are selected with a transverse momentum above 10 GeV. Since the category
of tight muon candidates comprises segment tagged muons with a high track quality in
addition to combined muon candidates, the acceptance is extended to |n| < 2.5 and the
overall reconstruction /identification efficiencies are slightly improved compared to only
considering combined muon candidates.

The associated track, when extrapolated back to the beam pipe, has to match the
primary vertex within 10 mm. Further criteria on the number of hits in the different
components of the inner detector are imposed to ensure a good track quality.

Analogously to the electron candidates, the pr threshold for the selected muon candi-
date is raised to 20 GeV if the event is triggered by the muon trigger.

Jet Candidates, ET,miSS and Resolving Ambiguities The definitions for reconstructed
jet candidates and the missing transverse energy are the same as for the v*/Z — 77~
cross section measurement. Moreover, the procedure for resolving ambiguities between
different reconstructed objects remains unchanged. Details can be found in the corre-
sponding paragraphs of Section 5.3.
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6.4 Corrections to the Simulated Samples

Similarly to pp — v*/Z — 777~ cross section measurement, the simulated samples have
to be corrected in order to reproduce the actual detector performance. The necessary
corrections are already explained in Section 5.4. Due to the different data set and updated
simulated samples, the corrections have to be modified. In the following paragraphs
changes in the corrections are outlined. Tables with the updated correction factors are
given in Appendix D.4.

6.4.1 Trigger Efficiency Correction

Trigger efficiencies for the combination of the two muon triggers are derived by studies
of the process Z — ptp~ [84]. Due to the geometry of the muon trigger system, the
correction factors wyg ,, are calculated separately for the barrel region |n| < 1.05, where
they depend on 1 and ¢ of the selected muon candidate, and for the end-cap region
|n| > 1.05, where the correction depends only on the transverse momentum of the muon
candidate which triggered the event. The applied correction factors as a function of the
1 and ¢ in the barrel region are shown in Figure D.2 while Table D.3 summarises the
corrections in the end-cap region. Their relative uncertainties are of the order of < 3%.

The correction factors for the electron trigger wyig. are provided by other analyses
which perform studies of the process Z — ete™. They are displayed in Figure D.1 and
depend on the n and ¢ position of the energy cluster associated to the selected electron
which caused the trigger. The uncertainties on the correction factors are < 1.5%.

The final correction factor, which is applied to the simulated samples, depends on the
trigger selection. If the event is triggered by the electron trigger, then the correction
factor wyig e is applied. The decision of the combined muon trigger is only checked if
the event is not accepted by the electron trigger. In case of a positive muon trigger
decision, the simulated events are weighted with the correction factor for the combined
muon trigger Wiyig, ;-

6.4.2 Corrections Related to Lepton Candidates

Reconstruction, identification and isolation efficiencies for lepton candidates are investi-
gated by studying the well-known SM processes Z — ete™ and Z — pp~ in data. The
results are compared with predictions from simulations.

Efficiency Corrections In contrast to the 2010 data set, the reconstruction efficiency of
electron candidates measured in data differs slightly from the expectation. Therefore, the
simulated events are weighted with 77 dependent scale factors we yeco Which are summarised
in Table D.4 and have relative uncertainties up to 2%. Owing to the larger amount
of statistics in the 2011 data set, the correction factors for the electron identification
efficiencies are derived in a finer binning as given in Table D.5. The pr dependent
corrections exhibit relative uncertainties up to 10% in the low pr range.
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6.4 Corrections to the Simulated Samples

Contrary to the findings for the 2010 data, the isolation efficiencies for electron and
muon candidates agree very well between the simulation and the 2011 data set. The
correction accounting for electron related efficiencies is given by

we(neva,e) = we,reco(ne) X we,ID(pT,e) X we,ID(ne) . (62)

The uncertainties on the individual terms are added in quadrature to yield the total
uncertainty.

Correction factors w,, for the muon reconstruction and identification efficiencies are
provided in a n X ¢ binning which reflects the geometry of the muon spectrometer. They
are of the order of 0.95 — 1.01 with relative uncertainties of < 0.5%.

Energy and Momentum Corrections The prescription given in the corresponding
paragraph of Section 5.4.2 also applies for this study. Updated tools, provided by other
groups, are used to smear the transverse momenta of reconstructed muon candidates and
to vary the energies of reconstructed electron candidates in order to reproduce the invari-
ant mass spectra my, obtained from Z — eTe™ /upu~ studies with the 2011 data. The
changes are propagated back to the missing transverse energy such that Equation (5.5)
is fulfilled. This correction is applied to all lepton candidates before the object selection
is performed.

6.4.3 Pile-up Related Corrections

The pile-up conditions in the simulated samples do not reflect correctly the pile-up con-
ditions observed in the 2011 data set. Owing to the reduced bunch spacing, out-of-time
pile-up effects become important. Due to the latency of the calorimeter readout electron-
ics, signals from proton-proton interactions, occurring in subsequent bunch crossings, can
be overlaid and have to be disentangled correctly. Thus, the number of reconstructed
vertices is not an appropriate indicator for the total pile-up conditions because it is
only sensitive to multiple proton-proton interactions taking place during the same bunch
crossing. Instead, the average number of interactions per bunch crossing, labelled p, is
considered adequate to quantify the total pile-up conditions. The distributions of u as
it is used for the simulation and how it is observed in the 2011 data set are shown in
Figure 6.1(a). Scale factors wy, are derived for the simulations to match the distribution
of 11 in data. Figure 6.1 illustrates the effect of this pile-up correction on the distribution
of the number of vertices. From this figure, one can infer that the description of in-time
pile-up effects is significantly improved.

6.4.4 Correction for Problematic Calorimeter Regions

A large fraction of the 2011 data set is affected by dead readout electronics for the EM
calorimeter in the barrel region as mentioned in Section 6.2.2. In order to reflect this
problem correctly in the simulated samples, the following procedure is applied. If a
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Figure 6.1: Pile-up conditions in data (top) and the effect of the pile-up correction
on the Nyertex distribution (bottom).
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simulated event is considered as affected by the dead readout channels (the details of
this definition are explained in Appendix D.2), it is weighted with a scale factor

Lgood

Wear = = 0.152 (6.3)

Ltotal

which is the fraction of the recorded integrated luminosity not affected by this problem.

6.5 Baseline Selection

Before the optimisation of the final event selection is explained, the basic selection mo-
tivated by the requirement of a high quality data sample and the event topology is
outlined.

6.5.1 Event Preselection

The event selection starts with the preselection cuts explained in Section 6.2 to remove
events which are affected by detector problems or do not originate from proton-proton
collisions. The pile-up correction weight wy, is applied at the very beginning. After
the trigger requirement simulated events are weighted with the corresponding correction
factor which depend on the trigger decision (cf. Section 6.4.1).

6.5.2 Selection of the eu Final State

Analogously to the v*/Z — 77~ cross section measurement, the presence of exactly
one selected electron candidate and exactly one selected muon candidate is required.
The considered lepton candidates are defined by the object selection criteria given in
Section 6.3. Moreover, the two selected lepton candidates have to carry opposite electric
charges. At this point, simulated events are weighted with the correction factors for the
electron and muon reconstruction /identification efficiencies.

6.5.3 Raised pr Threshold for the Trigger Candidate

As already mentioned in Section 6.3, the pt requirement on the selected lepton candidates
may be raised depending on the trigger decision. If the event is accepted by the electron
trigger EF_e20_medium, the selected electron candidate has to obey pr > 22 GeV. If an
event is not accepted by the electron trigger, the combined muon trigger is checked. In
that case the muon candidate has to fulfil p > 20 GeV.

6.5.4 Lepton Isolation

The motivation for isolation requirements and the choice of different cone sizes are dis-
cussed in Sections 4.4 and 5.5.3. Since the increased pile-up effects influence mainly
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process expectation
Y Z — thr 2073 + 23
tt 1388 + 4
di-boson production 421 + 3
multijet events 213 + 30
single top processes 139 £+ 2
other? 90 £ 16
total background 4324 £+ 41
#(120,20) — 77~ 153 £ 3

S/VB 2.33

Table 6.1: Expected event yields after the baseline selection. The simulations are
normalised to an integrated luminosity of L = 1.06 fb~!. The multijet contribution is
estimated from data. The signal yield is shown for the parameter point M4 = 120 GeV
and tan 8 = 20 in the m;'® scenario. Only statistical uncertainties are given.

the energy measurement, calorimeter-based isolation variables with smaller cone size are
employed in this study. An electron candidate is considered isolated if it fulfils

ptcone40/pr < 0.06, (6.4)
and etcone20/pr < 0.08. (6.5)

Muon candidates are defined as isolated if they pass

ptconed0/pr < 0.06,
and etcone20/pr < 0.04.

6)
7)

These isolation criteria are taken from official ATLAS analyses searching for the Higgs
boson in channels with a similar event topology [85]. An optimisation of these criteria
is not performed in the scope of this thesis. However, future analysis may consider an
optimisation of the isolation criteria since it turns out that the background arising from
multijet events is still sizeable after the full selection.

(6.
(6.

6.5.5 Summary of the Baseline Selection

Table 6.1 summarises the expectations for the different background processes after the
baseline selection. All background contributions are estimated by using simulated sam-
ples except for the multijet background which is estimated from data as described in Sec-
tion 6.7.1. For comparison the signal expectation for the parameter point M, = 120 GeV
and tan $ = 20 is shown as well as the statistical significance.

2Minor background contributions from W — (v, and v*/Z — eTe™/utpu~ processes are collected
under the term “other” for the remainder of this chapter.
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6.6 Optimisation of the Event Selection

As it can be seen from Table 6.1, a possible signal contribution is small compared to
the total expected background yield. In order to enhance the sensitivity for the signal
process, further selection criteria are imposed to improve the signal to background ratio.
Therefore, it is essential to define a signal process as reference. Even though it is desirable
to optimise the analysis for different parameter points in the M4 X tan 3 plane, only one
reference point is used for this study. The choice of this parameter point is driven by
the fact that the fully leptonic final state suffers from a small branching ratio and, thus,
is only competitive in regions with comparably large cross sections. This requirement
asks for small values of M, and large values of tan /3. A lower bound on M, is given
by the exclusion limit derived at LEP while tan 8 is bounded from above by already
observed exclusion limit by ATLAS [85]. Therefore, the parameter point M4 = 120 GeV
and tan 8 = 20 is chosen as reference for the remainder of this chapter which results in
the following masses for the other two neutral MSSM Higgs bosons:

M, = 118.2 GeV ,
My = 132.0 GeV .

Taking into account the typical experimental mass resolution of the order of 15 GeV, all
three bosons can be considered as mass degenerated for this study. The total cross section
including the contributions from all three Higgs bosons and both production mechanisms
is

o(pp = h/HJ/A— 7577 = (Y0 +4v) =33 pb. (6.10)

Since v*/Z — 7777 is an irreducible background for the signal process, it is impossible
to discriminate against this background without sacrificing a large fraction of the signal
events. Therefore, this background contribution is not considered during the optimisation
of the event selection. Moreover, the multijet component is omitted as well since these
events can be suppressed by tighter isolation cuts which is not studied in the scope of
this work.

Among the remaining background processes the production of top-quark pairs (¢t), di-
boson processes and single top production play an important role. Hence, the different
selection strategies considered aim for a reduction of these three background components
while retaining a maximum of the signal events. For this purpose, powerful discrimi-
nating variables are discussed in Section 6.6.1. The usage of simulated samples for the
optimisation is justified in Section 6.6.2. Possible classification algorithms are reviewed
in Section 6.6.3 and their performance is compared in Section 6.6.4.

6.6.1 Definition of Discriminating Variables

In this section, variables are investigated which provide a reasonable separation power
between the signal and the considered background processes. A list of all discriminat-
ing variables considered together with a short motivation is given below. Figure 6.2
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exemplifies the distributions of a few discriminating variables for the signal and the con-

sidered background processes. The distributions of remaining variables can be found in
Appendix D.5.

Number of Reconstructed Jet Candidates The background contributions which in-
volve one or more top quark decays are characterised by at least one b quark in the final
state while for the signal process no partons are produced at tree-level. Thus, single top
production and tf processes are characterised by a larger number of reconstructed jet
candidates (cf. Figure 6.2(a)). The fact, that some of these jets originate from a b quark,
contains some additional discrimination power which is not employed in this study but
may be studied by future analyses.

Scalar pr Sum of Reconstructed Objects Similarly to the cross section measurement,
the variable

SumPtMETJets = pr. + pry + Ermiss + meet (cf. Figure D.3(c)) (6.11)
J
is examined. It provides a good discrimination power against the ¢ background as already
discussed in Section 5.5.5. In addition, the variable

SumPtMET = pr . + Py + B omiss (cf. Figure 6.2(h)) (6.12)

is defined which has a slightly smaller rejection power as it ignores the contributions from
jet candidates. In return, it is less affected by systematic uncertainties on the jet energy
calibration.

