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Chapter 1

Introduction

The Standard Model of Particle Physics describes phenomena and interactions at the ele-
mentary particle level to high precision. Throughout the last decades it has been subjected
to validation and tests which, although it may not be the final theory, it has mastered with
great success.

Despite its success several questions are still unanswered. One of the most important fun-
damental questions is the explanation of massive elementary particles. Probably the most
favoured solution is the Higgs mechanism to explain the electro-weak symmetry breaking.
The existence of a neutral scalar particle, called the Higgs boson, is connected to this mech-
anism. Up to now the existence of the Higgs boson could not be proved by experiments. Di-
rect searches at the LEP! and TEVATRON? experiments exclude a Higgs boson with a mass
lighter than 114.4 GeV and also one with a mass in the range 158 GeV < My < 175 GeV.
However, high precision measurements of the Standard Model parameters favour a light
Higgs boson (Mp < 186 GeV) within the model.

With a centre-of-mass energy of up to 14 TeV the Large Hadron Collider (LHC) provides
the possibility to reveal the existence of the Higgs boson for its entire allowed mass range.
As earlier studies [1] show, the production of a Higgs boson via vector boson fusion (VBF)
and its subsequent decay into a pair of 7-leptons is one of the most promising processes for
a discovery of a light Higgs boson. In vector boson fusion the Higgs boson is accompanied
by two jets, which have a large separation in pseudo-rapidity. Predominantly at least oneof
the jets is found in the forward region of the detector. Between these jets the production
of additional jets is suppressed. This typical signature of jets in the VBF process provides
a good discrimination against background processes.

In this thesis the potential of the ATLAS detector at the LHC to discover a Standard Model
Higgs boson in the channel VBF H — 77 with a subsequent decay of the 7-leptons into
leptons is studied using Monte Carlo simulated events. The proton-proton collisions are
simulated at a centre-of-mass energy of 14 TeV. Despite the small branching ratio the di-
lepton channel, that means the decay H — 77 — ¢¢ 4 4v, provides a high signal sensitivity
due to excellent trigger conditions and lepton reconstruction efficiencies.

The Large Electron Positron Collider operated from 1989 till 2000 and provided electron-positron col-
lisions up to a centre-of-mass energy of 209 GeV.
2TEVATRON is a proton-antiproton collider operating at a centre-of-mass energy of 1.96 TeV.
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The luminosity provided by the LHC involves several proton-proton interactions per bunch
crossing. These additional proton-proton interactions are often referred to as pile-up and
might have a large influence on the event reconstruction. The effects of pile-up have often
been neglected or are only partially considered in earlier studies. This thesis presents the
first study of the VBF H — 77 — £+ 4v process considering pile-up in both the signal and
background processes at the ATLAS experiment. Although in the current LHC schedule
no collisions at a centre-of-mass energy of 14 TeV are planned for the next two years, the
presented study gives important information for the preparation of the search strategies,
which are defined now.

In order to discover the Higgs boson a precise knowledge of the background processes is
crucial. Typically the background is estimated using Monte Carlo simulated events. The
background estimation using Monte Carlo simulated events needs some validation and,
due to miss-modelling, is often guided by large systematic uncertainties. In particular the
special signature of jets in the signal process requires a precise knowledge and modelling
of the jet kinematics of the background processes. This is difficult using exclusively Monte
Carlo simulation and thus background estimation methods relying on collision data are
preferred. In this thesis methods to estimate the main background processes using data
are developed. They rely on the selection of control samples of high purity giving a precise
description of the background processes.



Chapter 2

Theoretical Overview

Interactions and processes at the elementary-particle level are described to high precision
using a theory called Standard Model [2-4]. It is based on a local gauge symmetry which
describes three of the four fundamental interactions: electro-magenetic, weak and strong
interactions. Gravity is not included in the Standard Model, because it is too weak at the
energy scales reachable at present particle colliders. In order to allow the description of
massive elementary particles the gauge symmetry is spontaneously broken. This implies
the existence of a new particle, the so called Higgs boson. Up to now, direct searches have
not proven that this particle exists.

This chapter presents a short review of the Standard Model and the Higgs Mechanism. It
is based on [5] and [6].

2.1 The Standard Model

According to the Standard Model the world consists of different sorts of elementary point-
like particles. Elementary particles with half-integer spin are called fermions. They are
classified into quarks and leptons and are ordered in three generations:

Leptons Quarks

1. Generation: < Ve > , € < Z ) , UR, dR
¢ Jr L

9. Generation: [ “* s KR ¢ , CR, SR
V) /)L

3. Generation: ( :Z >L, TR < IZ >L, tr, br

L (R) denotes left-handed (right-handed) fermions. The particles in the second and third
generation are a copy of the particles in the first one with identical properties, differing only
in their masses. In addition to each particle a corresponding anti-particle exits. Interactions
between the fermions are mediated by integer spin particles called gauge bosons. The mass
and electrical charge of the fundamental fermions and gauge bosons are listed in Table 2.1.
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The strong interaction is described by the SU(3)c symmetry group. It is mediated by
eight massless gauge boson called gluons. The C represents colour, which is the charge of
the strong interaction. Three different types of colour charge exists, which are commonly
called red, green and blue. Only quarks and gluons carry colour charge and take part in
the strong interaction. The experimentally observed matter particles build up by quarks
are called hadrons and are colourless.

The description of the electro-weak interaction is represented by the SU(2), @ U(1)y sym-
metry group. The generator of the group U(1)y is the hypercharge Y, the corresponding
gauge field is B,,. The group SU(2)r, represents the weak isospin with corresponding gauge
fields Wﬁ 23 Tts generators 1, are proportional to the 2 x 2 Pauli matrices and are given by
T, = %aa. The subscript L of the weak isospin group refers to its the left-handed charac-
ter. In particular, left-handed Fermions form an isospin doublet, whereas the right-handed
Fermions are isospin singlets. The hypercharge and the weak isospin are associated to the
electro-magnetic charge Q,

Y

The charged gauge bosons Wff are obtained from the fields Wﬁ’z by
1
+ _ 1 2
Wu _E(WH:‘:WH) :
Since the W* bosons are purely a combination of the weak isospin field, they only interact
with left-handed fermions (or right-handed anti-fermions). The neutral gauge boson Z and
the photon are derived from a combination of the fields Wj’ and B:

AL\ cosf, sinb, B,
Z,) \ —sinfy cosby W)

The Weinberg angle 6,, defines the rotation in the neutral sector. 6, can be expressed

using the SU(2);, and U(1)y coupling constants g and ¢’ according to cos @, = \/92‘17.

The interactions in the electro-weak sector are described by the Lagrangian
1o =, 1 v
E - — ZWMVW - EB'LLVB
— u . — g /Y
+ L z@u—gT'WM—ggBu L
_ Y
+ RyH [i@u — 9/234 R.

L denotes a left-handed fermion isospin doublet, R the corresponding right-handed isospin
singlet. T and Wu are triplets in SU(2) space and represent the three generators T, and
the three fields Wﬁ’z’?’ respectively. The last two lines represent the fermion Lagrangian,
which describes the kinetic energy of the fermions and their interactions with the W=+, Z
and the photon. The terms in the first line describes the kinetic energy and interactions of
the gauge fields. The field-strength tensors are:

B, = 0,B,—-09,B,

.

W = @LVT/}, — &,W# + gVT/M X WZ,
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Particle Electric charge [e] Mass

Ve electron-neutrino 0 < 2MeV

e electron —1 0.511 MeV

u up quark %2 1.7 — 3.3MeV
d down quark = 4.1 — 5.8 MeV
Vi muon-neutrino 0 < 0.19MeV
7 muon -1 106 MeV

c charm quark %2 1.27 GeV

S strange quark %1 101 MeV
vy tau-neutrino 0 < 18.2MeV
T tau -1 1.777 GeV

t top quark %2 172 GeV

b bottom quark %1 4.2 GeV

% photon 0 OeV

g gluon 0 0eV

W* W boson +1 80.4 GeV

Z Z boson 0 91.2 GeV

Table 2.1: Masses and electric charge of the fundamental fermions and bosons [9].

The Lagrangian is invariant under local gauge transformations. The gauge invariance
ensures, under certain conditions, that the theory is renormalisable [7,8]. Renormalisation
allows to absorb divergencies, which occur in higher order calculations with bosonic or
fermionic loops, using a redefinition of physical quantities like charge and mass. The ability
of the Standard Model being renormalisable guarantees its predictive power and allows the
accurate calculation of physical quantities.

In order to not spoil the local gauge invariance of the Lagrangian the fermions and gauge
boson have to be massless, which is in contradiction to experimental observations.

2.2 Spontaneous Symmetry Breaking and the Higgs Mech-
anism

To overcome the restriction of the Standard Model to massless particles the Higgs mech-
anism [10-12] is employed which utilises the concept of spontaneous symmetry breaking.
The spontaneous symmetry breaking of a global symmetry results in the appearance of
massless spinless particles, the so called Goldstone bosons [13,14]. If a local gauge symme-
try is spontaneously broken the degrees of freedom of the Goldstone bosons are transformed
to a longitudinal degree of freedom of the massless gauge bosons. That means the gauge
bosons become massive. The number of vector bosons that acquire mass is exactly equal
to the number of Goldstone bosons.

In contrast to the W+ and the Z boson, the photon is required to be massless. Consider-
ing this, the spontaneous symmetry breaking pattern in the electro-weak sector must be:
SU2)L ®U(l)y — U(1)em. The simplest way of providing this condition is adding to
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V(9)

®3
@,

Figure 2.1: Sketch of the Higgs potential as a function of two out of four components.

the Lagrangian £ the term
Litiggs = (D,@)/(D"®) — V(@) . (2.1)
D,, denotes the covariante derivative
D, =08, —igT - W, — %ig'YBu , (2.2)
and V(@) is the Higgs potential
V(®) = p2dTd + A(@T®)? | 42 <0 . (2.3)

To break the SU(2)r x U(1l)y symmetry the choice of & must have a non-vanishing hy-
percharge and weak isospin. To make the W* and Z gauge bosons massive at least three
Goldstone bosons are needed. The simplest choice is

ot 1 (D] +1Dy
o = <<I>0> = 7 (<I>3 N i<I>4) , ®; are real fields. (2.4)

The hypercharge of ® is Y = 1 and its weak isospin is [ = % To restrict the potential
V(®) to a lower bound the parameter A needs to be larger than zero. By choosing u? < 0
an infinite number of minima of the potential V(®) exist.

12

1
¢T¢:§(¢%+q>§+q>§+q>i)=—ﬁ.

(2.5)
A sketch of the Higgs potential is shown in Figure 2.1. For a better illustration the Higgs
potential is shown as a function of two out of four components. These minima correspond
to an infinite no. of degenerate vacua. The breaking of the SU(2);, x U(1)y symmetry
occurs once a particular minimum is chosen. As usual the simplest choice is taken:

M2
P =0y=0, =0, @%:—7 v? .
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This choice also guarantees that the U(1)¢y remains unbroken and hence the photon is
massless.

To build the physical spectra small fluctuations around the minima are performed. They
can be described using the parametrisation:

i5-0(x) /v 0
(I)Uac($) =€ o)/ (v—l—h(x)) . (26)
V2

The three fields 61, 62 and 63, written as g are unphysical. To eliminate them the gauge
transformation ® — e~ 9@)/v®_which is often called unitary gauge, is applied. The field
h in contrast corresponds to a physical scalar boson. By using equations (2.6) and (2.1)
mass terms show up in the Lagrangian, which can be identified as the masses of the gauge

bosons:

My = Lug (2.7)
Mz =3lv\/g>+g? (2.8)
My =0 (2.9)
My  =vV2)\ . (2.10)

The strength of the weak interaction at low energies is effectively given by the Fermi
constant Gp. This is connected to the vacuum expectation value v by

GF - g2 . 1

V2 SMy2 202

And therefore ) Y
v — — ZW L 946 GeV.

VGpV?2 9

The occurrence of the physical scalar boson can be explained by looking at the number
of degrees of freedom (d.o.f.). Four d.o.f. are added by introducing the field ®. Due to
the symmetry breaking three of them are absorbed to get W=, Z Bosons massive. The
remaining d.o.f. forms a scalar boson, which is called the Higgs boson.