Angular Correlation between Lepton Candidates and ET,miSS The variable

SumCosDPhi = cos (¢ — ¢meT) + €08 (¢, — dumET) (cf. Figure 6.2(c)) (6.13)

is defined analogously to the cross section measurement to suppress backgrounds con-
taining decays of W bosons (cf. Section 5.5.4). Therefore, it is a useful variable to
discriminate against tf, single top, W — (1, and di-boson processes with at least one
produced W boson. Additionally, the two variables

DeltaPhiL1MET = |¢y, — dmeT| (cf. Figure D.3(a)), (6.14)
DeltaPhil2MET = |¢y, — dmET| (cf. Figure D.3(b)) (6.15)

are investigated with ¢/, being the lepton candidate with the larger/smaller pp. For the
signal process, both lepton candidates are expected to be back-to-back in the transverse
plane and the ET miss vector is aligned along the same direction assuming that the ET ‘miss
arises only from neutrinos produced by the tau lepton decays. Determined by the con-
servation of transverse momenta, the EﬁTvmiss vector should point in the direction of the
lepton candidate with the smaller pr. Thus, |¢,, — ¢mer| = 7 and |¢r, — dumET| =~ 0 i8
expected for signal events.
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Another variable connecting the ETmss measurement with the kinematics of the lepton

candidates is the projection of the ET,miss vector on the axis of the lepton candidate closest
in ¢. It is defined as

ET,miss - sin AQsmin 7A¢min S
ET,miss ) AQbmin >

with A¢min = min (|¢e — dnet|, |[0p — dMET])-

EtMissRel = { (cf. Figure 6.2(¢)) (6.16)

INTETNIE

Angular Correlations of the Lepton Candidates Inspired by the event topology the
variable
DeltaPhilL = |¢. — ¢, (cf. Figure 6.2(d)) (6.17)

is examined as well. The distribution is expected to peak at 7 for signal events while the
background process exhibits large tails towards smaller values. Additionally, the absolute
value of the difference in 7 is examined,

DeltaEtalL = |, — 7,| (cf. Figure D.3(d)). (6.18)

Transverse Masses The definition of the transverse mass is given in Equation (5.27)
and is calculated for the electron candidate mry,. (cf. Figure D.3(f)) and the muon
candidate my, (cf. Figure D.3(f)). This variable is again useful for rejecting events
which contain leptonic decays of W bosons.

Asymmetry in pr of the Lepton Candidates The asymmetry in pr of both lepton
candidates is given by

PtAsymmetry = Pre = Pl (cf. Figure D.3(e)). (6.19)
pT,e + pT,,u

This variable is intended to discriminate against ZZ processes where one Z boson decays
into a pair of electrons and the other into a pair of muons. If in each case one lepton
is outside the detector acceptance or fails the reconstruction, this process is a direct
background to the signal topology. However, the remaining two lepton candidates are
expected to have transverse momenta of about half of the Z mass and the asymmetry is
expected to be very small. In contrast, the signal process involves four neutrinos whose
momenta contribute to the pt conservation. Therefore, the transverse momenta of the
lepton candidates can exhibit a larger asymmetry.

6.6.2 Validation of Simulated Samples

Before the proposed variables are employed in the optimisation of the event selection,
the usage of simulated samples is justified. For this purpose, control regions for the two
major background components, tf and di-boson processes, are defined where distributions
of important variables are validated.
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respect to the muon candidate.

Figure 6.2: Distributions of several discriminating variables for the background pro-
cesses tt (green triangles), di-boson production (blue dots) and single top produc-
tion (violet squares) and the signal process (red reversed triangles) for the parameter
point My = 120 GeV and tan § = 20 in the m}'®* scenario. All distributions are taken
from simulated samples. The definitions of the individual variables are given in the
text.
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process tt di-boson
Y)Z — T 34 £3 50 + 4
tt 771+ 3 74+ 1
di-boson production 39 + 1 220 £ 2
multijet events 14 + 11 23 £ 12
single top processes 51 + 1 38 + 1
other 4+1 18 £ 7
total background 913 £ 12 423 + 14
»(120,20) — 777~ 7T+1 12+ 1
data 2011 927 407
ratio 1.02 £ 0.04 0.96 £ 0.06

Table 6.2: Expected event yields in the two control regions are compared to the
observed number of data events. The simulations are normalised to an integrated
luminosity of L = 1.06 fb~!. The multijet contribution is estimated from data. The
signal yield is shown for the parameter point M4 = 120 GeV and tan 8 = 20 in the
mp®* scenario. Only statistical uncertainties are given. The ratio is calculated as
data/total background.

Control Region for the tt Process

The control region for top-quark pair production is defined by the baseline selection crite-
ria which are completed by the requirement of at least 2 reconstructed jet candidates. Ad-
ditionally, the pt thresholds for the two selected lepton candidates are raised to 30 GeV.
The expected yields for this selection are given in Table 6.2 and compared to the observed
number of data events. This control region is dominated by ¢t events (~ 84%) and the
signal contamination is negligible (< 1%). From the observed agreement between the
number of data events and the total expectation it is concluded that the normalisation
of the tf simulation is adequate. The distributions of different variables as predicted by
simulations are compared to the distributions observed in data. Figure 6.3 shows the
results which are in a good agreement considering the limited statistics.

Control Region for Di-boson Production Processes

A control region for di-boson production processes is defined by the baseline selection
steps with the pr thresholds for the lepton candidates raised to 26 GeV. In addi-
tion, the requirements pr.+ pr, + Ermiss > 100 GeV (against v*/Z — 777~ events)
and njes < 1 (against tt events) are imposed to enhance the purity of the control re-
gion. The resulting expectations for the different processes are shown in Table 6.2 and
compared to the observed number of data events. The contribution from di-boson pro-
duction processes is only 52% and the signal contamination of about 3% is in a regime
where it becomes non-negligible. Albeit these drawbacks, this control region is used for

91



6.6 Optimisation of the Event Selection

92

events / 4 GeV

events / 10 GeV

events / /12

100 L AL AL A L LN L L L L  LLL BL L L BL L B =

[ \s=7TeV Q3yv/z-tw ]

L ., Bl 1
o[- ILdt =1.061" @ di-boson

[ @@ singletop ]

+ [ other 4

60— —s-Data 2011

40/~ -

20 —

40 60 80 100 120 140 160 180

p,, [GeV]

(a) Electron pr spectrum.

R L A R s R
80 \s=7TeV
E B i
70 I'—d‘: 1.06 fb™ @ di-boson
60; @ single top
E [ other
50F —e—Data 2011
40F
30F
20E
10F

0 50 100

150 200 250 300 350 400

SUmPtMET [GeV]

(c) SumPtMET distribution.

T

————
10 (5=7Tev Ey_klzq T
R tt
120 I'—dt: 1.06 o™ [ di-boson
@ single top
100 [ other

-e- Data 2011

25 3
DeltaPhiLL

(e) DeltaPhilL distribution.

events /4 GeV

events /0.1

events / 10 GeV

L e e e e e

100~ s=7TeV my/z-tw ]
i ~ . Bl ]
a0l ILdt =106f" @ di-boson
N @l single top
i [ other
sol —e—Data 2011
40/~
201

40 60 80 100 120 140 160 180

Pr, [GeV]

(b) Muon pt spectrum.

LA s
T T T T T T T

\s=7TeV
J' Ldt=1.06 fb™

B i
@ di-boson
@l single top
B other
—e—Data 2011

15 2
SumCosDPhi

(d) SumCosDPhi distribution.

L L L e o s s e e e
T T T T T T T T T

\s=7TeV @y/z-

-1 -tt.
80 IL dt=1.06fb B di-boson
@l single top
8 other
—o—Data 2011

P BRI R B A

0 20 40 60

80 100 120 140 160 180 200
my, [GeV]

(f) Spectrum of the transverse mass with respect
to the muon candidate.

Figure 6.3: Several distributions in the ¢f control region. The expectations of the
individual components are scaled to the stated integrated luminosity and stacked. The
definition of the various variables are given in the text.
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a rough cross check due to the difficulty of finding a more pure control region with suffi-
cient statistics. Moreover, the second largest contribution arises from ¢t events (=~ 18%)
which is already validated. The observed agreement suggests that the normalisation for
the simulation of di-boson processes is appropriate. Also, the distributions of important
variables, which are depicted in Figure 6.4, do not exhibit severe deviations.

6.6.3 Description of Investigated Methods

Classification algorithms combine the information of discriminating variables in order to
assign events to different categories. These strategies differ in implementation, require-
ments on the input variables, assumptions and performance in terms of the achieved
signal to background ratio. The TMVA [86] framework provides a variety of different
classifiers and is used for this study. Before the investigated methods are described, the
definition of a figure-of-merit for the optimisation process is discussed shortly.

In the following {x;},i = 1... N, denotes the set of N discriminating variables under
investigation. The number of expected signal events is labelled S while B represents the
total background expectation.

Figure-of-Merit for Optimisation

The goal of the optimisation of the event selection is to enhance the sensitivity of the
analysis for the signal process. A measure for the sensitivity is the significance Z which
is in the case for the search of new phenomena approximately given by Z = S/ VB.
The calculation of the significance always involves the expected signal and background
yields which depend on external parameters like the integrated luminosity. However, the
procedure of separating signal and background events should not depend on the collected
amount of data. To disentangle both questions, the optimisation is done in terms of
the signal efficiency® g and background rejection rg = 1 — eg. The methods described
below maximises the background rejection for a given signal efficiency. The result is a
function of rg versus eg which is called Receiver Operating Characteristic (ROC). For a
given expectation of S and B, the optimal working point corresponding to the largest
significance lies on the obtained ROC curve and can be derived easily.

Rectangular Cuts

Rectangular cuts is the simplest method to define a phase space region. Simple require-
ments of the form ¢} < x; < ¢ with lower /upper limits cli/ “ are imposed on the discrimi-
nating variables!. Thereby, it is assumed that the signal is localised in the phase space in
a way that one minimum and one maximum requirement on each variable is sufficient to

optimally separate signal from background events. In order to meet this requirement, a

3The efficiencies for signal and background are defined as the fraction of events which are classified as
signal-like.
4Tt is possible that some variables are only bounded from one side or not used at all.
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transformation of the input variables may be necessary. The signal efficiency and back-
ground rejection are estimated from simulations by counting the respective number of
events passing the ensemble of cuts under investigation.

This method is not sensitive to non-linear correlations among the input variables and,
thus, can not benefit from different correlations for the signal and background processes.
Furthermore, the performance deteriorates quickly when using many variables with small
discrimination power.

Fisher Discriminant

The FISHER discriminant analysis renders optimal separation power in the case of Gaus-
sian distributed input variables with linear correlations. It condenses the information of
all input variables by projecting the N-dimensional variable space on one axis according
to

pw=F+ > Fu. (6.20)

i=1...N

The projection axis is defined by the coefficients F; which are determined such that the
projection of signal and background events are well separated while events from the same
category are confined in close vicinity. The metric used to define “well separated” and
“in close vicinity” is the covariance matrix of the discriminating variables. The constant
offset Fj is chosen such that the total sample mean of signal and background samples is
gr = 0.

Despite of its simplicity, this method is competitive to more complicated strategies in
the case of strong linear correlations. A disadvantage of this method is the fact that
shape information is omitted. It is only sensitive to the difference between the means of
individual distributions for background and signal processes. Therefore, it is not possible
to distinguish between background and signal events if the distributions for both classes
have the same mean value, even if their shapes are very different.

Projective Likelihood Approach

The likelihood approach builds a model for the signal and background hypothesis by using
probability density functions (PDFs). The projective likelihood approach assumes that
all input variables are statistically independent which leads to the likelihood function

Lo({z}) = ] parlzi), a=8.B, (6.21)

i=1..N

with p,, being the normalised PDFs for the variables z; for the signal and background
hypothesis, respectively. These PDFs are determined empirically from the simulations
by non-parametric functions because their exact functional dependence is unknown in
most of the cases.

The normalised signal likelihood

Ls

= 2 6.22
Ye Ls+ Ly ( )
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provides the best separation power and is used as the final test statistic.

The projective likelihood approach is suitable for a large number of input variables
as its operation is very fast. However, the assumption of independent input variables is
fulfilled seldom leading to a decreased performance compared to other, more complicated
classifiers. Linear correlations can be corrected for by applying a de-correlation transfor-
mation on the input variables. The accuracy of the obtained PDFs is crucial for a good
performance and depends on algorithm parameters as well as on the available statistics
in the simulations. The exact options used in this study are given in Appendix D.5 and
follow general guidelines.

The statistics in the simulated samples is not sufficient to investigate multidimensional
likelihood estimators which overcome the problem of omitted correlations and provide
an intrinsically more accurate description of the signal and background model.

Boosted Decision Trees

A decision tree is a collection of binary decisions. Each node splits the sample into two
sub-samples by a cut on one variable. The procedure is repeated until an abort condition
is fulfilled (e.g. height of the tree, minimum number of events in leaf node). The leaf nodes
are considered as signal- or background-like depending on the category the majority of
events belongs to. In contrast to the rectangular cuts, not only one hypercube is selected
in the variable space but rather many of them are defined and classified. This leads to a
better performance as signal events failing one selection criterion can still by recycled in
further steps. Individual decision trees are strongly affected by statistical fluctuations in
the training sample. In order to reduce this effect, multiple trees are built from the same
training sample resulting in a forest of decision trees. Events which are mis-classified by
an individual tree are re-weighted before the next tree is built. The final response of the
boosted decision tree (BDT) is the weighted average of all trees in the forest.

In general, BDTs outperform other classifiers as they can deal with very complicated
correlations. In addition, the training and evaluation of BDTs is comparably easy since
each splitting step involves the optimisation of a one-dimensional cut. However, for
limited statistics one has to consider that the performance obtained on the training
sample is overestimated due to statistical fluctuations (over-training).

6.6.4 Performance Evaluation of Multivariate Analysis Tools

The performance of the different methods is evaluated using the TMVA toolkit with
the exact steering options used to train the different algorithms given in Appendix D.5.
For this purpose, simulated samples are split into a training and a test sample. The
former is used to set up and initialise the multivariate methods (e.g. create PDFs, build
decision trees etc.) while the latter is used to validate the results obtained on the training
sample. All methods are trained with the ¢(My = 120 GeV, tan 8 = 20) — 777~ process
as signal (including both production mechanisms) while ¢t events, di-boson production
and single top processes constitute the background under investigation. The individual
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samples are weighted according to Equation (3.7) to account for different cross sections
and sample sizes.

Before looking for a good set of discriminating variables, the effect of possible transfor-
mations of the input variables on the performance of the individual methods is evaluated
with a reference set. The following transformations are examined:

Normalisation: All variables are scaled such that their range is [—1, 1].

“Gaussianisation” Every PDF can be transformed in an uniform distribution by using
its cumulative distribution function. Afterwards, the uniform distribution can be
transformed into a Gaussian PDF by using the inverse error function.

De-correlation: The vector of input variables is rotated by the square root of the
covariance matrix. The de-correlation is complete only for linear correlations and
normal distributed input variables.

It turns out that neither method is influenced by a prior normalisation of the input
variables. The projective likelihood method benefits slightly from a de-correlation trans-
formation while the performance of the FISHER discriminant is improved considerably
by a “Gaussianisation” transformation. The BDT shows even a drop in performance if
a de-correlation is applied. These findings are in agreement with the properties of the
individual methods discussed in Section 6.6.3. Consequently, the results presented be-
low always contain a de-correlation transformation for the projective likelihood method
and a “Gaussianisation” for the FISHER discriminant analysis while the BDT uses the
raw input variables. Figure 6.5 shows the gain/loss in performance for some variable
transformations and multivariate methods.

In general, the optimal set of discriminating variables depends on the applied method
as these have different assumptions and cope differently with correlations. Starting from
a reference set inspired from earlier analyses, the performance is improved by substitut-
ing/adding further variables. In order to compare the performances of two variable sets
the integrals of the ROC curves are considered. The optimal value of the ROC integral
is 1 corresponding to a background rejection of rg = 1 independently of the signal effi-
ciency. The resulting variable sets, which are found to perform best for the individual
methods, are defined in Table 6.3. Their performances are summarised in Table 6.4 and
the corresponding ROC curves are displayed in Figure 6.6. Further variable combinations
and the corresponding performances can be found in Appendix D.5. Cross checks on the
validity of the performance of the individual methods are performed and can be found
in Appendix D.5.

It can be concluded that using a boosted decision tree as classifier gives the best per-
formance. The projective likelihood method yields comparable results while the perfor-
mance of the FISHER discriminant analysis is slightly worse. Nevertheless, the differences
between the individual methods are small and simple rectangular cuts on only four vari-
ables provide a very good background rejection as well. Moreover, one has to notice that
the studied methods are trained to discriminate against the background processes tt, di-
boson and single top production while the largest background arises from v*/Z — 777~
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rectangular cuts FISHER discriminant projective likelihood BDT
SumPtMET SumPtMETJets SumPtMET SumPtMET
SumCosDPhi SumCosDPhi SumCosDPhi SumCosDPhi
DeltaPhilL M e DeltaPhiLlL DeltaPhiLlL
mr,, DeltaEtalL DeltaEtalL
mre + mr . Mre + mr .
EtMissRel EtMissRel
DeltaPhil2MET
PtAsymmetry

Njets

Table 6.3: Optimal sets of variables for the individual methods.

variable set

background rejection in %
g = 1% g = 10% g — 30%

ROC integral

rectangular cuts 40.1%
FISHER discriminant 39.4%
projective likelihood 49.4%
BDT 49.9%

88.3% 94.3%
87.4% 94.9%
91.7% 99.7%
94.3% > 99.9%

0.945
0.942
0.970
0.976

Table 6.4: The performances for the different variable sets defined in Table 6.3 for the
corresponding methods. The background rejection rp is given for three fixed signal
efficiencies eg as well as the integral of the ROC curve.
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Figure 6.7: Normalised classifier response distributions for signal (blue) and back-
ground (red) events for the FISHER discriminant analysis (top left), the projective
likelihood method (top right) and the BDT (bottom). The green lines represent the
cut values corresponding to a signal efficiency of eg = 90%.

events. As the event kinematics of the latter are very similar to those of the signal
process, the rejection of v*/Z — 777~ events by the investigated methods is expected
to be small. As a consequence, the optimal working point can not be derived from the
ROC curves in Figure 6.6 but one has to take into account the additional v*/Z — 777~
and multijet background components when calculating the total significance. The large
amount of v*/Z — 777~ events after the baseline selection compared to the expected
signal yield (cf. Table 6.1) asks for a working point with a large signal efficiency. In
the context of this work, the signal efficiency is fixed to 90% but future analysis may
optimise this point with respect to the total significance. Except for the rectangular
cuts, all multivariate methods return a response value for each event. The distributions
of these response values for signal and background events are determined from training
samples and are shown in Figure 6.7. The fixed signal efficiency of eg = 90% corresponds
to cuts on these response values which are indicated by the green lines. Table 6.5 states
all cut values together with the associated background rejections. Because the back-
ground rejection for the FISHER discriminant analysis is worse than the performance of
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background rejection

. btained
expected obtained &5 Obtaine

method cut values

SumPtMET < 120 GeV

rectangular cuts SumCosDPhi > —0.25  87.4% 93.6% 87.6%
DeltaPhilL > 1.75

FISHER discriminant > 0.006 86.7% - -

projective likelihood > —0.21  92.0% 93.1% 89.5%

BDT > —0.12 93.6% 95.1% 94.1%

Table 6.5: Cut values on the response of the individual classifiers and the values for
the rectangular cuts which correspond to a signal efficiency of eg = 90% as derived
from the training samples. The given background rejections consider only ¢t, di-boson
and single top processes as background. For comparison the actual obtained signal
efficiencies and background rejections on the full simulated samples are shown.

simple rectangular cuts, it is not further investigated and dropped at this point. The
actual observed background rejections and signal efficiencies differ slightly from those
obtained with the training samples due to the limited statistics in the training samples.
Additionally, the values for the rectangular cuts are rounded to a reasonable precision.
The resulting event yields for the remaining three methods are given in Table 6.6 to-
gether with the improved statistical significances. One concludes that rectangular cuts
are competitive with the projective likelihood approach. Due to the large remaining
v*/Z — 771~ background, the BDT results only in a mildly improved significance even
though it clearly outperforms the other two methods (cf. Table 6.5).

The final decision on which method is used for the event selection does not only depend
on the performance of the method but also on its robustness and the effect of systematic
uncertainties. As the evaluation of the systematic uncertainties on all three methods does
not fit into the scope of this thesis, it is assumed that the relative systematic uncertainty
increases with the number of discriminating variables employed. Moreover, the more
variables are used the more correlations have to be validated for the simulated samples.
So far, only distributions themselves are checked but no correlations are investigated due
to the limited statistics. Wrongly modelled correlations in the simulations are not a direct
systematic uncertainty but rather lead to a diminished performance in data compared to
the one obtained from simulated samples. Regarding these arguments, simple rectangular
cuts are chosen for the final event selection.

In addition to the cuts in Table 6.5, the requirement of njes < 3 is introduced by hand.
This criterion does not improve the significance but reduces the amount of expected tt
events which is beneficial when considering systematic uncertainties.

As discussed in Section 2.2.2 the mass splitting of the three neutral MSSM Higgs bosons
depends on M4 and tan 5. In order to use the total cross sections shown in Figure 4.5,
one has to ensure that the analysis is sensitive to the contributions of all three Higgs
bosons. Taking into account the experimental resolution the following mass window in
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v*/Z =t~ QCD tt  di-boson single top other Y.  signal <=

VB
baseline 2073 213 1388 421 139 90 4324 153  2.33
BDT 1926 95 37 52 6 25 2101 144  3.13
likelihood 1901 26 68 44 6 22 2067 137 3.02
SumPtMET 1998 195 202 161 24 69 2649 1424 2.76
SumCosDPhi 1905 77 108 62 11 25 2188 138 2.95
DeltaPhiLL 1843 57 59 o8 7 22 2046 134 297

Table 6.6: Expected signal and background yields for different selection strategies.
The third to last column ) is the sum of all background expectations. The back-
ground composition and signal expectation are given after the baseline selection (first
row), after the application of the trained BDT (second row), after the usage of the
projective likelihood method (third row). The last rows corresponds to the optimised
rectangular cuts. All expectations are derived from simulation and normalised to
L = 1.06 fb~! except for the multijet component which is estimated from data. The
relative statistical uncertainties on the sum of all background components is ~ 2%.

terms of the visible mass
30 GeV < m,, < 110 GeV (6.23)

is suitable for accommodating sufficiently the contributions from all three MSSM Higgs
bosons in the parameter space 100 GeV < M, < 150 GeV and tan 8 > 5. Figure 6.8
compares the visible mass shapes for neutral Higgs boson of two different masses after
the requirement njs < 3. One may tune the boundaries of the visible mass window
depending on the Higgs boson mass under investigation in future analyses. This optimi-
sation has to be done as a function of tan 5 to correctly account for the mass splitting. A
summary of all event yields and the observed number of data events for the final selection
can be found in Table 6.7.

6.7 Background Estimation

For the background components v*/Z — ¢~ and W — v, both the normalisation and
the distribution of variables are taken from simulated samples. This approach is justified
by the fact that the final contributions from W — fv, and v*/Z — ete™ /ut ™ processes
in the signal region are small compared to other background components and the signal
expectation. The usage of simulated samples for the v*/Z — 777~ process is motivated
by the good agreement with the data observed during the v*/Z — 777~ cross section
measurement. Simultaneously, the similarity in the event kinematics with the signal
process impede the definition of a signal free control region. Nevertheless, there are
methods which construct v*/Z — 7777 from Z — ptp~ events measured in data using
embedding techniques [37] which may be considered in future analyses.

The multijet background is estimated from data in an analogous manner as it is done
for the cross section measurement. Additionally, the sum of the ¢, single top and di-boson
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Figure 6.8: Normalised visible mass distributions before the application of the
mass window cut for a neutral Higgs boson with a mass of 100 GeV (black) and
150 GeV (red). The green arrows indicate the visible mass window.

process Niets < 3 mass window
v )Z — T 1821.9 + 21.4 1819.6 + 21.4
tt 43.1 + 0.7 37.2 +£ 0.7
di-boson production 57.5 £ 1.0 45.7 + 0.8
multijet events 55.9 + 15.5 46.1 + 14.8
single top processes 6.6 + 0.5 5.8+ 0.4
other 179 + 2.3 16.9 + 2.2
total background 2002 £ 26 1971 £ 26
data 2011 2155 2124
#(120,20) — 77~ 132.6 £ 3.0 132.6 + 3.0

Table 6.7: Expected and observed number of events after the two final selection crite-
ria. The simulated background components and the signal expectation are normalised
to an integrated luminosity of L = 1.06 fb~!. The multijet background is estimated
from data. The signal contribution is shown for the parameter point M4 = 120 GeV
and tan 8 = 20 in the m}'®* scenario. Only statistical uncertainties are given.
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region Nsignal NEW Ndata
same sign, isolated (B) 0.3+01 18.0+32 41
opposite sign, anti-isolated (C) <0.1 56 £ 1.1 8399
same sign, anti-isolated (D) <0.1 2.6 £ 04 4146

Table 6.8: Expected and observed numbers of events in the three control re-
gions. The simulations NFW and Nflgnal are normalised to an integrated lumi-
nosity of L =1.06 fb~!. The signal contribution is shown for the parameter point
My = 120 GeV and tan 8 = 20 in the mj'®* scenario. Only statistical uncertainties
are given.

contributions is measured in a dedicated control region.

6.7.1 Estimation of the Multijet Background

Owing to the larger statistics in the 2011 data sample, the ABCD method described in
Section 5.6.1 can be applied after the full selection. The numbers needed for the final
calculation are summarised in Table 6.8. The anti-isolated regions are dominated by
multijet events and the signal contribution is negligible. In the same-sign, isolated region,
one has to correct for the electroweak contributions. The possible signal contribution
is about 2% of the electroweak contributions and is treated as additional systematic
uncertainty on N5V, Finally, one obtains

Ndata
Ros/ss = Ng—t =2.03+0.04 (stat.), (6.24)
D
NFP = (Ng — NEW) - Rosjss = 46.6 & 14.5 (stat.) . (6.25)

6.7.2 Estimation of the Top Quark and Di-boson Background

A control region for the tt, single top and di-boson processes is defined by the baseline
selection steps and the following two requirements:

1. SumPtMET > 150 GeV,
2. SumCosDPhi < —0.25.

The event yields expected from simulated samples are given in Table 6.9. One concludes
that this control region is dominated by tf, single top and di-boson events while contri-
bution from other processes are of the order of 0.7% and, therefore, can be neglected. In
order to derive the expected number of ¢, single top and di-boson events in the signal
region, one needs an extrapolation factor 7 which is derived from the simulated samples.
Let n{on"! denote the expectation of all three background processes in the control region
while n.p an denotes the expectation from tt, single top and di-boson processes in the
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6.8 Statistical Procedure

process expectation
Y)Z — 1T <0.1

tt 479.6 + 2.4
di-boson production  94.9 + 1.2
multijet events 1.6 £6.2
single top processes 52.0 £ 1.3
other 2.3 £1.0
total background 630.4 £+ 7.0
data 2011 644

$(120,20) — 777~ 0.2 +£0.2

Table 6.9: Expected and observed event yields in the tf, single top and di-boson
control region. The simulated background components are normalised to an integrated
luminosity of L = 1.06 fb~!. The multijet background is estimated from data. The
signal contribution is shown for the parameter point M4 = 120 GeV and tan § = 20

in the m*® scenario. Only statistical uncertainties are given.

signal region. According to the numbers in Tables 6.7 and 6.9 the extrapolation factor
is given by
o Ntop,db

— 0.1412 + 0.002 (stat.) . (6.26)

control

ntop,db

6.8 Statistical Procedure

The goal of this thesis is to make a statement on the existence of neutral resonances
decaying into a pair of tau leptons in the context of the MSSM. For this purpose, the
agreement between the SM prediction (background only model) and the observed data is
checked. In the case, an incompatibility is found which exceeds a certain confidence level,
a discovery of a new phenomenon is claimed. Contrarily, in the absence of a significant
deviation upper limits on the cross section of hypothetical new processes are derived. The
following statistical analysis relies on fundamental concepts of statistics like significance,
p-values and hypothesis testing which are explained in standard text books (e.g. [38]).