As for the gauge bosons the local gauge symmetry forbids explicit mass terms for fermions.
To account for the masses of the fermions the same doublet ® is sufficient. Therefore a
Yukawa Lagrangian is needed:

Ly ukawa = )\efj@@R + Aaqr®dr + )\u(jL‘i)UR + h.c.

. . (2.11)
+ second and third family.

Here L = (e”i)L, qr, = (Z)L and ® = io9¢*. The Af are called Yukawa couplings. The
masses of the leptons are then given by:

My =v—".
f NG
Since the masses of the fermions are well measured the couplings depending on the Higgs
boson mass My can be determined. The coupling of the Higgs boson to fermions and gauge

boson is M
gy g
= 2] . - =gMw ; = My . 2.12
9guyf Mo gaw+w gMw 5 gHZZ cos Oy A ( )
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The Higgs mechanism provides a method to introduce mass terms in the Standard Model
Lagrangian while conserving the local gauge symmetry and the renormalisability of the
theory. The only unknown parameter is the mass of the Higgs boson.

2.3 Bounds on the Higgs Boson Mass

2.3.1 Theoretical Bounds

Although the mass of the Higgs boson is an unknown parameter in the Standard Model,
theoretical considerations and the requirement of consistency lead to constraints on Mpy.
A comprehensive summary can be found in [15].

The cross section for elastic scattering of longitudinally polarised W bosons, W Wzr —
W, WZF , is divergent at high energies and leads to a violation of unitarity at an energy
scale of 1 — 2TeV. By introducing a scalar particle like the Higgs boson the divergency
cancels and unitarity is restored. From this requirement the Higgs boson mass is limited
to My < 1TeV [16].

Further constraints on My can be derived from the energy scale A up to which the Stan-
dard Model is assumed to be valid. The coupling A of the Higgs self-interaction is energy
dependent due to quantum fluctuations. The Feynman graphs with the dominant contri-
butions are shown in Fig. 2.2. Neglecting the top quark loop the renormalised coupling at
one-loop level is given by

)\R(’U2)
1-— %)\(02) log %2

Ar(Q%) = (2.13)

For large energies, @2 >> v?, the quartic coupling becomes infinite at the so called Landau
pole. Requiring A\(A) to remain finite an upper bound on the My can be derived:

2,2

My < 8mev

TR 2.14
N iﬂlogf—z2 (2:14)

A lower bound on My can be derived taking into account loop corrections on A involving
the top-quark. If the My is too small the top-quark loop corrections become dominant
and lead to small or even negative values of \. This means that the ground state of the
Higgs potential would no longer be stable. To avoid this My must exceed a minimal value
depending on the top-quark mass and the energy scale A up to which the Standard Model
is assumed to be valid.

The lower and upper bounds on My depending on the energy scale A up to which the
Standard Model is assumed to be valid are shown in Fig. 2.3. Assuming new physics
appear at an energy scale A = 1TeV the mass of the Higgs boson is constrained to the
range 55 TeV < My < 700 GeV [15]. If the Standard Model is valid up to the Planck scale,
masses of the Higgs boson in the range 130 TeV < My < 190 GeV are allowed.

2.3.2 Experimental Bounds

Direct searches for the Higgs boson at particle colliders have been made in the last decades.
The searches carried out at the LEP collider exclude a Higgs boson with a mass lower
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Figure 2.2: Leading Feynman diagrams at tree and one-loop level for the Higgs self-coupling.
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Figure 2.3: Theoretical allowed region of My depending on the energy scale A up to which
the Standard Model is assumed to be valid.

than My > 114.4GeV [17] with at least 95% confidence level. Direct searches at the
TEVATRON experiments CDF [18] and DO [19] excluded the mass range 158 GeV < My <
175 GeV [20] at 95% confidence level.

Indirect constraints on My are derived using high-precision measurements of Standard
Model parameters. The Higgs boson is connected to these parameters via loop corrections.
By fitting the precision measurements to their theoretical expectations constraints on the
Higgs boson mass are obtained. In this context the mass of the top quark is important, since
it contributes in quadrature to the calculation of M. As a result of the fit shown in Fig. 2.4
the Standard Model prefers a light Higgs boson. Considering theoretical uncertainties and
including the limit of 114.4 GeV derived from LEP searches the mass of the Higgs boson is
lower than 186 GeV at 95% confidence level [21].

2.4 Higgs Boson Production at the Large Hadron Collider

At the LHC a Standard Model Higgs boson is produced by four dominant production pro-
cesses. Example Feynman graphs are shown in Fig. 2.6. The dependence of the production
cross section on the mass of the Higgs boson is visualised in Fig. 2.6.

The dominant production process is the gluon-gluon fusion process gg — H. The coupling
of the gluons to the Higgs boson is mediated via a quark loop. The dominant contribution
is provided by the top quark, since it is by far the heaviest and for this reason it has the
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6 July 2010 m;.i = 158 GeV
©) - i
5 A Altpgg = ]
% 1 —0.02758+0.00035
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m,, [GeV]

Figure 2.4: Ax? distribution of a global fit of the Standard Model parameters depending on
the assumed mass of the Higgs boson My [21]. The yellow shaded region is excluded by direct
searches.

strongest coupling to the Higgs boson among the fermions.

The production process with the second highest cross section is the Vector Boson Fusion
(VBF) gqq¢ — qqH. This production process is considered in this thesis. Each of the
incoming partons radiates off a heavy vector boson W/Z. The vector bosons must have a
minimum energy of (’)(%M ) to produce the Higgs boson. The finale state quarks produce
jets of which at least on is predominantly lying in the forward region of the detector. To be
reconstructed as jets they need sufficient pr. Since no colour charge is exchanged between
the two quarks the production of additional jets is suppressed in the central detector region.
This typical signature of jets in the VBF process differs from jet signatures in QCD processes
and provides a good discrimination of background processes.

The remaining Higgs boson production processes, Higgsstrahlung and top quark associ-
ated production, have a significantly lower cross section. In the production through Hig-
gsstrahlung the Higgs boson is radiated off a heavy vector boson W/Z. In the top quark
associated production the Higgs boson is radiated off a pair of top quarks. Despite the
small cross section of these two production processes recent studies show that they provide
an important contribution to Higgs boson searches at low My using the decay H — bb.

2.5 Decay of the SM Higgs Boson

The couplings of the Higgs boson to gauge bosons and fermions are directly proportional
to the masses of the particles. Therefore its decay to the heaviest particles is preferred if
accessible by phase space. Fig. 2.7 shows the branching ratio depending on the mass of
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(b)

Figure 2.5: Main production processes of a standard model Higgs boson at the LHC. a)
gluon-gluon fusion, b) vector boson fusion, c) associated production with W/Z, d) associated
production with top quark.

the Higgs boson. At higher masses My the decay of the Higgs boson into vector bosons
becomes dominant.

For a Higgs boson in the mass range 115 GeV < My < 130 GeV, which is favoured by the
Standard Model, the dominant decay channel is H — bb. Due to the large cross section
of the QCD background processes at the Large Hadron Collider this decay channel is very
difficult to handle. It has turned out that in this mass range the ATLAS experiment is
sensitive to the decay H — 77 . Since the 7-lepton is not a stable particle the decay
H — 77 results in the final states:

o H— 717 = W +4vin 12.4%
e H— 77 — ¢(h+ 3vin 45.6%

e H— 71— hh+2vin 42%

h denotes a decay of the 7-lepton into hadrons, ¢ signifies the decay of the 7-lepton into
a electron or muon. Because of the large cross section of the QCD background processes
the decay channel H — 77 — hh 4+ 2v is difficult to handle. Despite the smaller branching
ratio compared to H — 77 — £h + 3v, the decay channel H — 77 — ¢{ 4+ 4v has a clear
signature of two leptons and a considerable amount of missing transverse energy due to the
four neutrinos. This provides a large rejection factor for QCD background processes.
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Figure 2.7: Branching ratio of a standard model Higgs boson depending on its assumed mass

My [22].



Chapter 3

The LHC and the ATLAS
Experiment

The chapter starts with a short introduction of the LHC. More details can be found in [23].
This is followed by a description of the ATLAS detector based on the detailed information
in [24].

3.1 Large Hadron Collider

The Large Hadron Collider is a particle accelerator based at the European Centre for Parti-
cle Physics (CERN) near Geneva. The accelerator, arranged as a ring with a circumference
of 27 km, is placed in the former tunnel of the LEP accelerator. The LHC has started
operation in October 2008 and has been relaunched after a break for repairing in Novem-
ber 2009. It is currently operating at a centre-of-mass energy of 7 TeV and will stop for a
shut down used for maintenance and upgrade at the end of 2012. The LHC is designed to
accelerate protons (p) up to an energy of 7 TeV. Before injected into the LHC, the protons
are accelerated to an energy of 450 GeV by a chain of accelerators: LINAC, BOOSTER,
the Proton Synchrotron and the Super Proton Synchrotron. The protons are arranged
in bunches each containing up to 10! protons. The needed bending power to keep the
proton beams on track are provided by 1232 dipole magnets with a maximal field strength
of 8.33T. To keep the beam diameter small 392 quadrupole magnets are used. The high
field strength is provided by a superconducting magnet system operating at a temperature
of 1.9K. Once operating at the design parameters the proton bunches will collide every
251s at the interaction points and the LHC will provide a luminosity of 103* cm™2s~!. At
this luminosity in average 23 proton collisions per bunch crossing are expected.

The LHC is also able to collide heavy ions. In November 2010 the first collisions of lead
nuclei took place.

At four interaction points the experiments ALICE [25], ATLAS [26], CMS [27] and LHCb
[28] are located. ATLAS and CMS are multi-purpose detectors designed to cover a wide
range of Physics. ALICE studies heavy ion physics, while LHCb focuses on Physics of
b-quarks.
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3.2 The ATLAS Detector

ATLAS (A Toroidal LHC Apparatus) is a general purpose detector and has been built for
p-p collisions. The high luminosity and energy provided by the LHC offers the possibil-
ity to test and to measure the Standard Model processes and to search for new-physics
phenomena. In order to achieve these goals the design of ATLAS is lead by the following
requirements:

e Due to the high luminosity and the high bunch crossing rate, the detector requires
radiation-hard and fast electronics. High granularity of the detector elements is
needed to deal with the high particle flux and overlapping events.

e The ability to trigger on low transverse momentum objects with sufficient background
rejection.

e Good electromagnetic calorimeter for electron and photon identification and measure-
ment. In addition a hadronic calorimeter is needed to provide a good jet finding and
measurement. The calorimeter should provide high acceptance in pseudo-rapidity
with full azimuthal coverage for an accurate determination of the missing transverse
momentum.

e Good muon identification and momentum resolution with the ability of accurate
charge determination.

e Good charged-particle momentum resolution and measurement in the inner detector.
Ability to identify and reconstruct secondary vertices of T-leptons and b-jets.

The layout of the ATLAS detector is shown in Fig. 3.1. It has a length of 44 m and is 25 m
in height. The overall weight is about 7000 tonnes.

After the introduction of the coordinate system of ATLAS, a short description of the sub-
detector components is given.

3.2.1 Coordinate System

The right-handed Cartesian coordinate system of ATLAS is defined as follows: The beam
direction defines the z-axis. The x-axis is pointing from the interaction point towards the
centre of the LHC ring. The y-axis is directed upwards.

The azimuthal angle ¢ is measured around the beam axis, and the polar angle € is defined
as the angle towards the z-axis. Instead the polar angle 6 the pseudo-rapidity

n = —In(tan(0/2))
is often used. The distance AR in the 7-¢ plane is defined as
AR = /(An)? + (AD) .

The transverse momentum pr, the transverse energy Et and the missing transverse mo-
mentum E3"° are defined in the x-y plane.
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Pixel detector
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Muon chambers Solenoid magnet | Transition radiation tracker
Semiconductor fracker

Figure 3.1: Sketch of the ATLAS detector

3.2.2 Inner Detector

The task of the inner detector is the identification and momentum measurement of charged
particles. The tracks of charged particles are bent by a solenoidal magnetic field of up to
2T produced by a superconducting magnet surrounding the inner detector.

In order to achieve the demanded momentum, impact parameter and vertex resolution
semiconductor tracking detectors, pixel and silicon microstrip (SCT), are used. They cover
the region up to |n| < 2.5. The semiconductor tracking detectors are surrounded by the
straw tubes of the transition radiation tracker (TRT). The layout of the inner detector is
shown in Fig. 3.2.