After the event selection is fixed, there are several possibilities how one can extract
information on the agreement between the SM prediction and the observed data. The
most simple way is the comparison of the observed number of data events with the
background yield expected. This procedure is referred to as event counting and is not
sensitive to the distribution of individual variables. In order to increase the sensitivity,
one can use information on the distributions of individual variables by fitting them to
the SM expectations (template fit). Both approaches are investigated in this work by
using the profile likelihood method which is reviewed briefly in the next section.
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6.8.1 Review of the Profile Likelihood Method

The primary goal of statistical inference is the derivation of model parameters from
experimental observations. The model is a function of one or more parameters and has
to be flexible enough that it can be considered a true® description of nature for one point in
the parameter space. The parameters can be classified into two categories: the parameter
of interest® 11 and the set of nuisance parameters g which comprise all parameters one is
not directly interested in. Let ¥ denote the ensemble of experimental observations which
can be described by the model. A key ingredient for the profile likelihood method [39] is
the likelihood function £(Z|u, ] ) which states the probability to observe the data  under
the assumption of the model parameters p and 0. One can then define the likelihood
ratio

Ap) = M (6.27)

L(7]71,0)
with

e 7' being the observed data,

e i and 6 being the maximum likelihood estimators (MLEs) which maximise the
likelihood function with respect to the observed data,

e and § is the conditional MLE which maximises the likelihood function with respect
to the observed data ¥ and the hypothesised value of .

While the denominator is entirely fixed by the observed data, the nominator depends
on the hypothesised value of pu. The conditional MLE is a function of  and so is the
likelihood ratio A which can take values within 0 < A(u) < 1. A likelihood ratio close to
unity represents a good agreement between the observed data and the hypothesised value
of . whereas smaller values corresponds to increasing disagreement. It is convenient to

define
ty=—2InA(p) (6.28)

which is again a function of the hypothesised value of . Emerging from the properties
of A(p) it follows that 0 <t, and ¢, close to zero represents a good agreement of the
hypothesised parameter of interest with the observed data while larger values constitute
increasing incompatibility. Given an observation ¢, for an hypothesised value of u the
corresponding p-value is defined as the cumulative probability of all possible observations
whose compatibility is worse. Since a worse compatibility is expressed by larger values

5True in the sense that it describes the problem under investigation with sufficient precision.
5The parameters of interest can, of course, be a set of parameters. In this case, 1 should be replaced
by f.
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of t/, > t,, the p-value for the value of y under consideration is given by’

~
~
—

P = / R 0)) e, (6.29)

with f(t;]u’,g(u’)) = f(t,l1') (sampling distribution) beingAthe probability to observe

~
—

the value ¢/, assuming the true model parameters are y" and 6(y'). According to WILKS’
theorem [90] the sampling distribution f(t/,|1’) becomes a x* distribution with one degree
of freedom for the special case p = p/ under certain regularity conditions. For the follow-
ing, the validity of WILKS’ theorem is assumed and the usage of asymptotic formulae is

justified by the comparison to sampling distributions generated in toy experiments (cf.
Figure 6.12).

Definition of Appropriate Test Statistics

As it is explained below, p is interpreted as a signal strength parameter with g =0
representing the background-only model and p =1 corresponds to the nominal signal
model. Since the contributions of new physics processes are assumed to be non-negative,
1 is bounded from below by physical arguments. Therefore, a modified version of Equa-
tion (6.28) is used to define a test statistic for a positive signal according to

jaN

L(@|m0(1)

~ IS 7:& > O
Mu)=q  FRD , (6.30)
L@ p.0(n) 4<0
L(#0,0(0)) N
t,=—2In\(u). (6.31)

A special case is the test of the background-only hypothesis which is

[ —2InA(0) ,4>0
70 <0

2

<~

o = (6.32)

The sampling distribution f(qo|0) is found to be half the x? distribution with one degree
of freedom for gy > 0 [89]. Hence, the following two relations hold true

po=1-2(/q), (6.33)
Zy =21 —po) = ao (6.34)
with ®(z) being the cumulative distribution function of the normal distribution. The

value Zj is referred to as discovery significance expressing the (in)compatibility of the
background-only model with the observed data.

TAs Equation (6.29) condenses a lot of information, it should be highlighted that both ¢, and the
conditional MLE g(u) depend on the hypothesised value of p as well as on the observed data.
Additionally, all p’s appearing in this equation always take the same value.
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Fur the purpose of upper limit setting, yet another test statistic is defined as

qu—{ . non (6.35)

Hypothesised values of u < ji are not considered as representing less compatibility with
the observed data when setting an upper limit on u. Hence, these values are not part of
the rejection region of the hypothesis test and g, is set to zero for ;1 < ji. Again, it can
be shown that f(g,|p) is half the x? distribution [39] which leads to

Py =1-—2(/q)- (6.36)

An upper limit p,, on g with a confidence level « is then found by solving

l—a=1-0(/Gu) (6.37)
= Gy = (27(a))” . (6.38)

Expected Discovery Significance

In order to estimate the median discovery significance for a hypothesised signal strength y,
one needs the sampling distribution f(go|p) from which one obtains the median value
med|qo|p]. The median discovery significance is than given by med[Zy|u] = +/med[qo|pu]-
As one is only interested in the median of the distribution f(go|u), one does not need to
generate the whole distribution using MC techniques. Instead one can use the ASIMOV
data set T4 [89], that is the set of observables which maximises the likelihood func-
tion £(Z|p,0) for the given value of p. In practice, T4 = Z4(y) are the expectation
values for the observables and can be estimated using simulated samples. The median
value of qq is then found by evaluating Equation (6.32) with the AsIMOV data set which

leads to®

med|qo|/1] = qo,. , (6.39)
med|[Zo|p] = /9o - (6.40)

Expected Exclusion Limit

For stating an expected upper limit, one needs the distributions f(g,|0). At a confidence

level «v all values of p with
med[p,|0] <1 -« (6.41)

are excluded and the upper limit is given by
fup = min {g|med[p,|0] <1 —a} . (6.42)

As one is also interested in the 10 and +20 error bands on the expected upper limit,
one can not rely on the ASIMOV data set but rather needs to generate toy data for

81t is important to notice that the right hand sides depend on the hypothesised value of 1 to the extent
that the AsiMOv data set is a function of p.
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the background-only model. From these simulations one can construct the distribution
for g, from which one can read off the median expected upper limit as well as the +1o0
and 20 error bands. A technical subtlety is the treatment of the nuisance parameters
during the toy data generation. It is recommended to allow these parameters to float in
order to ensure the validity of the asymptotic formula given above.

6.8.2 Event Counting Analysis

For the event counting analysis the number? of data events 521231 observed in the signal

region is assumed to be Poisson distributed with a mean value given by the total number
of expected events Neyxp,

data
signal

. n _
PN ) = M e 6.43
signal*

The total expectation is the sum of all background and the signal contribution:
Nexp = Nsig + Nzrr + Nzuu + NQeD + Ntop,db (6.44)

with the expected number of signal events ng,, v*/Z — 7t~ events nz,,, multijet
events nqcp, the sum of ¢, single top and di-boson events nopap and v*/Z — pu~
events ny,,. Contributions from the remaining processes W — (v, and v*/Z — ete”
are found to be negligible (< 1). The expected event yields for the individual terms are
either derived from simulated samples or inferred from an auxiliary measurement with
data. In order to account correctly for correlation among different systematic uncertain-
ties, the event yields estimated from MC simulation are written as

Nyrr =nyo - (14+6L) - (1+00z) - (14 5.7 (6.45)
Nz =y, (L+6L) - (L+60z) - (14 6z, (6.46)
Nag = fi-ngy - (1+0L) - (14 60y) - (1 + dgg) (6.47)

with (i = Z77, Zupu, sig):

e nMC is the expected number of events for process i in the signal region. These
values are fixed from the simulated samples. For the signal process this number
depends on the parameter M, under investigation.

e 0L is the relative change in the integrated luminosity due to systematic effects
which is correlated across all expectations derived from MC simulations.

e Joy is the relative change in the production cross section for the v*/Z — (T~
processes due to systematic effects and, therefore, correlated for nz,, and nz,,.

9In order to better distinguish between parameters of the model and measured numbers of events, the
latter are denoted by a capital V.
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e ), is the relative change in the production cross section for the signal process due
to systematic effects.

e §; is the relative change in the expected event yield for process ¢ due to systematic
effects and is assumed to be uncorrelated to all other contributions.

e i is the signal strength parameter and is the parameter of interest in this model.
The value g =0 corresponds to the background-only model while p =1 corre-
sponds to the nominal signal model with the parameter M, under investigation
and tan 5 = 20.

The contribution from multijet events is estimated according to the method described in
Section 6.7.1. Therefore, nqcp is given by

nqep = (nss — nss,ew) - Ros/ss (6.48)

with ngg being the true number of events in the same-sign isolated control region'® while
ngs gw 1s the contribution from electroweak processes in this control region. The latter is
estimated from simulated samples and also affected by the cross section and luminosity
uncertainties. However, these uncertainties are smaller than the statistical uncertainty
arising from the limited number of simulated events in the control region (cf. Table 6.10).
For this reason, correlations are not taken into account for this term.

The total contribution arising from t¢, single top and di-boson events is constrained
by an auxiliary measurement as explained in Section 6.7.2. Hence, one finds

____control
Ttop,db = Mtop,db " T (649)

with 7 being obtained from simulated samples.

The nuisance parameters in the model have to be constrained by additional auxiliary
measurements or by adding a prior probability distribution for these parameters. The
parameter ngg is constrained by measurement of the number of data events in the same
sign, isolated control region while n{n%?' is constrained by the observed number of data
events in the t¢, single top and di-boson control region. In both cases the observed
number of data events is assumed to be Poisson distributed leading to the following two

constraints:

Ndata
dat nSSSS n
ata — —ngs
P(NSS ’nSS) o Néisata'e ) (6.50)
control\ Ndata,
data control\ __ ( tOp,db) P _ pcontrol
P<Ntop,db|ntop,db) = We top,db (6.51)
top,db”

The nuisance parameters related to systematic effects dy are constrained by prior prob-
ability distributions which are assumed to be Gaussian'!

P(dy) = G(dy; 0, Ay) (6.52)

19n4g is not the observed number of data events in this control region.
1 G(y;a,b) represents a normal distribution of y with a mean a and a standard deviation b.
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with Ay being the relative systematic uncertainties related to the quantity y. The prior
probability distribution of the remaining free parameters are modelled by normal dis-
tributions with a mean value which is the central value determined from the simulated
samples and a variance which includes statistical and systematic uncertainties on the
central value:

P(ngsew) = G(ngs,pw; Nss Ew, ANss Ew) »
P(Ros/ss) = G(Rosss; Ros/ss: ARos/ss) »
P(r) =G(r;7,AT).

Finally, the likelihood function for the event counting approach is given by

L(#p,0) = P(Ngomlne) x PN |nss) x PNy [nfondi)

signal top,
x G(nss pw; iss pw, Anss sw) X G(Ros/ss; Ros/ss; ARos/ss)
x G(1;7,A7) x G(0L;0,AL) X G(007;0,Acy) (6.57)
X G(604;0,A04) X G(0277;0, Azrr) X G(d250, Azp)
X G(5sig; 0, Asig)

with the experimental observations

7= { Ngmar, N§§™, Nigtyy (6.58)

ignal» top,

and the set of nuisance parameters

0= {nSS> n(t:ggfé%la NssS EW, ROS/SS7 T, 5[/7 5UZ7 5U¢7 6ZTT? 5Z,uu7 5sig} . (659)

6.8.3 Template Fit of the Visible Mass Spectrum

Instead of restricting the analysis to the comparison of event yields, one can benefit from
more information by using the distribution of variables which are sensitive to the signal
process. A variable is considered sensitive if the shape expected for the signal process
differs from those of the background processes. As already mentioned in Section 4.6, the
most prominent difference between the signal process and the dominant v*/Z — 717~
background is the invariant mass of the di-tau system. Therefore, a template fit to a
mass distribution observed in data can be used to derive information on the signal cross
section.

The mass definitions given in Section 4.6 are compared with regard to their feasibility
in a template fit. Since the dominant background arises from v*/Z — 777~ events, the
separation between these events and signal'? events is examined for the different mass
definitions. For this purpose, a figure-of-merit is chosen as the difference in the mean
values fi7/, of the mass distributions normalised to their variances o7 /6

NG

12Here, the reference signal process for M4 = 120 GeV and tan 8 = 20 is used.
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Figure 6.9: Normalised visible mass distribution for v*/Z — 777~ (orange circles),
tt (green triangles), di-boson (blue circles) and single top (violet squares) events after
the requirement of njers < 3.

One finds that the collinear approximation performs worst with sep = 0.06, the effective
mass definition results in a separation of 0.35 while the visible mass yields the best result
with sep = 0.63. Hence, an un-binned, extended maximum likelihood fit of the visible
mass distribution is investigated.

The fit is performed after the requirement of njs < 3 and the last criterion on the
visible mass window is dropped. The remaining background contributions and the signal
expectation at this point in the selection are summarised in Table 6.7.

The shapes of the visible mass distribution for the v*/Z — 7777 tt, single top, di-
boson and signal processes are taken from simulated samples while the shape for the
multijet background is derived from the opposite-sign, anti-isolated control region. The
contribution of the remaining background processes arises mainly from ~v*/Z — p*u~
events and its shape is taken from simulated samples as well.