The pixel detector consists of 1744 identical pixel modules. They are arranged on three
cylindrical layers in the barrel region and on three disks at each end-cap. The distance
of the innermost layer to the beam pipe is about 5cm. It enhances the secondary vertex
measurement performance,. The pixel detector typically provides three high precision space
points per track. The spatial resolution is about 10 um in R — ¢ and about 115 um in z.
The SCT detector consists of 4088 modules. Each SCT module has two pairs of identical
silicon sensors glued back to back with a stereo angle of 40 mrad between them. The
modules are arranged in four layers in the barrel region and nine disks in each end-cap
region. In the barrel the strips of one of the pairs is aligned to be parallel to the beam
direction. In the end-cap region one set of stripes is always running radially. The spatial
resolution is about 17 ym in R — ¢ and about 580 ym in z.

The TRT detector consists of 4 mm diameter straw tubes filled with a gas mixture of 70%
Xe, 27% COy and 3% Oy. In each straw a tungsten wire is build-in and connected to a
high positive voltage. In the barrel region the straws are parallel to the beam axis and are
1.44m long. The straws in the end-cap region are arranged radially and are 0.37m long.
Between the straw tubes radiator material are inserted, which provide transition radiation
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for electron identification. This radiation results in a higher signal level and improves the
electron identification. On average a track creates 36 hits in the TRT. The TRT provides
R — ¢ resolution of about 130 um and covers the region up to |n| < 2.0.

21m

: End-cap semiconductor fracker

Figure 3.2: Sketch of the inner detector.

3.2.3 Calorimeter

The task of the calorimeter is to provide a precise measurement of the energy of particles,
except muons and neutrinos. By having a full coverage over the azimuthal angle and a
large acceptance in pseudo-rapidity up to |n| < 4.9, it is used to provide a measurement of
the missing transverse energy.

The ATLAS calorimeter is divided into three parts, each using different techniques suited
to the various requirements. A sketch of the calorimeter system is shown in Fig. 3.3.

Electromagnetic Calorimeter

The EM calorimeter consists of a barrel part (|n| < 1.475) and two end-cap components
(1.375 < |n| < 3.2). It is a sampling calorimeter using liquid argon (LAr) as active mate-
rial. The kapton electrodes and lead absorbers have an accordion shaped geometry, which
provides a complete azimuthal coverage. The electrodes are placed in the middle of the
gap between two absorbers. The size of the drift gap is 2.1 mm, corresponding to a drift
time of 450 ns.

In the barrel the accordion waves are in beam direction and run in ¢. The folding angle
increases with increasing radius to keep the gap between the absorbers constant. In the
end-cap the waves are in radial direction. To provide a constant gap between the absorbers
the wave amplitude and folding angle increases with the radius.
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Figure 3.3: Sketch of the calorimeter system.

Up to |n| < 2.5 the calorimeter is segmented into three longitudinal sections with fine gran-
ularity. In the region 2.5 < |n| < 3.2 the calorimeter is segmented into two longitudinal
sections using a coarser granularity.

The material in front of the EM calorimeter sums up to a radiation length of about 22 Xj.
To correct for the energy loss of particles started showering before the calorimeter, an ac-
tive LAr layer called presampler, is placed in front of the calorimeter. In total the EM
calorimeter has a radiation length of at least 22 X in the barrel and 24 X in the end-caps.
The EM calorimeter is designed to reach an energy resolution for electrons and photons
of [26]

o(E) 0.1

T = 22 9 0.007 .
E JVE

A summary of the EM calorimeter’s main parameters is listed in Table 3.1.

Hadron Calorimeter

For the hadronic calorimeter various technologies are used to measure the energy. In the
barrel a sampling calorimeter using steel as an absorber and plastic scintillator tiles as active
material is placed. It is separated into a central barrel part |n| < 1.0 and two extended
barrel parts 0.8 < |n| < 1.7. The calorimeter is azimuthally segmented into 64 modules and
longitudinally into three layers. In total it has a thickness of about 7.4 interaction lengths
A. Crossing ionising particles induce ultraviolet light in the scintillators. The light is
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Barrel End-Cap
Longitudinal segmentation and || coverage
Presampler 1 layer In| < 1.52 1 layer 1.5<n < 1.8
Calorimeter 3 layer In| < 1.35 2 layer 1.375 < |n| < 1.5

2 layer 1.35 < |n| < 1.475 3 layer 1.5 <|n| <25

2 layer 25 < |n <32

Granularity An x Ay versus ||
Presampler 0.025 x 0.1 [n] < 1.52 0.025 x 0.1 1.5 <|n <18
Cal. 1st layer  0.025/8 x 0.025 |n| < 1.40 0.050 x 0.1 1.375 < || < 1.425

0.025 x 0.025 140 < |n| < 1475 0.025x0.1  1.425< |y < 1.5
0.025/8 x 0.1 1.5 < | < 1.8
0.025/6 x 0.1 1.8 < || < 2.0
0.025/4 x 0.1 2.0 < |n| < 2.4
0.025 x 0.1 24<n <25

0.1 x 0.1 2.5 < |n| < 3.2
Cal. 2nd layer  0.025 x 0.025  |n| < 1.40 0.050 x 0.025 1.375 < || < 1.425
0.075 x 0.025  1.40 < |n| < 1.475  0.025 x 0.025 1.425 < || < 2.5
0.1 x0.1 2.5 < |n| < 3.2
Cal. 3rd layer 0.050 x 0.025 [n] < 1.35 0.050 x 0.025 1.5<|n| <2.5

Table 3.1: Main parameters of the electromagnetic calorimeter.

converted into visible light by wavelength-shifter and is read out by photomultiplier tubes.
The readout is grouped to cells which are almost projective in 7 towards the interaction
region.

The hadronic end-cap calorimeter consists of two independent wheels per end-cap and
covers the range 1.5 < |n| < 3.2. Longitudinally it is segmented into two layers per wheel.
It is a sampling calorimeter using copper as absorber and liquid argon as active material.
The forward calorimeter consists of three modules on each end-cap. The first module is
optimised for electromagnetic showers and uses cooper as absorber material, while the other
two use tungsten. Liquid argon is used as active material. The forward calorimeter covers
the region 3.1 < |n| < 4.9 and is approximately ten radiation lengths thick. The hadronic
calorimeter is designed to reach an energy resolution for jets of [26]

o(E) 0.5

—= ®0.03
E VE

in the barrel and end-cap region (|n| < 3.2), and about

o(E) 1.0
=—=¢0.1
E VE
in the forward calorimeter (|n| > 3.2).
The main parameters of the hadronic calorimeter are summarized in Table 3.2.

3.2.4 Muon Spectrometer

The muon spectrometer ensures a precision measurement of muons exiting the calorimeter.
A superconducting toroid magnet system provides the bending power to achieve an accuracy
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LAr hadronic end-cap

In| coverage 1.5 < |n| <32

Number of layers 4

Granularity An x Ay 0.1x0.1 1.5<n| <25
0.2 x 0.2 2.5 < |n| < 3.2

LAr forward calorimeter

[n| coverage 31<n <49

Number of layers 3

Granularity An x Ap

FCall: 3.0 x 2.6
FCall: ~ four times finer

FCal2: 3.3 x 4.2
FCal2: ~ four times finer

FCal3: 5.4 x 4.7
FCal3: ~ four times finer

3.15 < |n] < 4.30
3.10 < || < 3.15,
4.30 < |n| < 4.83
3.24 < |n| < 4.50
3.20 < |n| < 3.24,
4.50 < |n| < 4.81
3.32 < |n| < 4.60
3.29 < |n| < 3.32,
4.60 < |n| < 4.75

Scintillator tile calorimeter Barrel Extended barrel
[n| coverage [n] < 1.0 0.8 <nl < 1.7
Number of layers 3 3

Granularity An x Ap 0.1 x0.1 0.1 x0.1

Last layer 0.2 x0.14 0.2 x0.1

Table 3.2: Main parameters of the hadronic and the forward calorimeter.

of 10% momentum resolution for a 1 TeV muon track.

The muon system consists of tree layers of precision tracking chambers. In the barrel region
they are arranged on three concentric cylindrical layers, whereas in the end-cap region they
form three wheels. The muon system covers the range |n| < 2.7. At the centre n = 0 a gap
of up to An < 0.08 is left open to allow for services for the sub-detector systems.

The precision momentum measurement is performed by Monitored Drift Tubes (MDT)
except for the inner-most end-cap layer. The drift tubes have a diameter of 3 cm and are
filled with a gas mixture (Ar/CO2). In each tube a tungsten-rhenium wire is inserted. A
The MDTs consist of three to eight layers of drift tubes.

Because of the higher particle flux and muon-track density in the forward region, Cathode
Strip Chambers (CSC) are used in the inner-most end-cap layer (2.0 < |n| < 2.7). CSCs
are multiwired proportional chambers.

In addition to the precision chambers fast trigger chambers are used to allow to trigger
on muon tracks. In the barrel region |n| < 1.05 tree layers of Resistive Plate Chambers
complement the MDT layers. In the end-caps (1.05 < |n| < 2.4) Thin Gap Chambers are
used. They are multiwired proportional chambers optimized for a quick response.
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Thin-gap chambers (T&C)
Cathode strip chambers (CSC)
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Monitored drift tubes (MDT)

Figure 3.4: Sketch of the muon system.

3.2.5 Trigger

The proton-proton interaction rate at the design luminosity is about 40 MHz whereas the
ability provided by the data recoding system is limited to a rate of 200Hz. The huge
rejection factor needed is realized by a three level trigger system. At the first trigger level
(L1) the rate is reduced to 75kHz by using a subset of the total detector. The event
is searched for high transverse momentum objects and high missing or total transverse
momentum. So called Regions-of-Interest (Rol) are defined, which are detector areas where
interesting objects are found.

This information is passed to the second level trigger (L2). The Rol’s are analysed using
all detector components by full granularity. The L2 trigger reduces the event rate to
approximately 3.5 kHz.

The third trigger level is called event filter. It analyses the full detector data by using
offline analysis procedures and reduces the event rate to the required 200 Hz.
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Signal and Background Processes

The potential of the ATLAS experiment to discover the Standard Model Higgs boson is
studied using simulated events assuming a centre-of-mass energy of 14 TeV. These events
are produced using Monte Carlo generators, which simulate the physics processes taking
place in the proton-proton collisions. A detector simulation is applied to the generated
events to obtain the detector response. Since the simulation of each event is computa-
tionally very expensive, it takes about ten minutes, only a limited number of events can
be simulated. Event filter are applied after the event generation to reduce the number of
events which have to be simulated. They discard events that in any case will not be selected
in the analysis.

For a Higgs boson in the mass range (115GeV < My < 130GeV) the dominant decay
channel is H — bb. This decay channel is very difficult to handle, because of the large
QCD background processes. For this reason the decay H — 77 is considered. In particular
the leptonic decays of the T-leptons provide a clear signature of two isolated leptons and a
considerable amount of missing transverse energy due to the four neutrinos. This signature
offers a high rejection against QCD background processes, because the probability of a jet
to be mis-identified as a jets is low!. Still the H — 77 signal is confronted with a large
background contributions from processes producing leptons, e.g. Z — 77 —  + 4v, tt
production. These background processes are suppressed with the help of the characteristic
signature of a Higgs boson produced in vector boson fusion.

In this chapter the topology of the signal and background processes are discussed. The
Monte Carlo programs used for the event generation and the used cross section are pre-
sented. Finally a short description of the detector simulation is given.

4.1 Signal process: VBF Higgs — 77 — 0/ + 4v

In the signal process the Higgs boson is produced by the fusion of two weak bosons. Feyn-
man diagrams of t-, u-, and s-channel are shown in Fig. 4.1. The t- and u-channel diagrams

!The probability of a jet to be mis-identified as electron of medium (see Section 5.1) quality is 4.5 [1].
By requiring the electrons to be isolated the probability further decreases.
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(b)

Figure 4.1: FExamples of leading order Feynman diagrams of a Higgs boson produced in
vector boson fusion and its decay H — 17. The left (t-channel) and middel (u-channel) are
usually denoted as vector boson fusion, whereas the left (s-channel) is appropriately called
Higgsstrahlung.

are denoted as vector boson fusion, whereas the s-channel is called Higgsstrahlung. The
weak bosons are emitted by two partons of the incoming protons. The scattered partons
form jets, which have a large separation in pseudo-rapidity. Predominantly at least one of
the jets is found in the forward region of the detector.