In order to reduce the number of free parameters, components with similar shapes
are combined. Figure 6.9 shows the normalised visible mass distribution for important
background components. One observes that the shapes for the tf, single top and di-
boson process are very similar and, thus, are merged into one template. Due to the
limited statistics the contribution from ~*/Z — p*pu~ is fitted with a Gaussian. The
visible mass shape for multijet events is fitted with a LANDAU distribution which has
two parameters: a mode m and a width o. For the remaining processes a log-normal
distribution which has two shape parameters and takes the general form

LogN 1(z;, 5) = ! In’ 5 (6.61)
ogNormal(z; c, _\/%-lnﬁ-x exp 21n2ﬂ .

is used to fit the visible mass distribution. In Figure 6.10 the resulting templates for the
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different background components and the signal with two different mass hypotheses are
displayed. Templates for the signal process with other mass hypotheses can be found in
Appendix D.6. The resulting visible mass distribution is given by

F(meu; {nia 621}) = Z n; - fi(meu; O_Zz> (662)

with n; being the number of events of the component ¢ and f;(me.,; @;) being the visible
mass shape of the component ¢ which may depend on a set of shape parameters ;.
The functions f;(me,; @;) have to be normalised to unity. Therefore, F(m.,; {n;, &;}) is
normalised to

Ntotal = Z n; = W Nsig + Nz + Ntop,db + noco + Nzuu (663)

where the signal strength parameter p is introduced. In an extended maximum likelihood
fit, this normalisation is not fixed to the number of observed events but it is allowed
to float. The number of observed events is assumed to be Poisson distributed around
the expectation value ny. and a corresponding constraint is added to the likelihood
function. Assuming the observation of k£ data events in the signal region with visible
mass values {m;},j =1...k the likelihood function takes the form

k - Cps
E(data\u, {nzy&z}) _ Me*ntotal % H (F(WL]7 {nu()éz})) ) (664)

k' J=1..k Ntotal

Because the shape parameters and the normalisations are allowed to float during the fit, a
template fit is less affected by a possible mis-modelling!® in the simulation. Unfortunately,
strong negative correlation between the normalisation of different components may occur
if these components have similar shapes. As a consequence, the fit becomes unstable and
the obtained results are not reliable. The templates shown in Figure 6.10 suggests such
correlations between the number of v*/Z — 777~ and signal events, especially for small
hypothesised Higgs boson masses.

The stability of the fit is tested by generating toy data using Equation (6.64), with
the normalisations set to the values given in Table 6.7 and the shape parameters fixed.
Afterwards, the pseudo-data is fitted and the pull for the number of signal events is
plotted. For a fitted value yg; the pull u is defined as

y — Jtrue — Yhit (6.65)
Ofit

with 94 being the parameter used during the generation process and og; being the
uncertainty on the fitted value. The distribution of the pulls is expected to be a normal
distribution centred at zero with unit variance.

13The correction is, of course, limited to the case that at least the functional dependence is correctly
modelled.
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Figure 6.10: Templates for the visible mass distribution for signal process with two
different mass hypotheses (top) and the background components. The black dots
represent the values obtained from simulated samples or control regions. The blue
lines correspond to the extracted shapes with their uncertainty indicated by the cyan
area.



6.9 Evaluation of Systematic Uncertainties

Toy data is generated for the reference signal process and g =1 and the resulting
pull distribution for the number of fitted signal events is shown in Figure 6.11(a). The
correlation between the number of fitted signal and v*/Z — 777~ events is displayed in
Figure 6.11(b). The similar shapes between the dominant background and the signal
process with mg = 120 GeV causes most of the signal events being mistakenly assigned
to the v*/Z — 777~ background. Moreover, the strong correlation results in a very large
uncertainty on the fitted value which leads to the peak at zero in the pull distribution.
In order to increase the stability of the fit, the shape parameters are fixed and the
normalisations of the background components are constrained by additional Gaussian
terms in the likelihood function. The mean for the Gaussian constraints is set to the
expectation derived from the simulation and the width is set to the total uncertainty.
With this modified likelihood function, the whole procedure is repeated yielding the pull
distribution in Figure 6.11(c) and the remaining correlation is shown in Figure 6.11(d).
One observes that the behaviour of the fit is greatly improved by adding the constraints.
Admittedly, the constraint template fit lost its flexibility and is only allowed to vary the
normalisations of the background templates within a limited range. Hence, the template
fit becomes almost equivalent to the event counting approach. Due to the fact that still
~ 5% of the generated toy data lead to unstable fit results, the template fit is not applied
in this work.

6.9 Evaluation of Systematic Uncertainties

For the event counting analysis, one needs the systematic uncertainties on the expectation
of the individual background components and the signal process as well as the systematic
uncertainties on the extrapolation factors Rogs/ss and 7. Additionally, systematic uncer-
tainties on the luminosity measurement and on the theoretical cross sections used for
the normalisation of the simulated samples are required. Different sources of systematic
uncertainties are discussed in the remainder of this section. In order to quantify the
systematic uncertainties arising from the individual effects, the prescription outlined in
Section 5.8 is applied unless otherwise stated. The resulting systematic uncertainties are
summarised in Table 6.10.

6.9.1 Theoretical Uncertainties

The relative uncertainty on the v*/Z and W boson production cross sections is found
to be 5% [51] including uncertainties on the strong coupling constant, the PDF set used
and variations of the renormalisation and factorisation scales.

The relative theoretical uncertainty on the production cross section for neutral MSSM
Higgs bosons in the mj"®* scenario are given by 25%-30% for the gluon-fusion process
while they can reach up to 40% for the b-associated production [91]. In this thesis an

overall uncertainty on the Higgs boson production cross section of 30% is used.
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Figure 6.11: Pull distribution for the fitted number of signal events (left) and cor-
relation between the fitted numbers of signal and v*/Z — 777~ events (right) for
the free (top) and constrained (bottom) template fit. The black dots in the two-
dimensional correlation plots mark the values used for generating the toy data.



6.9 Evaluation of Systematic Uncertainties

6.9.2 Experimental Uncertainties
Luminosity Measurement

The relative uncertainty of the luminosity measurement is given by 3.4% [74] which is
derived from the 2010 data set. An update for the 2011 data set was not available by
the end of this work.

Efficiency Corrections

The correction factors for the trigger, reconstruction and identification efficiencies are
given in bins of the pr, n and/or ¢ of the lepton candidates. The uncertainty on these
correction factors arises mainly from the limited statistics in the data samples which are
used to compare the observed performance with the expectation obtained from simula-
tion. Since statistical uncertainties are uncorrelated across different bins, the correction
factors are varied independently of each other. The following procedure is applied to
derive the systematic uncertainty related to the correction factors:

1. In each bin the correction factor is drawn from a Gaussian with the mean value
being the central value and the width being the total uncertainty on the correction
factor in this bin.

2. The analysis is performed with these modified correction factors and all quantities
of interest are saved.

3. Repeating steps 1) and 2) yields distributions for all quantities of interest. The vari-
ances divided by the means of these distributions are quoted as relative systematic
uncertainties.

The procedure above is applied separately to the trigger efficiency correction and the
electron related corrections. Since the uncertainties on the muon related efficiency cor-
rections are < 0.5%, these are negligible compared to the other corrections.

Energy/Momentum Corrections

As explained in Section 6.4.2 the energy/momentum of the reconstructed lepton candi-
dates is varied and the resulting shift is propagated back to the reconstructed EﬁTﬁmiSS as
well. Since the variation itself is a statistical procedure. an iteration of the analysis will
yield varying results. The analysis is performed O(100) times to obtain the distribution
of the quantities of interest. The variances of the distributions obtained divided by their
mean values is taken as relative systematic uncertainty.

Jet Energy Scale Uncertainty

The uncertainty on the jet energy calibration affects the EHTVmiSS measurement and, con-
sequently, the result of this analysis. Additionally, the number of reconstructed jets
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6.9 Evaluation of Systematic Uncertainties

MC MC MC

source Nyrr Nyu,  Ngg  NSSEW T
trigger efficiency 0.1 0.2 <0.1 0.2 <0.1
electron related efficiencies 0.6 4.7 0.5 4.9 0.3
electron energy resolution 0.2 2.7 0.4 2.3 0.3
muon momentum resolution 0.1 1.8 0.3 1.1 0.2
jet energy scale 0.2 9.3 0.6 11.5 1.4
total 0.5 10.9 0.9 12.8 1.5
MC statistic 1.2 13.0 2.3 17.8 1.4
theory 5.0 5.0 30.0 5.0

luminosity 3.4 3.4 3.4 3.4

Table 6.10: Relative systematic uncertainties (in percent) on the quantities needed
for the event counting analysis. The uncertainties on the signal expectation are given
for the parameter point M4 = 120 GeV and tan 5 = 20.

depends on the jet momenta and is also subject to mis-calibrated jet energy measure-
ments. From the study of Z boson production in association with one jet, uncertainties
on the jet energy scale calibration are derived which are found to be of the order of
2-3% 192].

The energy of reconstructed jet candidates is varied according to the found uncertain-
ties and the effect on this analysis is derived by looking at the relative change in the
quantities of interest.

Multijet Background Estimation

The multijet background estimation relies on the assumption that the ratio Rog/sg is
independent of the isolation of the two lepton candidates. This assumption is validated by
plotting Rog/ss as a function of the calorimeter-based and track-based isolation variables
used to classify lepton candidates as isolated. The result is shown in Figure D.7. As no
dependence is observed, no systematic uncertainty is assigned to Rog/ss.

6.9.3 Summary of Systematic Uncertainties

A summary of all systematic uncertainties on all quantities needed for the event counting
analysis is shown in Table 6.10. The uncertainty for the signal expectation is given for
the parameter point M4 = 120 GeV and tan § = 20. A slight dependence on the value
of M4 is observed: the total experimental uncertainty (excluding the luminosity uncer-
tainty) decreases from 1.1% for M4 = 100 GeV to 0.8% for M4 = 150 GeV. However,
this difference is dwarfed by the theoretical uncertainty and, therefore, a total experi-
mental uncertainty of 1% is applied across the full parameter space. For comparison,
the uncertainty arising from the limited statistics in the simulated samples is also shown.
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6.10 Summary

parameter value parameter value parameter value
nssEw = Angspw = 18.0 + 3.9 n“Z@CT = 1819.6  nYyip — 166.9
Ros/ss & ARog/ss = 2.03 £+ 0.04 nyo, = 15.3 niidie = 148.2
7+ A7t = 0.141 £ 0.003 Ay, = 0.013 nlisio0 = 132.6
AL = 0.034 Az, = 0.17 Ny gy = 108.4
Aoy = 0.05 Agg = 0.025 nlii0 = 93.3
Aoy = 0.3 nhiiso = 75.5

Table 6.11: Summary of all parameters needed for the event counting analysis.

MC

The comparably large systematic uncertainties on the expectation of ny,,

contain significant contributions from limited statistics.

and nss’Ew

6.10 Summary
6.10.1 Results

In Table 6.11, the values of all parameters needed for the event counting analysis are
summarised. The observed numbers of data events can be read off Tables 6.7, 6.8 and
6.9 which yield:

N = 2124, (6.66)
NGE*™ =41, (6.67)
N, =644 . (6.68)

The expected discovery significance is calculated on a grid in the M4 X tan 8 plane for
the values M4 = 100 — 150 GeV in steps of 10 GeV and for tan 5 = 5 — 50 in steps of 5.
For this purpose the observed number of data events in the signal region is replaced by
the expected number of events including the signal expectation. The signal expectations
given in Table 6.11 correspond to tan = 20. In order to obtain predictions for other
values of tan (3, these numbers are scaled by the ratio of the cross sections:

U¢(MA7 tan B/)
U‘f)(MAu 20)

nMC(My, tan B) = nMC(My, 20) -

Ngig Ngig (6.69)
The expected discovery significance including systematic uncertainties for the neutral
MSSM Higgs boson in the m"®* scenario with L = 1.06 fb™" as function of M4 and tan 3
is shown in Figure 6.13(a).

In the signal region 2124 data events are found whereas only 1971 background events
are expected. This corresponds to a discovery significance of Zy = 1.21. Figure 6.12
shows the sampling distribution for the background-only hypothesis and the nominal
signal hypothesis for M4 = 120 GeV and tan = 20 obtained from generated toy data
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Figure 6.12: Sampling distributions f(go|0) (blue) and f(go|1) (red) from generated
toy data (histograms) and asymptotic formula (lines) for L = 1.06 fb~! and the signal
parameters My = 120 GeV and tan 8 = 20. The black line indicates the observed
value of gy = 1.466.

along with the distributions derived from the asymptotic formula. The usage of the
latter is justified by the good agreement observed. As no significant deviation from the
background-only hypothesis is observed, upper limits on the signal strength parameter p
are derived for different mass hypotheses M 4. Since the parameter tan § is assumed to
affect only the cross section, the upper limits p1,,(M4) can be translated in an exclusion
limit in the M, x tan S plane according to

Uup(MA, tan 5up> = ,uup(MA) . O'(MA, 20) = tan ﬁup(MA) . (670)

All values tan 5'(M4) > tan By, (M4) yield larger cross sections and, therefore, are ex-
cluded. The observed exclusion limit in the M4 x tan § plane at a 95% confidence level
is displayed in Figure 6.13(b) and compared to the expected exclusion limit which is de-
rived from simulations. Due to an excess of events observed in data, the exclusion limit
is not as stringent as expected. Figure 6.14 shows the visible mass distribution for the
expected background and how it is observed in data. One can clearly see the excess in
the regions 40 GeV < m,, < 50 GeV and 65 GeV < m,, < 75 GeV. For comparison the
contribution of the reference signal process is shown as well.

6.10.2 Discussion and Outlook

The results obtained differ slightly from those of the official ATLAS analysis searching
for neutral MSSM Higgs bosons with the same data set [93]. The difference arises from
different selection strategies and statistical methods for the limit extraction. The official
ATLAS analysis performs a template fit to the effective mass distribution and uses the
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Figure 6.13: Results of the search for neutral MSSM Higgs bosons in the m;™** sce-
nario with L = 1.06 fb~!. The expected discovery significance (left) is calculated as a
function of M4 and tanf including systematic effects. The exclusion limit (right)
in the M x tan plane is derived from the observed data in the low mass
regime M4 =100 — 150 GeV. The black dots and the solid line represent the ob-
served exclusion limit while the dashed line is the median expected exclusion limit
with its 10 (green) and £20 (yellow) error bands. The hatching indicates the region
which is excluded at a 95% confidence level.
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Figure 6.14: Visible mass distribution for the background expectation (stacked)
and the observed data (black dots). The signal expectation is added on top of the
stack (red, hatched). The simulation based background contributions and the signal
expectation are normalised to the stated integrated luminosity. The multijet back-
ground component (grey) is estimated from data. The signal process is shown for the
parameter point M4 = 120 GeV and tan 8 = 20 in the m;'®* scenario.

CLg test statistic [19] to derive the exclusion limit. Considering the uncertainty on the
expected median exclusion limit, both results are compatible.

Since the selection in this analysis does not depend on the mass hypothesis under inves-
tigation, the observed excess in data propagates coherently to all mass points M4 tested
always leading to an exclusion limit which is less stringent than the median expected
one. The excess observed in data corresponding to Z = 1.21, which gives a p-value of
po = 11.3%, needs to be validated with more data in order to decide whether this is a
statistical fluctuation or an indication of New Physics.

This analysis is performed on a data set corresponding to an integrated luminosity of
L =1.06 fb~'. By the end of this work the ATLAS detector had recorded L = 5.25 fb~*
of data. However, the increased statistics of the data sample will only lead to a minor
enhancement of the sensitivity since the analysis is already dominated by systematic
uncertainties. The total expected background is 1971 events yielding a relative expected
statistical uncertainty of 2.3% while the systematic uncertainties on the theoretical cross
section for the background samples are of the order of 5% and the luminosity measurement
is only accurate to a relative precision of 3.4%. Thus, data driven methods for the
background estimation are essential to further reduce the systematic uncertainties and
to improve the sensitivity of the analysis.
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Chapter 7

Conclusion

In this thesis, the cross section for the process pp — v*/Z — 7777 at /s = 7 TeV with
66 GeV < m.,, <116 GeV is measured to

o(pp = v*/Z — 7777) = 1.05 + 0.13(stat.) + 0.10(syst.) & 0.04(lumi.) nb . (7.1)

Its agreement with the theoretical prediction and other measurements is discussed in
Section 5.9.

A data-driven method, the so-called ABCD method, for the estimation of the back-
ground component arising from QCD processes is presented. It is shown that this method
yields robust results even in cases with very low statistics. Additionally, the validity of
the assumptions for this method are tested and considered as sources of systematic un-
certainties. Owing to the low statistics, a conservative systematic uncertainty of 31.5%
is assigned to the method itself. These tests may be revisited in future analyses, which
benefit from larger statistics, in order to reduce the systematic uncertainty on the mea-
surement of the cross section.

From the insights gained during this cross section measurement, it is concluded that the
simulated samples provide an adequate description of the process pp — v*/Z — 77 7~.
This statements applies to the normalisation of different distributions as well as to their
shapes. Hence, the usage of simulated samples for this process in further studies is
justified.

In the second part of this thesis, a search for neutral MSSM Higgs bosons in the
channel h/H/A — 777~ — ep + 4v in the low mass regime M, = 100 — 150 GeV is per-
formed. An optimisation of the event selection by using more complex classification
algorithms is investigated. The multivariate methods studied for an efficient signal se-
lection and background discrimination show a performance which is compatible or even
better to the performance obtained by optimised rectangular cuts. Even though it is de-
cided to use the latter for this study, multivariate tools will become important in future
analysis. The increasing statistics of the recorded data sample will lead to an increasingly
better understanding of the detector and its performance. Therefore, the combination
of many and complex variables in multivariate methods will become feasible. Addition-
ally, the performance of most classification algorithms can still be enhanced moderately
by a thorough tuning of their parameters while the performance of rectangular cuts is
expected to be at its limit. As a result of this study, one concludes that the usage of
boosted decision trees as classifier is a promising alternative to simple rectangular cuts
for rejecting reducible background components.
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However, the main challenge for the search of light neutral MSSM Higgs bosons in the
7177 channel remains the irreducible background arising from v*/Z — 777~ events. At
this point, it should be emphasised that the sensitivity for the signal processes benefits
most from a good discrimination against this background. Hence, future analysis may
study different mass definitions with respect to their resolution and separation between
the signal process and the v*/Z — 77~ background in more detail.

In order to interpret the data in the signal region it is found that a template fit of
the visible mass distribution is subject to serious instabilities. Due to the similarity
in the mass shapes of the signal process and the dominant background, large negative
correlations occur which lead to unreliable fit results, especially in the low mass region.
This situation is unlikely to change with increased data statistics. To overcome this
problem, a fit to other mass distributions might be studied.

The event counting approach leads to robust results and is used in the context of
this work. After the final selection, 2124 events are observed in data while only 1971
events from background processes are expected. Including systematic uncertainties on
the background expectation, the excess observed corresponds to a discovery significance
of Z = 1.21 which represents a p-value of 11.3%. In the absence of a significant devia-
tion from the background expectation, the result is interpreted as exclusion limit in the
M4 x tan B parameter space of the MSSM. In the context of the m}'** scenario, values of
tan 8 > 32 — 51 depending on the parameter M, are excluded at a 95% confidence level.

The sensitivity of this analysis is already limited by the theoretical uncertainty on
the normalisation of the background expectation and the systematic uncertainty on the
luminosity measurement. Therefore, an analysis of the full 2011 data set corresponding
to L = 5.25 b~ will only moderately enhance the sensitivity. In the higher mass region
My > 130 GeV, an optimisation of the mass window cut could be beneficial while the
low mass region would profit more from a data driven estimate of the v*/Z — 777~
background component.
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Appendix A
T heoretical Considerations

A.1 Conventions

A.1.1 Units

In this thesis the Heaviside-Lorentz units defined in Equations (A.1) — (A.2) are used
h=c=kp=1, (A1)
€0=po=1. (A.2)

Therefore, all quantities have units in terms of (inverse) energy:
[p] = [m] = [E], (A.3)
[s] = [t] = [E]" (A.4)
[l =l =1. (A.5)

The equations needed for conversion from SI units to Heaviside-Lorentz units are given
as

1J=16-10"eV, (A.6)
h-c=02GeV-fm=1, (A.7)
c=2998-10°m/s = 1. (A.8)

A.1.2 Four-vector Notation

A four-dimensional space-time point z#, = 0...3 is defined as x = z* = (¢,7). The
metric g, = diag(1,—1,—1,—1) is chosen. Therefore, the product between two four-
vectors is defined as zy = 2"y, = 92"y’ = x,y* = t,t, — 77, Accordingly, the

four-dimensional derivative 0, = % is given as 0, = ( o V) with V = a% being the

Nabla operator.

A.1.3 Pauli and v Matrices

The following set of Pauli matrices is chosen to represent the SU (2) algebra:
0 1 0 —i 1 0
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A.2 LAGRANGE Formalism and DIRAC equation

Their commutation relations and properties are

Tr! (0;) =0, (A.10)
[Uau Ob] = 2i5abcgc ’ (A12)
{O'a, O'b} = 26ab]12 . (A13)
The v matrices are defined by the following anticommutation relation
{7,&7 71/} = 29/“,]14 . (A14)
A possible choice is stated below, together with the definition of +°.
0 1 ; 0 o -1, 0
0_ 2 i i 5 :.0.1.2.3 2
ot _(112 0>,7 _<—oz~ 0),7 =iy < 0 ]12)' (A.15)
Some useful properties are summarised in the following lines,
P =700, (A.16)
{7",75} =0, (A.17)
=%, (A.18)
(v%)* = 1Ls. (A.19)

The product of 7 matrices with a four-vector p, is denoted as 7*p, = p and fulfils
p* = p*lly. Therefore, p is invertible if p* # 0 with p~' = I%p and has the eigenvalues

+/p.

A.2 Lagrange Formalism and Dirac equation

One of the most fundamental concepts in physics is the principle of stationary action.
Given the Lagrange density L of a system as a function of the physical fields ¢; and their
derivatives 0,¢;, the action S for the evolution between two states is given by

state2

S = / dtdr’ L (¢; (¢,7), 0, (t,7)) - (A.20)
statel

Applying the variational principle and requiring the action to be extremal leads to the

EULER-LAGRANGE equations which correspond to the equation of motion for the indi-

vidual fields,
oL oL
0S=0 = Oy=—F7——=——=0 Wi. A.21
"9(0,6) 06, A2
The Lagrangian B B
£ = Dir"dap — mi) (A.22)

'Tr (A) = 3, Ai; denotes the trace of the matrix A.
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A.3 YANG-MIiLLS Theory

leads to the DIRAC equation
0= (iy"0y —m)y (A.23)

and, therefore, is appropriate for describing relativistic fermionic particles of mass m.
Hereby, the adjoint spinor 1 is defined as 1 = T+°.
The DIRAC equation can be solved by making the ansatz

U1 = u(p)e™, (A.24)

g = v(p)e ", (A.25)

Both ansatzes are valid solutions if the spinors u(p) and v(p) obey the following equations
(p — m]l4) u(p) =0, (A.26)

(p+ mlly) v(p) = 0. (A.27)

The spinor ¢ can be decomposed in its left and right chiral component using the projec-
tion operators

~ 1
PL = 5 (114 - ’}/5> y (A28)
- 1

The resulting components are eigenstates to the 4° matrix with eigenvalues 4=1. In the
limit of £ > m the chirality and helicity of the particle coincide,

VL =" P = —y, (A.30)
VR = 7" Patp = +1g . (A.31)

A.3 Yang—Mills Theory

Suppose one has a theory describing N fermionic fields ¥, = 1... N, with masses m,,
the Lagrangian can be written as

£YM = Z\If’)/'uau\ll — \IIM\I/, (A32)
with?
(G
v=| : |, (A.33)
VYN
Ma,@ = maécxﬂ (A34)

2One might notice here that ¥ can be written in index notation as v, ; with a = 1... N, as particle
index and i = 1...4 labelling the spinor component. Possible symmetry transformation act only on
the particle indices while the v matrices, of course, act on the spinor indices.
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A.3 YANG-MILLS Theory

and each field 1, being a DIRAC spinor and solving the related DIRAC equation,
(iv"0,, — mqy) Yo = 0. (A.35)

When the mass term in (A.32) is neglected®, the remaining part Ly\ixin = i\Tny“aulll of
the Lagrange density is obviously invariant under a global symmetry transformation® U
with

U0 =UV, (A.36)
U — U =0Ut, (A.37)

However, when applying a local® transformation, Ly kin 18 not invariant anymore, i.e.
/
Lymxin = Lyrgin 7 LyMkin - (A.38)

To restore the invariance, one can replace 9,V by the covariant deriwative D,V and has
to ensure that the following condition

D,V — (D, V) =U (z) D,V (A.39)

is satisfied. A generic symmetry transformation can be written as

U (z) = exp [z > da(2) T, (A.40)

with ¥, (z) being continuous, real parameters and 7T, being the generators of the sym-
metry group.
The covariant derivative can then be defined as

D, =0, +1igW, (A.41)

with the transformation of W, given by
1
ig
where W), = WIT, and W being real valued fields, the gauge boson fields. It can be
shown that condition (A.39) is then fulfilled. Hence, the requirement of local symmetry
asks for new fields in order to ensure the invariance of the Lagrangian. The covariant
derivative connects these gauge boson fields with the fermion fields which are charged un-
der this symmetry group and establishes possible interactions with an interaction strength

g, the coupling constant. Furthermore, a term Lg,,5. can be added to the Lagrangian
without violating the invariance of the theory. This part is given by the field strength

W, = W, =U(2) WU () — — (9,U (2))U' (x) , (A.42)

3In general, this statement holds true if m, = m Va. Mass terms for all fermions are introduced later
using an alternative mechanism.

1Symmetry transformation can be represented by unitary matrices.

®Local means that the transformation U becomes a function of the space-time point z: U = U ().
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A.4 Derivation of the Electroweak Lagrangian

tensor F'* and contains, in addition to the kinematic terms for the gauge boson fields,
possible self-couplings among those in the case of non-abelian symmetries,

1
Lgange = _ZTI (F*F,,) , (A.43)

1
with F"™ = = [D", D] . (A.44)
tg

A.4 Derivation of the Electroweak Lagrangian

Using the notation introduced in Section 2.1.1 the Lagrangian for the first fermion gen-
eration can be written as

Lo= Z_}ify"@u[; + Qi’y“@MQ + eriOuer + Uiy 0, ur + CZRify’”@MdR . (A.45)

By replacing the partial derivative by the covariant derivative of the U (1), ® SU(2),,
symmetry group given in Equation (2.7), one obtains an extended Lagrangian.