These jets are called tagging jets. Since no colour is exchanged between the partons, the
production of additional jets between the tagging jets is suppressed.

In Fig. 4.2 the kinematic properties of the signal process are shown using generated (truth)
quantities. The tagging jets are identified by matching the scattered outgoing partons from
the hard interaction to truth jets. Truth jets are defined as jets created by the jet algorithm
running on stable particles on the generator level, excluding muons and neutrinos. In the
Figures 4.2b and 4.2c the distributions of the transverse momenta and pseudo-rapidity of
the tagging jets are drawn. The tagging jets are clearly separated in 1 which results in a
gap in the pseudo-rapidity distribution. Since the transverse momentum of the Higgs boson
is balanced by the tagging jets, it has a considerable amount of transverse momentum, cf.
Fig. 4.2a.

The decay of the Higgs boson into a pair of 7-leptons and their subsequent leptonic decay
provides a clear signature of two isolated leptons and a considerable amount of missing
transverse energy due to the four neutrinos from the 7-lepton decays. Figures 4.2e and 4.2f
show the pr distribution of the leptons from the decays of the 7-leptons and the amount
of missing transverse energy caused by the neutrinos. The drop in the pt distribution of
the leptons at 5 GeV is caused by the application of an event filter. The few events with
pr < 5GeV pass the event filter, because an additional lepton not originating from the
Higgs boson decay was found in the event.

The Higgs boson production cross sections and branching ratios used in this study are taken
from [29], cf. Tab. 4.1. The branching ratios of the Higgs boson have been determined using
the programs HDECAY [30] and PROPHECYf [31] with the addition of the full two-loop
EW corrections evaluated in [32]. The given cross sections are inclusive, including next-to-
leading order (NLO) QCD and EW corrections. The s-channel contributions are excluded,
since their contributions are negligible when basic analysis requirement on the vector boson
fusion topology [29] are applied.

The signal process has been generated using HERWIG [33] and does only consider the t-
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My [GeV] 115 120 125 130
cross section (qq — qqH) [fb] | 44367125 42597137 410077}, 3948733
Br(H — 77 ) 0.07386  0.06893  0.06203  0.05372

Table 4.1: Higgs branching ratio and production cross section via VBF for a centre-of-mass
energy of 14 TeV.

channel and u-channel contributions. The 7-lepton decays are performed using Tauola [34],
additional photon radiation is simulated using Photos [35]. The signal events are filtered
using a lepton filter requiring at least two leptons (muons or electrons) with pr > 5GeV
in |n| < 2.7.

The generated signal Monte Carlo datasets are summarised in Table 4.2.

4.2 Background processes

Processes resulting in two isolated leptons and two jets are potential background pro-
cesses. As earlier studies (e.g. [1]) show, the dominant background processes in the channel
H — 77 — 00 + 4v are Z boson and tt production. The special signature of the signal
process with two tagging jets and a suppressed jet activity in the central region demands a
good description of jet activity in the background processes. For this reason Monte Carlo
generators employing a matching between partons generated in matrix-element calculation
and the parton-shower are utilised. In the following a detailed overview of the background
processes and how the simulated events are generated is given.

Cross Pile-Up Events Integrated

section Luminosity
[£b] [fb~]

Herwig H — 77 — £{ + 4v datasets
Mg =115GeV 22.63 no 39074 1727
yes 23725 1048
My =120 GeV 20.39 no 49750 2440
yes 41491 2035
My =125 GeV 17.98 no 9750 542
yes 18550 1032
My =130 GeV 15.31 no 24340 1590

Table 4.2: Overview of Signal Monte Carlo samples. The cross sections include the filter
efficiencies.

4.2.1 Z(— pp/ee/TT)+jets

The production of a Z boson accompanied by jets is the main background process. To
mimic the signal process two leptons and a certain amount of missing transverse energy are
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Figure 4.2: Kinematic properties

of the signal process. The quantities are derived using

Monte-Carlo truth objects: a) transverse momentum of the Higgs boson, b) transverse mo-
mentum of the tagging jets, c) pseudo-rapidity of tagging jets, d) distance in pseudo-rapidity
between the tagging jets, e) transverse momenta of the leptons from the H — 77 — 00 + 4v
decay, f) missing transverse energy of the neutrinos from the H — 717 — €0 + 4v decay. The

jets are selected by matching the sca
jets reconstructed using Monte-Carlo

ttered outgoing partons from the hard process to particle
truth objects.
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needed. Accordingly the decay of the Z boson to hadrons and neutrinos do not contribute
to the background, since no charged leptons are in the final state. The decay of the Z
boson to electrons and muon has only a small contribution to the background. It can be
suppressed by requiring a certain amount of missing transverse energy and by requiring
the invariant di-lepton mass being below the Z peak. Accordingly, only the decay Z —
71 — {¢ 4 4v, providing two leptons and E%liss due to the neutrinos, has a significant
background contribution. It is an irreducible background, since the Higgs boson decay is
exactly imitated.

The Z boson production is divided into two categories: parton-parton interaction without
colour flow (EW) (Fig. 4.3a and 4.3b) and parton-parton interaction involving colour flow
(QCD) (Fig. 4.3¢c).

The EW process is expected to be the dominant background process, because it is kine-
matically very similar to the signal process as it is described by similar Feynman diagrams.
But it turns out that due to its large cross section the QCD process has the largest con-
tribution. The main quantity to discriminate the EW background process from the signal
process is the reconstructed mass M,.. For details of its reconstruction see Chapter 6.1.
The Z — 77 — £ + 4v QCD process differs from the signal process by its jet kinematics,
and can be suppressed utilising the kinematic properties of the tagging jets.

For each of the processes Z — ee QCD, Z — pup QCD and Z — 77 QCD the cross
section is (2036 £ 60) pb [36]. It has been calculated at NNLO accuracy using the program
FEWZ [37,38] and contains a requirement on the invariant di-lepton mass of My, > 60 GeV.
The cross section for the Z — 77 EW process is 1.8 pb calculated using Sherpa [39] with
LO accuracy.

Monte Carlo Event Generation

The generated Monte Carlo datasets are summarised in Table 4.4.

Z(— pp/ee/TT) QCD

The QCD Z+jets events with the decays Z — uu, Z — ee and Z — 77 — £l+4v were
produced using the Alpgen [40] Monte Carlo generator. The interference between Z
and v* are included. A requirement on the invariant di-lepton mass 60 GeV < My, <
200 GeV was applied. Alpgen considers up to five jets in the matrix-element and
employs the MLM matching [41] procedure between partons generated in matrix-
element calculation and the parton-shower. The parton-shower and hadronisation
are performed using Jimmy [42]. T-lepton decays were performed using Tauola. Ad-
ditional photon radiation is simulated using Photos. Alpgen does not take the pure
electroweak (EW) production of Z+jets into account. Furthermore processes like
Z + b(b) are not included.

Due to the large cross section of the Z — ¢¢ QCD process an event filter was applied
after the event generation. In particular two leptons, muons or electrons, in || < 2.7
with pr > 10 GeV in the event were required. Furthermore a VBF forward jet filter
was applied. This filter requires at least two jets with || < 5.0 and pr > 15GeV.
The jets are built from final state truth particles excluding muons and neutrinos us-
ing a cone algorithm with cone parameter R = 0.4. Of all jet pairs which fulfil the
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above conditions at least one must have an invariant mass of M;; > 300 GeV and a
difference in pseudo rapidity of |An;;| > 2.0.

The Monte Carlo events, generated using Alpgen, are normalized to the NNLO cross
section using a k-factor of 1.24.

Z — 17 EW
The EW Z — 77 +jets events are produced using Sherpa [39]. Up to three jets
are considered in the matrix element. Sherpa uses the matrix-element generator
AMEGIC++ [43] and employs the CKKW [44] parton-shower and matrix-element
matching technique. The interference between Z and +* are included. A requirement
on the invariant di-lepton mass My, > 60 GeV was applied.
No event filter was applied.

Z — 17 QCD Sherpa

Since the Alpgen Z+jets samples do not include processes like Z + b(b) a dedicated
Z — 171 +jets QCD sample, generated using Sherpa and including processes like Z +
b(b), has been used. The interference between Z and v* are included. A requirement
on the invariant di-lepton mass My, > 60 GeV was applied.

The Sherpa Z — 771 +jets QCD events are filtered using lepton filter requiring at
least one electron or muon in |n| < 2.7 with a transverse momentum of pr > 15 GeV.
The Sherpa Z — 717 +jets QCD events are normalized to the NNLO cross section
calculated using FEWZ.

The detector simulation of the Sherpa Z — 717 +jets QCD events was performed
using ATLFAST-II [45].

4.2.2 Top Quark Pair Production

The production of a pair of top quarks is the second most important background. An
example Feynman diagram is shown in Fig. 4.3d. The leptonic decay of the W bosons,
produced in the top quark decays, results in the final state of two leptons and missing
transverse energy. The two jets from the b quarks are misidentified as tagging jets. In this
way the tt process provides a final state similar to the signal process.

The top quark pair production with hadronically decaying W bosons is negligible, since the
probability of a jet to be misidentified as a muon or electron is very low. Leptons resulting
from the semi-leptonic decay of the b-jets are unlikely to be isolated.

The tt background can be suppresses utilising the special jet kinematics of the signal pro-
cess. Furthermore, the tt process is a non-resonant background, which means the distribu-
tion of the reconstructed mass M., is rather flat and provides good background rejection.
Even though the kinematics of the ¢t background are very different compared to the signal
process, its high cross section of about (833 + 100) pb [36] makes it one of the main back-
ground sources. The cross section has been calculated using NLO accuracy including the
resummation of the next-to-leading logarithms [46].
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Monte Carlo Event Generation

The t¢ Monte Carlo events were generated using MCAtNLO [47]. MCAtNLO simulates
the process including the full first higher-order corrections, that means a full NLO result
is obtained. The parton-shower and the hadronisation were performed using Jimmy. In
all cases of T-lepton decays, the decay is performed using Tauola and additional photon
radiation is simulated using Photos.

The tt events are filtered requiring at least one leptonic decay of the W boson from the top
quark decay. The generated Monte Carlo datasets are summarised in Table 4.3.

4.2.3 W++jets

The production of a W boson accompanied by jets is a further background process. The
leptonic decay of the W boson provides one lepton and missing transverse energy, due to
the neutrino. Thus the second lepton must be a misidentified jet. Since the probability
of a jet to be misidentified as a muon or an electrons is very low, this process is of minor
importance. To mimic the signal process two or more additional jets are needed. An
example of a Feynman diagram to produce a W boson in addition to three jets is shown
in Fig. 4.3f.

The cross section of this process is 20460 £ 615 pb [36]. It is calculated to NNLO accuracy
using the program FEWZ. This background is of small relevance after the application of
all analysis requirements.

Monte Carlo Event Generation

The W+jets Monte Carlo events were generated using Alpgen. The parton-shower was
performed using Jimmy. A leptonic decay of the W boson is required. In all cases of
7-lepton decays, the decay is performed using Tauola and additional photon radiation is
simulated using Photos.

A event filter was applied, requiring one muon or electron in |n| < 2.7 with pp > 10 GeV.
Furthermore a VBF forward jet filter was applied. This filter requires at least two jets
with |n| < 5.0 and pr > 15GeV. Of all jet pairs which fulfil the above conditions at least
one must have an invariant mass of M;; > 300 GeV and a difference in pseudo rapidity of
’Anjj| > 2.0.

The Monte Carlo events are normalized to the NNLO cross section using a k-factor of 1.15.
The generated Monte Carlo datasets are summarised in Table 4.5.

4.2.4 Boson Pair Production

The processes of the form WW, two ZZ and W Z with the leptonic decay of the bosons, can
provide a signature similar to the signal. In the following they are referred to as di-boson
background.

In Fig. 4.3e a Feynman diagram is shown, which produces a pair of W bosons and in
addition two jets. In this example the two jets could provide a signature similar to the
tagging jets in the signal process. The leptonic decay of both W bosons provide two leptons
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and missing transverse energy.