L= Lo~ LV [gwWiTo+ gvYi B, L — Qv [gwWiT, + gv Y B.] Q (A.46)
— gyerY"BuYrer — gy ury* B,Y ur — gy dry" B, Y1 dr
Let G denote the 2 x 2 matrix G = [gWW[jTa + ngLBlJ which is acting on the particle
indices of L, then G takes the form
Gy =gw (W, Ty + W T3] + [gwW,Ts + gy Y1 B,] (A.47)

_ (%“WﬁJrngLBM @ (W — W) ) -

. A 48
e (Wh+iW?) —LWs+ g VLB, (A.48)

Using the linear combination given in Equation (2.21) and choosing the convention

Y; = —% for the lepton doublet, the matrix elements Gy, and Gas, can be writ-
ten as
1 ) .
Gy = 3 [(gw sin by — gy cosOw) A, + (gw cosOw + gy sinbw) Z,,] , (A.49)
1 . .
Gaoy = D) [(gw sin Ow + gy cos Oy ) A, + (gw cos Oy — gy sinby ) Z,] . (A.50)

Driven by the motivation of identifying A, with the photon and the fact that neutrinos
do not interact with photons as they are neutral particles, the coefficient of A, in G11,
must vanish. Similarly, the coefficient of A, in G, describes the coupling between the

electron and photon which should take the form® Q.e = —e
0 = gw sin Oy — gy cos by , (A.51)
—e = —% (gw sin Oy + gy cos Oy) (A.52)
= e = gwsin by = gy cos Oy . (A.53)
¢ denotes here the elementary charge and Q. = —1.
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A.4 Derivation of the Electroweak Lagrangian

Applying also the linear combination (2.20), G, becomes

G, = g—W 0 W/j_ +e (Tg + YL) A + (gW COSs Qng — gy sin QWYL) Z, . (A54)
M \/5 W#— 0 M K

From this point, the general identity () = Y7 + T3 can be inferred. The terms of the right
chiral components have the general structure

£‘wR = —ng[ﬂZR’}/u (COS GWA,u — sin QWZH) ’QDR (A55)
= _GYL@DR’VMA;/‘#R + gy sin QWYLQ/}RVMZN@DR . (A56)

As for right chiral particles ) = Y, and ¢, + ¢y = 1, the electromagnetic part of the
Lagrangian is given by
Lry = —e Z Qitbiv" i Ay . (A.57)
i=e,u,d

The gauge boson fields Wj couple only to left chiral particles and are therefore responsible
for the parity violation. They can be identified with the off-digonal elements of G,

= 0 Wit
- p
= (%) s
and introduce flavor changing charged currents. The corresponding Lagrangian is
9w 7 uti 9w A _uti
Lo = ——F=LV"W, L — —=Q~y"W, A.59
CcC \/§ 8 o \/5@7 HQ ( )
aw  ,_ -\ 17 5 Ve
== (v, e)W " (lly — A .60
ok )wUﬂ(e) (4.60)

- e (=) ()

In Equation (A.60) the “V-A” coupling structure is explicitly shown. The couplings
between fermion fields and the Z,, gauge field are more complicated as these differ for left
and right-handed fermions. Equation (A.61) shows the general structure for left-handed
fermions whereas in Equation (A.62) the corresponding term for right-handed fermions
is given.

Llz,n =~y [Ty — sin® 6w Q] v1.2, (A.61)
cos Oy

Llz,r=— ?W YrY" (— sin” QWQ) YrZ, (A.62)
cos Oy

Hence, the generic coupling to the Z,, is of the form

aw

Lnc = — (vy"eLprZ, + brteribr Z,) (A.63)
cos Oy
__ 9w oou s 2
i Yy <CLPL + CRPR) Y2y (A.64)
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A.4 Derivation of the Electroweak Lagrangian

with

C, = T3 — sin2 HwQ s (A65)
cr = —sin® Oy Q (A.66)

being the left and right handed coupling terms and pL,R denoting the projection opera-
tors. Evaluating the term ¢, P, 4 cg Pr explicitly reveals the mixed “cyV —c4A” coupling
structure as shown in Equation (A.68).

~ - 1
CLPL + CRPR = 5 [(CL + CR> ]l4 — (CL — CR> ’)/5} (A67)
= Lno = —QCiZ/GW@ (v = ear™y”) ¥ 2, (A.68)

Hereby, the definition of the vector ¢y and axial coupling ¢y have been introduced as

Cy =Cp,+cCr = T3 -2 Sin2 er, (A69)
CA = C1, — CR — T3 . (A?O)

The Lagrangian corresponding to (A.43) and describing the kinematic evolution and
self-interactions between gauge fields is

1 1
Lgauge - _ZB“VB;U/ - ZFC'LLWFaMV (A?l)
with B" = 9"B* — 9" B (A.72)
and F' = O"W) — 0"W) — gweped Wi W . (A.73)

The last term in Equation (A.73) arises from the non-vanishing commutator between the
generators of the SU (2) symmetry group and gives rise to gauge boson self-couplings.
This prediction is purely based on the chosen symmetry group of the Standard Model
and can therefore be used to test the theory.

The complete electroweak Lagrangian for the first fermion generation is then given by

£EW = ‘CU + ﬁEM + ﬁCC =+ ENC + Lgauge + ['Higgs (A74)

with Lyiges according to Equation (2.12). The extension to the second and third genera-
tion is straight forward by adding identical terms and replacing the fermion fields of the
first generation by the fermion fields of the other generations.
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Appendix B

Coordinate Transformations

The kinematics of a particle are described by the three variables pr, n and ¢ with the
definition of 7 given in Equation (3.3). Using the conventions of Section 3.2.1 the following
relations hold

tan ¢ = By : (B.1)

pr=/p2p:=—— (B.2)
coshn

p. = pr- sinhn, (B.3)

cot ) = sinh 7, (B.4)

¥ =2tan"" (e7") . (B.5)

A A ONS O RN WA O

4\ HHgHHgHHgHHgHHgHHgHHgHH TT

o
o

o

=

U-I -

N

N

o

WH

Figure B.1: n as function of ¥ according to Equation (3.3).
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Appendix C

Measurement of the Cross Section
of the Process pp — ~*/Z — 7171~
in the ey + 4v Final State

C.1 Simulated Data Sets

A list of the simulated samples used is given in Table C.1.

C.2 Jet Cleaning Procedure

Coherent Electronic Noise in the EM Calorimeter FElectronic noise in association
with cross-talk between adjacent readout channels can mimic a localised energy deposi-
tion in the electromagnetic calorimeter. Depending on the amplitude of the noise, this
signal can bias the jet reconstruction or even cause additional jet candidates. As those
jets are reconstructed from noise induced signals in the EM calorimeter, the electromag-
netic energy fraction fgy is close to 1. In addition, the shape of the electronic pulse
in the calorimeter cells is different for electronic noise and a physical energy deposition.
The agreement between the measured shape and its expectation is expressed as a quality
factor |Qpa;| with |Qpa:| = 0 representing a good agreement.

Energy Bursts in the Hadronic Endcap Calorimeter Sporadic energy bursts in the
Hadronic Endcap Calorimeter affects the jet reconstruction in a similar manner as the
coherent electronic noise. The cause for these energy bursts in the liquid-argon calorime-
ters is not yet understood completely. However, a set of variables was found to identify
reconstructed jets influenced by energy bursts in the HEC.

The energy fraction of the reconstructed jet in the HEC fygc is large because the
dominant contribution comes from the energy burst. Similarly to |Qpa.| a quality factor
for the pulse shape comparison considering only energy cells in the HEC can be com-
puted |Qugc|- Due to the fact that the jet is mainly reconstructed from a large energy
deposition in one calorimeter cell, the associated cluster contains many cells without any
real energy deposition (“empty” cells). The applied corrections on cell level, in order to
correct for average pile-up and noise effects, yield actual energy contributions of these
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C.3 Detailed Object Definitions

“empty” cells which are negative. For a reconstructed jet arising from energy bursts in
the HEC, the expected number of “empty” calorimeter cells is large leading to significant
amount of negative energy contributions F\. in the jet.

Cosmic Rays and Beam Background Fake energy depositions coming from cosmic
rays can be reduced by requiring that the energy deposition occur at time compatible
with a proton-proton collision. Therefore, a jet time ¢j; which respect to the event
time is defined as an energy weighted average of the timing information of all associated
calorimeter cells.

In most of the cases, beam background effects manifest themselves as pions or muons
travelling parallel to the beam pipe at larger radii. These charged particles, the ensemble
of them also called beam halo, can be produced by interactions of the beam with the
collimators upstream the ATLAS detector. Since the particles traverse the calorimeter
parallel to the beam pipe, their energy depositions are concentrated in one calorimeter
layer but over the whole length of the detector.

If the trajectory of the particle happens to pass only the hadronic calorimetry system,
the electromagnetic energy fraction fgy; defined above, is very small. On the other hand,
a trajectory passing the electromagnetic calorimeter parallel to the beam axis will deposit
most of the energy in one compartment. Hence, the maximum jet energy fraction in one
sampling layer feamp is close to 1.

In addition, the beam halo particles create no tracks, which point from the collison
point to the energy deposition. An assignment of track canidates to the reconstructed
jet is purely accidentially. Thus, the charged fraction fg, of the jet defined as the pr sum
of all associated tracks divided by the reconstructed jet pr is expected to be small.

Final Cuts To suppress all possible source of disturbing energy depositions mentioned,
the variables introduced above can be deployed in the geometrical regions where they
are well-defined. An event is vetoed if at least one reconstructed jet candidate with
pr > 20 GeV passes the cuts given in Table C.2 where conditions in different rows are
connected with a logical OR. The jet cleaning is only applied on data events as the
employed variables are not expected to be well-modelled in simulated samples. However,
the jet cleaning has a minor impact on the event selection and is treated as systematic
uncertainty for the simulated samples.

C.3 Detailed Object Definitions

A detailed description of the object selection criteria is given in Table C.3.

C.4 Correction Factors for the Simulated Samples

The correction factors for the electron identification efficiencies as a function of 1 and
pr are given in Table C.4. Table C.5 summarises the correction factors for isolation effi-
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C.5 Cutflows for the Individual Regions

ciencies of the electron and muon candidates. In order to account for the varying pile-up
conditions observed in data, the simulated samples are re-weighted with correction fac-
tors which depend on the number of reconstructed vertices with at least three associated
tracks and are stated in Table C.6.

C.5 Cutflows for the Individual Regions

Table C.7 summarises the cut flows for the individual regions.

C.6 Systematic Uncertainty on the QCD Background
Estimate

The dependence of the selection efficiency eqcp on the isolation variables is shown in
Figure C.1. As the fitted slope parameter is always consitent with zero, no systematic
uncertainty is assigned.

R o a

S SALAR R B B B B B R B B

Q N = 9 E
o N —o-Data E o - Data E
§ — linear fit ; — linear fit §
N = —
N N ! E S signal regi E|
§ slgna region é A3y signal region E
W E
N = =
= \ E
AN I P T I S B B B = N I I B U I S B B B
01 02 03 04 05 06 07 08 09 1 01 02 03 04 05 06 07 08 09 1
etcone30/pT (electrons) etcone30/pT (electrons)
(a) (b)
§ 08§3¢\\\? N T
o 0.75 §§ —e— Data é —e— Data é
07 NN — linear fit 3 — linear fit E
) §§ y signal region 3 signal region 3
(. E : E
065 N - £ \ L
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SN —— e —— N — ——
0.55 R _—i? 3 i 1* —
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W E X E|
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() (d)

Figure C.1: Dependence of the selection efficiency eqcp on calorimter-based (left)
and track-based (right) isolation variables for electron (top) and muon (bottom) can-
didates. The linear fit with its uncertainty is displayed by the blue lines.
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C.6 Systematic Uncertainty on the QCD Background Estimate

process

o in pb filter efficiency

process id  generator

configuration tags

Y7 — ee,me. > 60 GeV

Y )Z — pp,my,, > 60 GeV

v Z = 1T, M. > 60 GeV

v Z — ee, 15 GeV < me, < 60 GeV

Y )Z = pp, 15 GeV < my,, < 60 GeV
v /Z = 171,10 GeV < m,, < 60 GeV
W — ev

W — v

W — v

tt, at least one lepton

WW , at least one lepton

Z 7, at least one lepton

W Z, at least one lepton

990
990
990
1462
1462
3967
10460
10460
10460
164.6
44.9
5.64
18.0

S S T )

1
0.561
0.388
0.214
0.309

106046
106047
106052
108320
108319
107055
106043
106044
107054
105200
105985
105986
105987

Pythia
Pythia
Pythia
Pythia
Pythia
Pythia
Pythia
Pythia
Pythia
MC@NTL.O
Herwig
Herwig
Herwig

eb74 s933 946 11831 12040
eb74 s933 946 rl1831 12040
ed74 s934 s946 11833 12040
eb74 s933 946 11831 12040
eb74 s933 946 11831 12040
ed74 s934 s946 11833 12040
eb74 s933 946 rl1831 12040
eb74 s933 946 r1831 12040
eb74 s934 946 11833 12040
€598 s933 946 rl1831 12040
eb98 s933 946 r1831 12040
eb98 $933 946 rl1831 12040
eb98 s933 946 rl1831 12040

Table C.1: Samples of simulated processes used for the pp — v*/Z — 777~ — ep + 4v cross section measurement.

138



C.6 Systematic Uncertainty on the QCD Background Estimate

background source cuts
EM coherent noise fem > 0.95 AND |Qpa;| > 0.8 AND |net] < 2.8

fHEC > (0.5 AND ‘QHEC’ > 0.5
‘Eneg’ > 60 GeV

|tjet| > 25 ns
fEM < 0.05 AND |77jet’ > 2
fem < 0.05 AND fo < 0.05 AND [nse] < 2
fsamp > 0.99 AND |nie| < 2

HEC spikes

Non-collision background

Table C.2: Jet cleaning cuts applied on reconstructed jet candidates (conditions of
different rows are combined with a logical OR).
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C.6 Systematic Uncertainty on the QCD Background Estimate

objects selection criteria

electrons pr > 16 GeV
In| < 2.47, but excluding 1.37 < |n| < 1.52
electron Medium_WithTrackMatch
electron author 1 or 3

not in bad object quality maps region (map for runs > 167521)

muons pr > 10 GeV
In| < 2.4
combined STACO muon
|z0] < 10 mm
no BlayerHit expected or nBLayerHits > 0
nPixHits + nDeadPixelSensors > 1
nSCTHits + nDeadSCTSensors > 5
nPixHoles + nSCTHoles < 2

Il <19 i - TR Oaers < 0-9
AND nTRT Hits + nTRT Outliers > 5
In| >=1.9: nTRT Hits + nTRT Outliers < 5

nTRT Outliers
OR nTRT Hits + nTRT Outliers <09

jets Anti-k7 jets with AR =04
calibrated at EM scale with JES factor
pr > 20 GeV
In| < 4.5

overlap Removal muon-muon (AR < 0.2)
elec-elec and elec-muon (AR < 0.2)

jet-jet, jet-elec and jet-muon (AR < 0.4)

MET MET(LocHadTopo) + MET(MuonBoy) - MET (RefMuonTrack)

Table C.3: Object definitions used for the pp — 7v*/Z — 777~ — eu + 4v cross
section measurement.