However, as early studies show this background processes are of minor importance. Due to
the low cross section the di-boson processes can be well suppressed by using the kinematic
signature of the jets in the signal process.

The cross section of the di-boson Monte Carlo samples are oy = 111.6 pb, ozz = 14.8 pb,
ow-z = 18.4pb and oy+z = 29.4pb respectively [36]. They are calculated to NLO
accuracy using MCAtNLO.

Monte Carlo Event Generation

The di-boson samples were generated using MCAtNLO while the parton-shower and the
hadronisation were performed by Jimmy. In all cases of 7T-lepton decays, the decay is
performed using Tauola and additional photon radiation is simulated using Photos. No
event filter was applied. The generated Monte Carlo datasets are summarised in Table 4.3.

(a) Electroweak Z+jets produc- (b) Electroweak Z+jets produc-
tion. tion.

(¢) QCD Z+jets production. (d) Top quarks pair produc-
tion.
q
d 4w q
w W
7
W g
q q W 4
, . q
(e) Vector boson pair produc- (f) W+jets production.
tion.

Figure 4.3: Example Feynman diagrams for background processes to the VBF
H — 77 — 00 4+ 4v channel.
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4.3 Detector Simulation

The ATLAS detector simulation is part of the ATLAS software framework Athena?. Except
for the Sherpa Z — 77 +jets QCD events the whole analysis is based on events simulated
using the full ATLAS detector simulation. The ATLAS detector simulation is part of the
ATLAS software framework Athena.

The full ATLAS detector simulation is based on the program Geant/ [48], which produces
energy depositions in the detector material, called Hits. These Hits are the result of a
precise simulation of the behaviour of particles inside the detector. This implies a precise
description of the detector geometry and the used material is needed. In this analysis the
detector description ATLAS-GEO-02-01-00 is used. This implies a displacement of the
beam spot by 1.5/2.5/-9 mm in x/y/z.

By simulating the behaviour of the detector read out electronics the digitisation converts
the energy depositions into read out signals. This implies a precise model of the charge
collection, electronic noise and variations in detector response for each subdetector. The
effects of pileup, cavern background, beam-halo and beam-gas are added in this step. The
bunch-crossing and timing information are taken into account.

The detector simulation of the Sherpa Z — 77 +jets QCD events was performed using
the ATLFAST-II 1t has the advantage of being computationally much faster using a less
complex simulation of the calorimeter, while the inner detector and the muon spectrometer
are based on the full ATLAS detector simulation. The used ATLFAST-II version is not
capable to run a trigger and pile-up simulation.

4.4 Pile-Up

At the LHC design luminosity of L = 10%* cm™2s™! in average 23 proton-proton interac-
tions happen per bunch crossing. Whereas most of these interactions are QCD processes
with low energetic jets, each interesting physics event is superimposed by these interactions.
These overlaid events are called in—time pile-up events.

Due to the long response time of some subdetector systems, e.g. 500 ns for the LAr calorime-
ter, the detector is sensitive to interactions in previous and later bunch crossing than the
bunch crossing that contains the physics event. Within ATLAS this is often called out—of-
time pile-up.

The presence of pile—up has different impacts on the physical reconstructed objects, which
will affect the analysis of the signal process. The additional interactions produce a large
number of additional particles. The additional energy depositions in the calorimeter exac-
erbate the calibration and reconstruction of calorimeter based objects. In particular this
has a large impact on the resolution of the missing transverse energy, which is degraded in
the presence of pile-up. Furthermore, pile-up leads to an increase of the number of recon-
structed jets and will affect the typical jet signature of the signal process. In particular the
additional jets may show up between the tagging jets and degrade the central jet veto.

In this thesis pile-up conditions corresponding to a luminosity of 1033 cm~2s~! with a bunch

2 Athena version 14.2.25 was used for the detector simulation and event reconstruction throughout this
thesis.
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spacing of 75 ns are considered. This corresponds to on average about seven proton-proton
interactions per bunch crossing. In the event simulation pile-up is simulated by overlaying
Geant/ hits of minimum bias events with Geant4 hits of the event of interest. The Mini-
mum bias events are simulated as non-diffractive inelastic proton-proton interactions using
Pythia [49]. Since no minimum bias events generated at a centre-of-mass energy of 14 TeV
were available, minimum bias events generated at a centre-of-mass energy of 10 TeV were
used.

In addition to pile-up, cavern background degrades the performance of the muon system.
Thermal neutrons and low energy photons emerge due to activation of materials in the
detector, its support structure, and the cavern. This results in a steady rate of compton
electrons and spallation protons, which are observed in the muon system.

Furthermore, interactions resulting from gas present in the beam pipe and protons hitting
parts of the detector or a collimator occur.

Cross section Pile-Up Events  Integrated

section Luminosity
b i)
MCAtNLO tt Monte Carlo samples:

467 no 1861878 2.6
467 yes 957113 1.5

MCAtNLO Di-Boson Monte Carlo datasets:
WWwW 111.6 no 49767 0.3
yes 49979 0.3
W-Z 18.4 no 49999 2.0
yes 49999 2.0
W+Z 29.4 no 50000 1.2
yes 40000 1.0
77 14.8 no 49955 2.3
yes 38877 1.7

Table 4.3: Owerview of the tt and di-boson background Monte Carlo samples. The filter
efficiencies are included in the cross sections.
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Cross Pile-Up Events Integrated
section Luminosity
[pb)] [fb~"]

Alpgen QCD datasets:
Z =11 —= W +0 jets 0.39 no 59383 151
yes 62879 160
+1 jet 0.36 no 45500 128
yes 45250 127
+2 jets 0.43 no 338748 795
yes 338498 795
+3 jets 0.37 no 217011 586
yes 216761 585
+4 jets 0.23 no 33499 148
yes 33286 147
> 5 jets 0.13 no 16000 121
yes 16000 121
Z = up —+0 jets 9.2 no 39748 4.3
yes 39748 4.3
+1 jet 8.4 no 79999 9.5
yes 79478 9.4
+2 jets 9.4 no 98899 10.5
yes 98753 10.5
+3 jets 8.1 no 99750 12.3
yes 99500 12.2
+4 jets 4.7 no 48850 10.4
yes 48881 10.4
> 5 jets 2.6 no 30000 11.5
yes 29750 114
Z — ee 40 jets 14.9 no 39000 2.6
yes 39000 2.6
+1 jet 10.0 no 79999 8.0
yes 74750 7.5
+2 jets 10.9 no 104996 9.7
yes 104746 9.7
+3 jets 8.9 no 99998 11.2
yes 99748 11.2
+4 jets 5.1 no 50000 9.8
yes 49750 9.7
> 5 jets 2.7 no 29954 11.2
yes 29954 11.2

Sherpa dataset:

Z — 17+ < 3jets:  EW 1.8 no 159269 89
QCD 306.3 no 919270 3

Table 4.4: Overview of the used Z+jets Monte Carlo samples. The cross sections include the

filter efficiencies.
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Cross  Pile-Up Events Integrated

section Luminosity
[pb] ]

W — 717 40 jets 25 no 10000 0.4
yes 10000 0.4
+1 jet 24 no 15000 0.6
yes 15000 0.6
+2 jets 25 no 50000 2.0
yes 50000 2.0
+3 jets 20 no 72700 3.6
yes 72700 3.6
+4 jets 12 no 35000 2.8
yes 35000 2.8
> 5 jets 7.7 no 15000 2.0
yes 15000 2.0
W — pp 40 jets 0.39 no 59383 151
yes 19999 0.1
+1 jet 104 no 29949 0.3
yes 29949 0.3
+2 jets 109 no 98000 0.9
yes 100000 0.9
+3 jets 93 no 149748 1.6
yes 149748 1.6
+4 jets 53 no 69999 1.3
yes 69999 1.3
> b jets 31 no 29749 1.0
yes 29749 1.0
W —ee 40 jets 182 no 19950 0.1
yes 19950 0.1
+1 jet 119 no 29998 0.3
yes 29998 0.3
+2 jets 119 no 99999 0.8
yes 99999 0.8
+3 jets 99 no 149997 1.5
yes 149997 1.5
+4 jets 54 no 29999 0.6
yes 69956 1.3
> 5 jets 31 no 29975 1.0
yes 29975 1.0

Table 4.5: Overview of the used W+jets Monte Carlo samples. The cross sections include
the filter efficiencies.
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Event Reconstruction

This chapter gives an overview of the reconstruction of the main Physics objects: electrons,
muons, 7T-leptons and jets. The overview is restricted to algorithms that are actually used
in this thesis. It is based on [1,24] and the ATLAS software framework ATHENA Release
14, recent improvements are not considered.

5.1 Electron Reconstruction

The ATLAS reconstruction software provides three electron reconstruction algorithms. One
algorithm, dedicated to low energy electrons, is seeded by inner detector tracks and matches
them to energy depositions in the EM calorimeter. Another algorithm to reconstruct
electrons in the forward region (2.5 < |n| < 4.9), which is not covered by the inner detector,
is based on topological calorimeter clusters [50].

The electrons used in this thesis are reconstructed by a cluster-based algorithm dedicated to
isolated high energy electrons. The electron reconstruction is seeded using a sliding-window
algorithm [50] with a window size corresponding to 5 x 5 cells (n X ¢) in the middle layer
of the electromagnetic calorimeter. The clusters are positioned to maximise the amount of
energy within the cluster. The Ep threshold for an electron seed is Ep > 3GeV. Using
the seed a cluster of size 0.075 x 0.175 (An x A¢) in the barrel region (0.125 x 0.125 in
the end-cap region) is reconstructed. This choice has been optimised to collect all energy
deposited by the electron considering the radiation of hard bremsstrahlung, noise and pile-
up.

A matching track is searched among all inner detector tracks which do not belong to photon
conversion. It is required to match the cluster within An x A¢ of 0.05 x 0.1. The ratio of
the cluster energy divided by the momentum of the track has to be lower than 10.

The identification variables are then calculated combining inner detector and calorimeter
quantities. Three different sets of requirements on the electron identification variables are
defined: loose, medium and tight. These sets of requirements correspond to a different
identification quality depending on identification efficiency and jet rejection. In this thesis
medium class electron are used, which applies requirements on the hadronic leakage and on
shower-shape variables, derived from the middle layer of the EM calorimeter. Furthermore,
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shower-shape variables using the strip-layer of the EM calorimeter are used. Requirements
on the number of pixel and SCT hits of the matched track are applied. Detailed information
can be found in [1].

5.2 Muon Reconstruction

ATLAS has different strategies to reconstruct and identify muons. The straight forward
approach is employed to reconstruct the so-called standalone muons. The algorithm used
to do that is called Muonboy [51]. In the first step regions of activity are defined by hits in
the trigger chambers. Seeded by these regions the hits in each muon station are combined
to build track segments.

The second step links these track segments to form tracks starting in the middle and outer
stations. The tracks are then extrapolated to the interaction point considering a detailed
description of the detector geometry and magnetic field. The energy loss of muons is as-
signed based on the material they have crossed in the calorimeter.

The Staco [51] algorithm combines muon spectrometer tracks, reconstructed using Muon-
boy, with inner detector tracks to identify combined muons. The quality of the combination
is expressed in the variable an atehs defined as:

Xoatenh = (Tnis — Tip) ' (Cus — Cip)(Tius — Tip) -

Here T stands for a vector of five track parameters, and C' is its covariance matrix. The
subscripts ID and MS refer to the inner detector and the muon spectrometer. From all
combinations only the one with the lowest X?natch is kept.

The combined track is obtained by a statistical combination of the inner detector track and
the track in the muon spectrometer:

T = (Cyrs + Crp) ™ (CapsTus + CrpTin)
with its covariance matrix:
C=(Crs+Crp) "
If the muon spectrometer track of a standalone muon is part of a combined muon, the

standalone muon is not recorded. This avoids double counting between standalone and
combined muons.

The spectrometer tagging algorithms MuTag is mainly aimed to complement Muonboy and
Staco for low pt muons. It starts by propagating all inner detector tracks with sufficient
momentum, which are not used by Staco, to the first station of the muon spectrometer.
Nearby segments not used by Muonboy and Staco are then combined. The muon kinematics
are evaluated using the inner detector track only. Since MuTag makes only use of inner
detector tracks and muon spectrometer segments not used by Muonboy and Staco, double
counting is avoided.

5.3 7-Lepton Reconstruction

T-leptons are the heaviest leptons. Due to their short lifetime of about 290.6 fs [9] 7-leptons
travel only a short distance before decaying and cannot be directly observed in the detector.
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In about 35% of all cases [9] a 7-lepton decays into a lepton and the corresponding neu-
trino. Since the neutrinos leave any signal in the detector, they contribute to the missing
transverse energy, cf. Section 5.5. The leptons are reconstructed using the corresponding
lepton reconstruction algorithm. Since the leptonic decay of a 7-lepton can hardly be dis-
tinguished from a primary electron or muon no dedicated algorithm for its reconstruction
is provided.

For this reason the 7-lepton reconstruction within ATLAS refers always to hadronically de-
caying 7-lepton. Detailed information of the reconstruction of T-lepton decays into hadrons
can be found in [1].

In this thesis only decays of 7-leptons into leptons are considered.

5.4 Jet Reconstruction

Several algorithms to reconstruct jets are available in the ATLAS software framework.
Throughout this thesis a seeded fixed-cone algorithm is used. While other algorithms are
preferable because they are collinear and infrared safe [52], jets reconstructed with the cone
algorithm have the advantage of being well calibrated in the used ATLAS software release.
Basically every object having a four momentum vector can be used as input to the jet
finder, e.g. calorimeter cluster, particle tracks or Monte-Carlo truth objects. The jets used
in this thesis are only calorimeter based objects. As input topological calorimeter clusters
are used [50]. In the following a short review of the used jet finding algorithm, topological
cluster and jet calibration is given.

Fixed Cone Jet Finder in ATLAS

The ATLAS implementation of the seeded fixed cone jet finder follows the algorithm de-
scription of [52]. All input objects above a certain seed threshold ( Ex > 1GeV) are
ordered by decreasing Er. They serve as seeds for the jet finding procedure.

Starting with the highest ET object all objects in a cone of AR = /An? + A¢? < Reone
are combined with the seed. Rcopne is a fixed cone radius. The two default values in ATLAS
are Reone = 0.4 and Rcone = 0.7. The combination is done by adding the four momenta
of the objects. If the combined object is regarded as stable, i.e. the direction corresponds
to the direction of the seed object within errors, it is called a protojet. Otherwise the new
combined object serves as the new seed and the procedure is iterated. This continues until
no more seeds are available.

The resulting protojets are overlapping, which means that they can share constituents. If
two protojets share more than 50% of their transverse energy, they are merged by adding
the four momenta. Otherwise the overlap is resolved by assigning each shared object to
the nearest jet. After this merge/split procedure the protojets are called jets.

Topological Cell Cluster

Topological cell clusters are three-dimensional calorimeter clusters representing the energy
depositions of particles entering the calorimeter. The cluster formation starts from seed
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cells exceeding an energy significance of | Ce”‘ > 4. The noise threshold includes electronic

and pile-up noise. All neighbouring cells are added. If the energy significance of an added
cell is above a secondary seed threshold of fjfi > 2, this cell is regarded as a secondary

seed and all neighbouring cells are added. This procedure is repeated until no further

secondary seed is found. Finally all surrounding cells are added.

After the formation all topological clusters are analysed for local signal maxima. If more

than one is found, the cluster is split along the line of local minima, which separates the

maxima.

In this way three-dimensional calorimeter clusters of flexible size are built. Due to the noise

threshold of the seed cells, topological clusters have an intrinsic noise suppression. Cells

with low energy are unlikely to be added to clusters.

Jet Calibration

Before starting clustering and jet-finding algorithms the calorimeter cells are calibrated to
the electromagnetic energy scale’. The needed calibration constants can be derived in data
using e.g. Z — ee decays.

After the jet finding process the jets are still calibrated to the electromagnetic energy scale.
Since the ATLAS calorimeter is not compensating, a correction to the hadronic energy
scale is necessary for jets. This is based on a cell signal weighting similar to the approach
developed in the H1 experiment [53].

The basic idea is that low signal densities in the cells indicate a hadronic signal, while
high signal densities are more likely caused by an electromagnetic shower. The weighting
is applied to all calorimeter cells associated to a jet. The weights w depend on the cell
location X; in the calorimeter and on the cell signal density p = % E; is the energy
of a cell at the electromagnetic scale, and V; is the cell volume. The Zjet four momentum
(Ecals Pear) is then recalculated from the weighted cells, which are treated as massless four
momenta (E;, p;):

Neeis Neeiis
(Eeat, Peat) = (Z w(pi, Xi)Ei, > w(ﬂi,Xz')ﬁz)

7 i

The weights are derived by minimising the resolution of the energy measured using seeded
fixed cone calorimeter jets with respect to nearby Monte Carlo truth particle jets in simu-
lated QCD jet events. In this way all detector effects, including missing signals caused by
the bending of low-pT particles by the magnetic field of the central solenoid, are taken into
account.

The calibration weights depend on the choice of the jet finding algorithm and the selected
input objects.

The calibration to the electromagnetic energy scale means that the detector response is calibrated to
the energy deposition of a corresponding electron.
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5.5 Missing Transverse Energy

One of the crucial ingredients to perform this analysis is a precise measurement of the miss-
ing transverse energy E%iss. While the measurement of E%ﬁss is sensitive to the missing
transverse momentum it is often called missing transverse energy.

The reconstruction of Elfliss is based on the measured energy in the calorimeter and the
reconstructed muon tracks.

The Er‘fliss is calculated using all calorimeter cells belonging to topological clusters. To ac-
count for muons, which only deposit a small fraction of their energy in the calorimeter, the
muon momenta are added. To not double count energy, only the muon momenta measured
using the stand-alone muon spectrometer reconstruction by Muonboy, is used. To reduce
the contribution of fake muons a matched inner detector track is required.

To overcome the inefficiency of the muon spectrometer in the crack regions muons re-
constructed by CaloTrkMuld-muons [1] within 0 < |n,| < 0.1 and MuTag-muons in
1.0 < |nu] < 1.3 respectively are taken into account.

Further a correction for the energy loss of particles in the cyrostat between the EM
Calorimeter and the hadronic tile calorimeter is applied.

The final step of the EE}HSS reconstruction is the refined calibration of the calorimeter cells.
Each calorimeter cell is associated with a reconstructed high-pr object. To resolve as-
signments to more than one object the association is done in a carefully chosen order,
namely electrons, photons, muons, hadronically decaying 7-leptons, b-jets and light jets.
The calibration of the calorimeter cells is then replaced by the corresponding calibration
of the reconstructed high-pr object. Cells belonging to topological cluster and not being
associated to any object are calibrated using a global calibration scheme.

5.6 b-tagging Algorithms

The techniques to identify jets originating from b-quarks are commonly called b-tagging
algorithms. These algorithms utilise the characteristic properties of heavy flavour hadrons.
The most important characteristic is the long lifetime of B—hadrons of about 1.5 ps. This
results in a long flight path and thus a measurable distance between the production and
the decay of the B-hadrons.

Tracks originating from the B-hadron decay show a significant difference in the distribution
of their impact parameter with respect to the primary vertex. The impact parameter is a
signed quantity, measuring the distance of closest approach of the track to the vertex. The
sign is chosen negative for tracks crossing the jet axis behind the primary vertex.

The b-tagging algorithm used in this analysis is a combination of an impact parameter
based (IP3D) and an secondary vertex based algorithm (SV1).

IP3D calculates a jet weight using a likelihood ratio method utilising the longitudinal and
the transverse projection of the impact parameter significance. The reference distributions
are derived by Monte Carlo studies.

The SV1 algorithm fits the inclusive secondary vertex of the B~hadron decay, including the
products of a possible charm hadron decay. A jet weight is calculated using discriminating
variables like vertex mass, number of tracks of the vertex, energy fraction of the tracks
fitted to the vertex to all tracks associated to the jet and angle between the jet axis and



38 Chapter 5 - Event Reconstruction

the B—hadron flight direction.
Detailed information about the b-tagging algorithms and their performance can be found
in [1,54].



Chapter 6

Event Selection

The small cross section of the signal process is confronted with an enormous cross section
of background processes. In order to select signal events with a high efficiency and simulta-
neously achieve a high background rejection, the event selection exploits the characteristic
signature of the signal process:

e Two isolated leptons from the H — 77 decay of opposite charge.

e Considerable amount of missing transverse energy caused by the neutrinos of the
T-lepton decays.

e Two jets with a large separation in pseudo-rapidity (tagging jets).

e Suppressed production of jets between the tagging jets.

Based on earlier studies [1,55,56] selection criteria are chosen and are used as input to a
cut based event selection.

This chapter is organised as follows. The first section describes the reconstruction of
the Higgs boson mass using the so-called collinear approximation. After this the event
selection criteria and the applied selection cuts are introduced. Finally the results of the
event selection are presented.

6.1 Mass Reconstruction

In the signal process four neutrinos originating from the 7-lepton decays are present. Since
they escape the detection of the ATLAS detector the mass of the Higgs boson cannot
be reconstructed using its decay products. However, using the following assumptions the
7-leptons, and hence the Higgs boson, can be reconstructed:

e The momentum of the 7-lepton and its decay products are parallel. This assumption
is called collinear approximation. Since the Higgs boson has sufficient mass and
transverse momentum, cf. Fig. 4.2a, its decay products are strongly boosted. In
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Figure 6.1: Angle between the T-lepton and Figure 6.2: Invariant di-t-lepton mass M,

its charged decay lepton for the signal process of a 120 GeV Higgs boson. M, ., was recon-

(Mpy =120 GeV ). structed using the collinear approximation.
To study the mass resolution generated mo-
menta as well as reconstructed momenta are
used as input to the mass calculation. The
quantities x1 2 are required to be in the range
0<z12<1

Fig. 6.1 the angle between one of the 7-leptons and the lepton from its decay is
shown. For 99% of the events the angle is smaller than 5° and thus is sufficiently
small.

e The missing transverse energy is only produced by the neutrinos from the 7-lepton
decays. Fig. 6.3 shows the difference in ¢ and in pr between the generated missing
transverse energy and the missing transverse energy caused by the four neutrinos of
the 7-lepton decays. The deviations are caused by additionally neutrinos in the event.

e Since the momenta are higher than 10 GeV, the masses of muons and electrons can
be safely neglected.

This method was first proposed in [57]. Using the assumptions above the only unknown
parameters to reconstruct the 7-lepton momenta and hence the Higgs boson mass are the
energies of the 7-leptons. In Fig. 6.4 a sketch of the Higgs boson decay in the transverse
plane is shown. Momentum conservation in the transverse plane gives

- - ﬁT,lepl ﬁT,lepg - - =
PTm + DTy = T + - = PT\lep; + DT leps + ET,miss (61)
1 2

x1 and xo are the fractions of the lepton momentum to the corresponding 7-lepton momen-
tum,

E E
= Zlep and gy = P2

I 1
E k.,
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Figure 6.3: Comparison between the sum of neutrinos ) pr from the Higgs boson (Mpy =

120 GeV ) decay and the generated missing transverse energy E

Using equation 6.1 1 and x2 can be calculated by:

truth
T, miss *

Pa,lepy Py,leps — Py,lepr P leps

Ir1 =

Pa,lepl Py,leps — Py,lep1 Px,leps + Py.leps Ear,miss — Dz leps Ey,miss

Pa,lepy Py,leps — Py,lep1 Px,leps

To =

Dz, lepl Py,leps — Py,lepr Px,leps + Pa,lepy Ey,miss — Dy,lepy E$,miss

(6.2)

As long as the lepton momenta are linearly independent (P7jep, # A - Priep, ), 1 and 2
can be solved unambiguously. Meaningful values of x; and x2 are in the range from 0 to
1. Neglecting the mass of the 7-lepton, the invariant di-7-lepton mass M., is given by:

MTQT = (pTl +p72)2 = 2(}97—1 “ Py, + m?r)

172

2
~ Mlepllepz

(6.3)

The resolution of the reconstructed Higgs boson mass is dominated by the resolution of the
reconstructed missing transverse energy. Fig. 6.2 compares the reconstructed mass using
generated and reconstructed quantities for a simulated Higgs boson mass of 120 GeV. The
quantities x1 o are required to be in the range 0 < x12 < 1. Using the generated objects as
input to the mass reconstruction results in a mass resolution of about 5 GeV. The impact
of the lepton reconstruction on the mass resolution is small, whereas the reconstructed
missing transverse energy decreases the resolution to about 12 GeV. Furthermore using
reconstructed missing transverse energy shifts the M., distribution to lower values by
about 4 GeV. This shift is mainly caused by the displacement of the beam spot, which is
not taken into account during calorimeter reconstruction. Switching the displacement off
in the simulation removes the shift, cf. Fig 6.5.
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Figure 6.4: Momentum diagram to illustrate the mass reconstruction using the collinear

approximation. By decomposition of the missing transverse energy vector onto the lepton mo-
mentum vectors the T-lepton momenta can be derived.