140



C.6 Systematic Uncertainty on the QCD Background Estimate

7 range correction factor pr range in GeV  correction factor
—247<n<-2.01 0.945£0.017 0<pr <20 0.852 £ 0.102
-2.01<n<—-1.52 0.988£0.016 20< pr <25 0.928 £ 0.044
—-1.37<1n < —-0.80 0.972£0.016 25<pr <30 0.972 £0.015
—0.80< 7 <—-0.00 0.974 £0.015 30<pr <35 0.998 £ 0.007

0.00<n < 0.80 0.972 £0.015 35<pr <40 1.002 % 0.006
0.80<n< 1.37 0.967 £0.015 40< pr <45 1.003 £+ 0.007
1.52<n< 2.01 0.995£0.029 45< pr <00 1.013 £ 0.013
201<n< 247 0.961 £ 0.017
Table C.4: Correction factors for the electron identification efficiency with total un-
certainty.
electron candidates muon candidates
7 range correction  pr in GeV correction  pr in GeV correction
—247<n<-2.01 090£0.02 16<pp <25 0.88+0.03 10<pp<15 1.03+0.05
—201<n<—-152 0914+0.02 25<ppr <35 097+£0.01 15<ppr<20 1.04+0.03
—1.52<1n<—-0.80 0924+0.01 35<pp<45 1.014+0.01 20<pp <25 1.0040.02
—0.80< 77 <—-0.00 097£0.01 45<pr<60 1.04+0.01 25<pp <30 1.02£0.01
0.00<n< 080 096+£0.01 60<pr<oo 1.054+0.01 30<pr<35 1.02+£0.01
0.80<n< 152 091+£0.01 35 < ppr <oo 1.00£0.01
1.52<n< 2.01 0.97+0.02
201<n< 247 0.88=£0.02

Table C.5: Correction factors for the isolation efficiency of reconstructed lepton can-

didates with total uncertainty.

Nyertices COIT

ection weight

S O 0~ O U= Wik —

Y
—_

1.895 +0.013
1.235 4 0.006
0.861 £ 0.004
0.653 £ 0.004
0.537 + 0.004
0.463 = 0.006
0.414 £ 0.010
0.446 + 0.021
0.405 £ 0.038
0.582 +0.106

Table C.6: Pile-up correction factors with total uncertainty.
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Appendix D

A Search for Neutral MSSM Higgs
Bosons in the 777~ Channel

D.1 Simulated Data Sets

A list of the simulated samples used for the MSSM Higgs boson search is given in Ta-
ble D.1.

D.2 Readout Problems in the EM Calorimeter

In this section, the procedure for removing events, which suffer from dead readout chan-
nels in part of the EM barrel calorimeter, is described. The reconstruction of jet, electron
and photon candidates is affected by the problem as well as the ET,miSS measurement.
The basic idea is to reject events where an energetic object lies within the problematic
region because the energy of this object is not reconstructed correctly resulting in a bias
of the missing transverse energy. In events, where no energetic object is in the dead
calorimeter region, the ET,miss measurement is only distorted by contributions from low
energy deposits or noise signals which are missed in the affected region. However, these
effects can be corrected on average as the average density of energy deposits is known
from measurements without colliding beams. For the prescription given below, all recon-
structed electron and jet candidates are considered. They do not have to pass the object
definitions given in Section 6.3 since the distorted energy cluster reconstruction may lead
to a bad quality of the reconstructed object. As a consequence, high energetic objects
could be missed which is undesired.

Owing to the dimension of reconstructed energy clusters, the definition for the prob-
lematic region is slightly larger than the actual affected region and given by

—0.1 <n<1.55and —0.9 < ¢ < —0.5 for electron candidates, (D.1)
—0.2<n<1.65and —1.0 < ¢ < —0.4 for jet candidates. (D.2)

Photons are not treated separately since they show a signature similar to the one for

jet candidates and, therefore, are reconstructed as jet candidates as well. An event is
affected if any of the following two statements is true.
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D.3 Detailed Object Definitions

e At least one reconstructed electron candidate with pp > 15 GeV is within the
problematic region.

e At least one reconstructed jet candidate with a corrected transverse momentum of
pr > 20 GeV is within the problematic region.

Affected data events are rejected while simulated events are weighted with a correction
factor (cf. Section 6.4.4).

D.3 Detailed Object Definitions

A detailed description of the object selection criteria is given in Table D.2.

D.4 Corrections for the Simulated MC Samples

The trigger efficiency correction factors for the electron trigger EF_e20_medium are given
as a function of n and ¢ of the electron candidate as shown in Figure D.1.
The correction factors for the combined muon trigger

EF mul8 MG OR EF_ mu40_ MSonly barrel

in the barrel region are shown in Figure D.2. In this region, the correction factors do not
exhibit a dependence on the transverse momentum of the muon candidate. Hence, they
are given by a two-dimensional map in 7 X ¢. In contrast, the dependence on 7 and ¢ is
negligible in the end-cap regions |n| > 1.05. Thus, the muon trigger efficiency corrections
in these regions are given for different pr bins and are summarised in Table D.3.

The pr dependent correction factors for the electron reconstruction efficiency are stated
in Table D.4 while Table D.5 summarises the identification efficiency corrections.

D.5 Optimisation of the Event Selection

Definition of Discriminating Variables

The distributions of the discriminating variables, which are not shown in Figure 6.2, can
be found in Figure D.3.

Steering Options for TMVA Algorithms

The options used for the training of the individual methods are summarised in Table D.6.
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Figure D.1: Trigger efficiency correction factors with total uncertainties for the elec-
tron trigger EF e20 medium as a function of n and ¢ of the electron candidate which
caused the trigger.

Figure D.2: Trigger efficiency correction factors with total uncertainties for the com-
bined muon trigger EF mul8 MG OR EF mu40 MSonly barrel in the barrel re-
gion as a function of 1 and ¢ of the muon candidate which caused the trigger.
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Figure D.3: Distributions of several discriminating variables for the background pro-
cesses tt (green triangles), di-boson production (blue dots) and single top produc-
tion (violet squares) and the signal process (red reversed triangles) for the parameter
point My = 120 GeV and tan § = 20 in the m}'®* scenario. All distributions are taken
from simulated samples. The definitions of the individual variables are given in the

text.
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Figure D.4: Distribution of the BDT response values for the background (red) and
the signal (red) processes obtained on the training (dots) and test (histogram) samples.

Sets of Discriminating Variables

Additional sets of discriminating variables investigated during the optimisation of the
event selection can be found in Table D.7 with their performances summarised in Ta-
ble D.8.

Cross Checks for MVA Methods

Figure D.4 shows the obtained distributions of the BDT response value for the training
and the test sample. One observes a mismatch of both samples for the signal distribution
around ~ —0.2. This is an indication that the limited statistics in the training sample
leads to an overestimation of the performance.

Figure D.5 shows the normalised distributions of the discriminating variables used for
the projective likelihood approach. The derived PDFs provide a good description of the
individual variables for both the signal and the background processes.

D.6 Template Fit of the Visible Mass Spectrum

Figure D.6 displays the templates for the visible mass distribution of signal processes
with different mass hypothesis.
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Figure D.5: Normalised distribution of variables used in the projective likelihood
approach for the signal process (blue) and background processes (red). The dots rep-
resent the distributions obtained from simulated samples and the functions represent
the derived PDFs. For the definition of the individual variables, please refer the Sec-
tion 6.6.1.
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Figure D.6: Templates for the visible mass distribution for signal processes with
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values obtained from simulated samples. The blue lines correspond to the extracted
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Figure D.7: Dependence of Rpg/gg on the calorimeter-based (left) and track-
based (left) isolation variables for electron (top) and muon (bottom) candidates.The
linear fit with its uncertainty on the slope parameter is displayed as blue lines.

D.7 Systematic Uncertainty on the QCD Estimate

The dependence of the ratio Ros/ss on the isolation variables used for the definition
of isolated lepton candidates in the MSSM Higgs search is shown in Figure D.7. The
observed values are fitted with a linear function. In all cases, the slope parameter is
found to be compatible with 0 within its uncertainty. Hence, no systematic uncertainty

on the ratio Rog/ss is assigned.
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objects selection criteria

electrons pr > 15 GeV
In| < 2.47, but excluding 1.37 < |n| < 1.52
electron tight
electron author 1 or 3

object quality bit & 1446 ==

muons pr > 10 GeV
In| < 2.5
tight STACO muon
|20] < 10 mm
no BlayerHit expected or nBLayerHits > 0
nPixHits + nDeadPixelSensors > 1
nSCTHits + nDeadSCTSensors > 5
nPixHoles + nSCTHoles < 3

Inl <1.9: p II}?LS 1; (I?"lll“tfih;ﬁ‘ri)utliers <09
AND nTRT Hits + nTRT Outliers > 5
In| >=1.9: nTRT Hits + nTRT Outliers <5

nTRT Outliers
OR nTRT Hits + nTRT Outliers <09

jets Anti-k7 jets with AR =04
calibrated at EM scale with JES factor
pr > 20 GeV
In| < 4.5

overlap Removal muon-muon (AR < 0.2)
elec-elec and elec-muon (AR < 0.2)

jet-jet, jet-elec and jet-muon (AR < 0.4)

MET MET(LocHadTopo) + MET(MuonBoy) - MET (RefMuonTrack)

Table D.2: Object definitions used for the MSSM Higgs boson search.
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pr range in GeV

correction factor

15 <pr <18 1.035 £ 0.034
18 <pr <20 1.028 £ 0.007
20 <pr <30 1.023 £ 0.002
30 < pr <40 1.030 £ 0.002
40 < pr <50 1.037 £ 0.001
50 <ppr <70 1.043 £+ 0.003
70 < pr <100 1.025 £ 0.008
100 < pr 1.047 £ 0.027

Table D.3: Trigger efficiency correction factors with total uncertainties for the com-
bined muon trigger EF_mul8 MG OR EF mu40 MSonly barrel in the end-cap re-
gion.

|n| range correction factor

0.00 < n <0.80 0.998 £ 0.018
0.80<1n <201 1.009 £ 0.007
2.01<n <247 0.976 £ 0.006

Table D.4: Correction factors for the electron reconstruction efficiency with total
uncertainty.
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7 range correction factor pr range in GeV  correction factor
—247<n<-237 1.000 £0.028 0<pp <7 -
—237<n<-=2.01 0.992+£0.015 7<pr<10 1.094 + 0.106
—201<n<—-1.81 1.034 £0.026 10<pr <15 1.021 £ 0.107
—1.81<n<—-1.52 1.027 = 0.007 15 < pr <20 0.843 +0.102
—137<n<-1.15 1.130 £0.020 20<pr <25 0.894 £ 0.028
—1.15< 17 <—-0.80 1.111 £0.010 25<pr <30 0.972 £ 0.016
—0.80 < n < —0.60 1.035 £ 0.007 30<pr <35 1.003 £ 0.013
—-0.60<1n <—-0.10 0.996 £ 0.008 35 < pr <40 1.013 £ 0.004
—0.10<n < 0.00 0.984 £ 0.007 40< pp <45 1.012 £ 0.004

0.00<n < 0.10 1.008 £ 0.015 45 < pp <00 1.015 £ 0.011

010<n< 0.60  0.992=+0.010
060<n< 080  0.981=+0.010
080<n< 115 1.005 + 0.007
1.15<np< 1.37  1.02840.008
1.52<n< 1.81 1.138 + 0.007
1.81<n< 2.01 1.035 £ 0.018
201<n< 237  0.984+0.011
237<n< 247  1.022+0.023

Table D.5: Correction factors for the electron identification efficiency with total un-
certainty.

method TMVA type TMVA configuration string

FitMethod=MC:EffSel
VarProp=FSmart

rectangular cuts kCuts

CreateMVAPdfs

FISHER discriminant kFisher VarTransform=C

CreateMVAPdfs
VarTransform=D
TransformOutput
projective likelihood kLikelihood NAvEvtPerBin=30
MinNSmooth=1
MaxNSmooth=3
PDFInterpol=Spline2

CreateMVAPdfs

BDT kBDT
IgnoreNegWeightsInTraining

Table D.6: TMVA configuration options. For an explanation of these options, please
refer to [36].
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set 1 set 2 set 3 set 4

SumPtMET SumPtMET SumPtMETJets SumPtMET

mr.e mre mre mre

mT,u mT,H mT,u mT,,u,

SumCosDPhi DeltaPhiLi1MET SumCosDPhi SumCosDPhi
DeltaPhil.2MET DeltaPhilL

set b set 6 set 7

SumPtMET SumPtMET SumPtMET

mre mre + mT,,u mre

mr SumCosDPhi mr

SumCosDPhi SumCosDPhi

DeltaEtalL PtAsymmetry

Table D.7: Different sets of discriminating variables which are investigated with re-
gard to their performance.

variables ROC integral

rectangular cuts FISHER discriminant projective likelihood BDT
set 1 0.910 0.940 0.940 0.959
set 2 0.901 0.938 0.950 0.957
set 3 0.898 0.947 0.940 0.961
set 4 0.909 0.938 0.958 0.966
set b 0.900 0.940 0.930 0.964
set 6 0.950 0.937 0.947 0.957
set 7 0.907 0.940 0.941 0.959

Table D.8: Performance of variable sets defined in Table D.7 in terms of the ROC
integral for different methods. The input variables are de-correlated for the projective
likelihood method and transformed into normal distributed variables for the FISHER
discriminant analysis.
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