6.2 Event Selection Criteria

The event selection is divided into two steps.

In the first step the physics objects, i.e. muons, electrons and jets, are selected. This is
discussed in the first part of this section.

The selection criteria in the second step are focusing on the event topology. They are
described in the second part of this section.

All distribution containing the signal process are derived using a generated Higgs boson
mass of My = 120 GeV.

The selection of the physics objects is based on recommendations of the ATLAS physics
performance groups. For this reason they are excluded from the optimisation process.
The selection criteria related to the event topology are optimised to give a good signal
significance using % as a figure of merit. S and B denote the number of signal and
background events in the mass window 105 GeV < M, < 135GeV. The selection criteria
are optimised using the signal process and the background processes Z — ee, Z — upu,
Z — 177 — f0 + 4v and tt production. The optimisation was done using signal events
generated with a Higgs boson mass of My = 120 GeV. Due to the limited number of
simulated events a cut factorisation method is used for the background processes Z — ee,
Z — pp and tt production. A detail description of the cut factorisation method is given
in Section 6.3.

The background processes W+jets production and the di-boson production have been
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Figure 6.5: Comparison of simulated Monte Carlo events with (black) and without (red)
displaced beam spot using the process VBF H — 717 — U + 4v (Mg = 120 GeV ) without pile-
up. Left: invariant di-t-lepton mass Mz, right: mean value of EJ%  — E;fﬁf[;s depending
on the total sum of Er deposit in the calorimeter.

ignored for the optimisation, because their contribution is expected to be small and the
limited number of simulated events did not allow a estimation of the expected number of
events in the mass window.

In the presence of pile-up the selection criteria related to the event kinematics have been re-
optimized. Only three selection criteria have changed: central jet veto, missing transverse
energy and the required separation of the tagging jets in pseudo-rapidity Anj;.

6.2.1 Pre-Selection

This pre-selection is only used for the comparisons shown in this chapter and is not part
of the event selection.

Since all Monte-Carlo samples are filtered using different generator event filter, a meaningful
comparison of the signal and background processes requires some pre-selection. Only a soft
selection is chosen, because of the very limited event statistics. These selection requirements
are:

e Exactly two reconstructed leptons (epu, puu, ee) with opposite charge and pr > 10 GeV
are required. Both are required to be isolated.

e At least two reconstructed jets with pr > 20 GeV have to be found. The invariant
mass Mj; of the two highest pr jets has to be M;; > 300 GeV and the jets need to
be well separated |Anj;;| > 2.0.

The detailed description of the selected objects are discussed in the following sections.
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Figure 6.6: Reconstruction and identification efficiency of muons and electrons without and
with pile-up derived using the signal sample.

6.2.2 Object Selection
Trigger and Lepton Selection:

The considered decay channel of the Higgs boson H — 77 — #¢ + 4v provides a clear
signature with two isolated leptons! (electrons and muons) and missing transverse energy.
The two leptons offer a good signature for the event trigger and allow the usage of single
lepton as well as di-lepton triggers.

The following lepton triggers are used:

e A single electron trigger requiring an isolated electron of medium quality with
pr > 25GeV.

e A single muon trigger requiring an isolated muon with pr > 20 GeV.

'In this context the word lepton refers only to electrons and muons.



6.2 Event Selection Criteria 45

e A di-lepton trigger requiring two isolated electrons of medium quality with
pr > 15 GeV.

e A di-lepton trigger requiring two isolated muons with pp > 10 GeV.

The event is selected if at least one of the trigger requirements is fulfilled. A mixed electron-
muon trigger is not provided by the trigger simulation and therefore is not used.

Only muons and electrons fulfilling the following selection requirements are used:

Muon selection: Only muon candidates having at least a transverse momentum of pr >
10 GeV are used. They are required to be combined muons having an inner detector
and a muon spectrometer track. The anatch of the combination of the inner detector
track and the track reconstructed in the muon spectrometer is required to be Xgnat oh <
100, cf. Section 5.2. The muons need to be well isolated, which means that the
summed E7 in the calorimeter in a radius AR of 0.2 around the muon is less than
10% of the muon pr.

Electron selection: Only medium class electrons with a transverse momentum of at least
pr > 10GeV are considered. Like in the muon selection an isolation condition is
required: the summed E7 in the calorimeter in a radius AR of 0.2 around the electron
is less than 10% of the electron pr.

To reduce the number of background events only events with exactly two reconstructed
leptons are retained. These leptons are required to be of opposite charge.

The applied transverse momentum requirement on the leptons is adapted depending on the
fulfilled trigger requirement:

e double muon: two muons with pr > 15 GeV.
e double electron: two electrons with pp > 15 GeV.
e single muon: one muon with pr > 20 GeV.

e single electron: one electron with pr > 25 GeV.

The requirements are tested in the given order. If more than one trigger requirement is
fulfilled, only one of the conditions needs to be satisfied.

Fig. 6.6 shows the overall reconstruction and identification efficiency of the leptons of the
H — 77 — 0 + 4v decay without and with pile-up. The efficiency is defined as :

) number of reconstructed muons (electrons) matched to a truth muon (electron)
efficiency = .

number of truth muons (electrons)

The reconstructed electrons and muons have to fulfil the requirements discussed above.
Only the truth electrons and muons from the H — 77 — ¢ + 4v are considered. They
are matched to the reconstructed ones, if the distance AR is less than 0.1. The efficiency
for muons shows only little influence with pile-up, whereas the efficiency for electrons is
degraded. The shape of the efficiency distribution depending on 7 is strongly influenced
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by the structure of the ATLAS detector. The drop of the reconstruction and identification
efficiency of electrons at || &~ 1.5 coincides with the transition region of the EM barrel
calorimeter to the EM end-cap calorimeter. For the muons the drops of the efficiency are
caused by the gap in the muon spectrometer at 17 = 0, which is used for detector services,
and the detector support structure at n = 1.2.

Jet selection:

In the signal process the Higgs boson is accompanied by two jets called tagging jets. There-
fore only events with at least two reconstructed jets are selected, N(jets)> 2. The jets
are required to have at least a transverse momentum of pr > 20GeV. The jets are re-
constructed using the seeded fixed cone jet finder (see Section 5.4) using a cone size of
AR = 0.4. The tagging jets have a considerable amount of transverse momentum in con-
trast to the jets contained in Z — 77 QCD and tf background processes. For this reason
the tagging jets are chosen as the two jets with the highest transverse momentum. The
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Figure 6.7: Efficiency and purity for jets reconstructed using the cone jet algorithm for signal
Monte Carlo sample with and without pile-up.
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leading jet should have a ppr > 40 GeV, whereas the second leading jet is required to have
pr > 20 GeV. Both jets should lie within |n| < 4.8.

Taking pile-up into account the jet multiplicity increases. For a comparison the jet multi-
plicity for the signal process without and with pile-up is shown in Fig. 6.12.
The jet identification efficiency is only little influenced by pile-up, contrary to the purity, cf.
Fig. 6.7. The efficiency is defined as the fraction of truth jets found at the reconstruction
level, and purity as the fraction of reconstructed jets that have a corresponding truth jet:

Efficiency — number of reconstructed jets mat'ched to a truth jet (6.4)

number of truth jets
number of reconstructed jets matched to a truth jet

Purity = 6.5
v number of reconstructed jets (6:5)

In this context truth jets are defined as the jets create by the jet algorithm running on
stable particles on the generator level, excluding muons and neutrinos.

In order to calculate the efficiency and purity the truth and reconstructed jets are matched
to each other by requiring that the distance AR between a pair is less than AR < 0.25.
The matching is done in a pr ordered way starting with the reconstructed jet of highest
pr. Every truth jet and every reconstructed jet can only be matched once. The efficiency
and purity are calculated with respect to truth jets from the main interaction which do not
take into account the true particles from the pile-up simulation.

The additional energy depositions due to pile-up do not degrade the jet identification,
therefore the identification efficiency is almost not affected by pile-up. On the other hand
jets, in particular with low transverse momentum, produced by the additional proton-
proton interactions emerge. This effect reduces the purity significantly.

As a consequence pile-up has almost no affect on the reconstruction efficiency of the tagging
jets, while the chance of selecting the correct tagging jets is reduced due to the higher
number of jets.

Overlap Removal:

The ATLAS reconstruction software does not consider ambiguities, which means that an
object can be reconstructed more than once. For example the energy depositions of an
electron in the calorimeter may lead to its reconstruction as electron, but it can also be
recognised as a jet by the jet finding algorithms. These ambiguities are removed by requiring
a separation in space between the objects. Possible overlap is resolved in the following order
of priority: muons, electrons, jets. The overlap between muons and electrons are removed
using AR(e, 1) > 0.1; between jets and electrons (muons) a separation of AR(jet,e) > 0.2
(AR(jet, ) > 0.2) is required.

6.2.3 Event Topology Criteria
Tagging Jet Kinematics:

The scattered partons which form the tagging jets preferably have a large gap in pseudo-
rapidity. Jets produced in QCD processes are primarily lying in the central region of the
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Figure 6.8: Distributions of discriminating variables of the tagging jets: top left: invariant di-
jet mass M, top right: distance in pseudo-rapidity |An;;|, bottom left: azimuthal angle |Ag;; |,
bottom right: energy of the tagging jets. The distributions are derived using the simulated events
without pile-up.

detector. Therefore tagging jets are required to be in different pseudo-rapidity hemispheres
(nj1 X nj2 < 0) and are well separated in pseudo-rapidity, |An;;| > 3.6, cf. Fig. 6.8. In the
presence of pile-up the optimal selection criteria is |An;;| > 3.2.

Furthermore the tagging jets, lying often in the forward region of the detector, usually have
a large energy which leads to a high invariant di-jet mass M;;, cf. Fig. 6.8. Mj; is required
to be M;; > 600GeV .

Further background rejection is achieved by requiring the ¢ separation of the tagging jets,
cf. Fig. 6.8. It is required to be |A¢;;| < 2.5. The same selection criteria of M;; and A¢j;
are used in the presence of pile-up.

b-jet Veto:

The tt background process is characterised by the production of two b-jets originating from
the top quark decays, while the signal process contains almost no b-quarks and therefore
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Figure 6.9: Left: comparison of the b-jet weight distribution of the most probable b-jet per
event for the signal and background Monte Carlo samples without pile-up. Right: comparison of
b-tagging efficiency and light jet rejection for the tt Monte Carlo sample with and without pile-
up. The b-tagging efficiency and light jet rejection are evaluated starting from byeight = —1.5
t0 buweight = 9 in steps of 0.5.

no b-jets. Rejecting events which contain jets tagged as b-jets suppress the tt background
contribution. Fig. 6.9 shows the weight distribution of the most likely b-jet in an event.
Events containing a jet with a b-tagging weight of byeigns > 4 are rejected. This corresponds
to a b-tagging efficiency of berr. = 59%, while the light jet rejection? is 295 determined
using the ¢t Monte Carlo dataset. The b-tagging efficiency and the light jet rejection are
determined with respect to jets lying within |n| < 2.5. They are evaluated using the ¢t
background process.

In the presence of pile-up the b-tagging efficiency bess. = 57% decreases while the light
jet rejection of 295 is the same. The performance of the b-tagging algorithm with and
without pile-up are compared in Fig. 6.9. The b-tagging efficiency and light jet rejection
are evaluated starting from byeight = —1.5 t0 byeignt = 9 in steps of 0.5.

Since the b-tagging requirement is rather loose, i.e. a high b-tagging efficiency is chosen,
the selection requirement in the case of pile-up is not changed.

Central Jet Veto:

The absence of colour exchange between the scattered partons in the signal process leads
to a suppressed production of jets between the tagging jets. In contrast, jets originating
from QCD processes are enhanced in the central region of the detector, cf. Fig. 6.10. By
vetoing any additional jet to the tagging jets reconstructed with pr > 20 GeV in || < 3.2
a good background suppression is achieved.

The central jet veto suffers from the large increase of the jet multiplicity due to pile-up, cf.
Fig. 6.12. To obtain a better signal selection efficiency, jets originating from pile-up have

2The light jet rejection is defined as the inverse of the fraction of true light-jets that are falsely tagged
as b-jets.
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Figure 6.10: Comparison of the pseudo-rapidity distribution of the third leading jet for the
signal and background Monte Carlo samples without pile-up.

to be excluded from the jet veto. This is achieved by using the jet vertex tool [58].

The interaction vertices of the additional minimum bias interactions are usually displaced
from the primary vertex. The jet vertex tool makes use of the charged particle content of
jets that leave tracks in the inner detector. Tracks are assigned to jets, if they are pointing
towards the jet area. On the other hand, each track is assigned to a vertex by the vertex
reconstruction algorithm. In this way the jets are associated to the interaction vertices.
To discriminate jets originating from pile-up the quantity jet-vertex-fraction (JVF) is used.
The JVF is defined as:

JVF — > pr of tracks assigned to the jet and to the primary vertex

> pr of tracks assigned to the jet

The jet-vertex-fraction is required to be JVF > 0.8, as proposed in [58]. This method is
limited in pseudo-rapidity to the range |n| < 2.5 since inner detector tracks are needed.
The impact of pile-up on the central jet veto can be minimised by limiting it to the range
In| < 2.5.

The performance of the central jet veto without and with pile-up is compared in Fig. 6.11.
The signal and background efficiencies are evaluated for different jet pt thresholds, starting
from 20 GeV to 45 GeV in steps of 5 GeV. The tt background and Z — 77 QCD background
are considered separately. Using the jet vertex tool the signal selection efficiency improves
a lot, whereas the background rejection decreases, cf. Fig. 6.11.

The central jet veto is applied as follows:

Without pile-up: reject event, if an additional jet to the tagging jets with pp > 20 GeV
in |n| < 3.2 is found.

With pile-up: reject event, if an additional jet to the tagging jets with JVF > 0.8,
pr > 20GeV in |n| < 2.5 is found.
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background efficiency of the central jet veto with and without pile-up. The efficiencies have
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Missing Transverse Energy:

Due to the four neutrinos in the final state the signal process has a large amount of missing
transverse energy E%liss. Since ER is used in the mass reconstruction a precise measure-
ment is of large importance. Fig. 6.13 shows the Eff‘iss distribution for the signal and
background processes. Requiring E%liss > 40 GeV provides a good background suppression.
Especially backgrounds like Z — ee and Z — uu are suppressed since the measured Efrniss
is expected to be small and solely caused by the finite detector resolution and coverage.
The additional minimum bias interactions have a large impact on the resolution of the Efrniss
measurement. In Fig. 6.14 the resolution of the reconstructed missing transverse energy
as a function of the total transverse momentum Y pr is shown for the signal sample. Due
to pile-up the resolution increases by about 6 GeV. The degradation of the resolution in
the presence of pile-up is caused by the large total transverse momentum which is uncorre-
lated with the total transverse momentum of the main process. In the case of pile-up the
requirement on the missing transverse energy is increased to E%iss > 45 GeV.

Lepton Kinematics:

To further suppress the background processes the properties of the 7-lepton decay products
are used. As can be seen in Fig. 6.16 the invariant di-lepton mass M provides a good
background suppression. Especially Z — ee, Z — uu and tt processes are suppressed by
requiring M < 80 GeV. Furthermore the requirement M; > 30 GeV is applied.

Due to the large transverse momentum of the Higgs boson the leptons are boosted into
the direction of the Higgs boson. Therefore they are not that much separated in ¢ as the
background processes, cf. Fig. 6.15. Furthermore events with large separation in ¢ show a
worse mass resolution using the collinear approximation. For this reasons the requirement
|Agpe| < 2.2 is used.
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without pile-up.

Since the decay products of the Higgs boson lie in the central region of the detector n
whereas the tagging jets are predominantly in the forward and backward region, it is
required that the leptons are between the tagging jets in pseudo-rapidity, min(n;1,7;2) <
ne < max(n;1,nj2). This requirement is referred to as centrality.

Further the lepton and the tagging jets should be well separated. This leads to the selection
criteria |An;¢| > 0.7 applied to all lepton - tagging jet combinations.

In the presence of pile-up the same selection criteria as without considering pile-up effects

are used.
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Figure 6.15: Comparison of ¢ separation of the leptons for signal and background processes
without pile-up. Fvents with a large separation in ¢ show a worse mass resolution.

Collinear Approximation:

As has been discussed in Section 6.1, the mass of the Higgs boson can be reconstructed

using the collinear approximation.

During this procedure the variables x; and x9 are

calculated, which represent the momentum fraction of the lepton from the 7-lepton decay
Not considering the used approximations and detector
resolution effects physically meaningful values are in the range 0 < 12 < 1. A comparison
of &1 for signal and background processes show that these quantities are useful to suppress
backgrounds where the selected leptons and the missing transverse momentum do not
originate from 7-lepton decays, cf. Fig. 6.17. A good background suppression is achieved

to the corresponding 7-lepton.
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Figure 6.16: Distribution of discriminating variables of the leptons. Left: separation in
pseudo-rapidity between leptons and tagging jets, right: invariant di-lepton mass. The distri-
butions are derived using the signal sample without pile-up.

using the selection 0 < 12 < 1. The same requirements are used in the presence of pile-up.

As the resolution of the reconstructed Er’f}iss is degraded by pile-up the distribution of x;
and xg changes. For this reason pile-up has a large impact on the invariant di-7-lepton
mass M,,, c.f. Fig. 6.18. The M, distribution in Fig. 6.18a are derived requiring in
addition to the pre-selection the requiement 0 < z12 < 1. After the application of all
selection criteria the resolution of the reconstructed mass is about 10 GeV without pile-up
and about 14 GeV with pile-up, cf. Fig. 6.18b.
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Figure 6.17: Comparison of the quantities x1 2 for signal and background processes without
pile-up. On the right x1 2 are compared for the signal process with and without pile-up.
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Figure 6.18: Comparison of the Higgs boson mass M, calculated using the collinear approz-
imation for the signal process with and without pile-up. x12 are required to be in the range
0 <z <1. Left: after the application of the pre-selection criteria, right: after the application
of all selection criteria.

6.3 Cut Factorisation

The high rejection rate of the presented selection criteria ensures that only a few tens of
background events are expected at an integrated luminosity of 30fb~! of data. Since the
number of simulated Monte Carlo events for the background processes W+jets, Z — uu,
Z — ee, di-boson and especially #t is limited, the prediction of these backgrounds has to be
approximated using a cut factorisation method. For this the selection criteria are arranged
into three groups that are preferably uncorrelated. The first group contains requirements
related to jets (jet transverse momentum, di-jet mass, jet separation, b-jet veto, central jet
veto). The second group is related to the Higgs boson decay products (lepton separation,
lepton centrality, di-lepton mass, missing transverse energy, collinear approximation). In
the third group are the common object selection criteria that are required to apply the
requirements belonging to the other groups.

The background rejection of the total event selection is estimated by the product of the
rejection rates of each individual group. The rejection rates for group one and two are
determined with respect to group three.

The cut factorisation method neglects correlations between the different selection criteria
groups. In order to estimate the expected uncertainty of this approximation method and
hence for the background prediction, the cut factorisation procedure was applied to the
signal sample as well as the Z — 77 — ¢ + 4v sample. The comparison of the number of
events surviving all selection requirements to that using cut factorisation shows a discrep-
ancy of 20% using the signal process and of 10% using the Z — 77 — #{ 4+ 4v process. In
both cases the cross sections predicted using cut factorisation are smaller.
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6.4 Shape Parametrisation

As mentioned earlier only a small amount of events are left after the application of the
selection requirements. As a consequence the M- shape after all selection cuts is affected by
large statistical uncertainties. Since the M., shapes of the signal and background processes
are derived from Monte Carlo simulation and serve as probability distributions for the event
expectations they are smoothed using parametrisation functions. The parametrisations are
fitted using a maximum likelihood fit, except of the Z — 77 events. For these a x? fit is
used, because the histogram contains weighted events.

Shape Parametrisation for H — 77 and Z — 77

The choice of parametrisation functions is mainly driven by the choices taken in [1]. The
shape of the M, distribution for signal and Z — 77 background events is very similar. In
both cases the 7-leptons emerge from the decay of a resonance. Since M, is reconstructed
using the collinear approximation its shape is dictated by the kinematics of its ingredients,
the momenta of the two leptons and EEFiSS. The width of the M, distribution is dominated
by the resolution of the E%liss reconstruction. To account for these properties the M,
distribution is described by a double Gaussian with identical mean. The applied selection
criteria, especially the requirement on the visible momentum fraction x5, introduce an
asymmetry in the M., distribution. This asymmetry is modelled using the Gaussian error
function erf. Thus, the M, shape is parametrised by:

1 1 M. —m
FZ(MTT;ma 01,02,Masym; Tasym, fgl) = (2 + 5 . BT‘f (W))
Tasym

(6.6)

fg1 is the relative contribution of the first Gaussian. For the signal process the M., distri-
bution after all selection requirements is used for parametrisation.

Because of the low number of Z — 77 events surviving all selection criteria, the M, distri-
bution at an earlier cut stage is used for the fit. In particular the requirement of the lepton
centrality and the central jet veto are omitted, since they show only a small influence on
the M, distribution. This has been tested by comparing the M, distribution after a basic
selection to the M, distribution and in addition either the central jet veto or the centrality
requirement, cf. Fig. 6.19. The agreement has been is confirmed using a Kolmogorov test,
which results in a value of 0.9 for the centrality and of 0.4 for the central jets veto.

The basic selection contains the requirements: object selection (cf. 6.2.2, tagging jet se-
lection, EXSS > 40GeV, [A¢y| < 2.2, 30GeV < My < 80GeV, |[A¢j;| < 2.5 and
0<712<1.

The M, distribution of the electro-weak and the QCD part of the Z — 77 background are
in good agreement, cf. 6.20. For the comparison the selection criteria A¢;; and the central
jet veto are omitted. The good agreement has been tested using a Kolmogorov test, which
results in a value of 0.97. For this reason the same parametrisation is used for both.

Fig. 6.21 shows the parametrisation function fitted to the signal events and to the Z — 77
events. Table 6.1 shows the values of the function parameters, which fit best. In the case of
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the signal events the broader M., distribution with pile-up is described by an increase of
the width of the two Gaussian distributions. Instead in the Z — 77 — £+ 4v background
process the broader M, distribution is achieved increasing the relative contribution of the
Gaussian distribution with the large width.
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Figure 6.19: Comparison of the M., dis-
tribution of the Z — 717 — 0 + 4v QCD
background without pile-up. Black filled cir-
cles: M., distribution after the application
of a basic selection (see text), red up-pointing
triangles: M., distribution after the applica-
tion of the basic selection and in addition the
centrality requirement, greemn down-pointing
triangles: M., distribution after the applica-
tion of the basic selection and in addition the
central jet veto.

Figure 6.20: Comparison of the M., dis-
tribution of the electro-weak and QCD part
of the Z — 11 — €0 + 4v background. Due
to the limited number of Monte Carlo events
the selection criteria A¢;; and the central jet
veto have mot been applied. The good agree-
ment has been verified using a Kolmogorov
test, which results in a value of 0.97.

Fit- H— 71— 0U+4v Mg = 120 GeV Z — 17 — W+ 4v
parameter | without pile-up with pile-up without pile-up | with pile-up
m 116.5 + 0.3 | 1108 + 4.8|884 =+ 211901 £ 09
o1 93 4+ 050| 148 + 1.3 10 + 07136 =+ 1.3
09 188 £+ 23| 343 £+ 3.7 32 =+ 51349 + 49
Masym 714 4+ 4.9 97 + 22 68 =+ 11 1625 + 23
Casym 51 £ 4.0 22 £ 10 | 145 =+ 73] b8 £ 25
fq1 0.80 £ 0.08] 0.78 4+ 0.08|0.88 £+ 0.04|0.78 £ 0.07

Table 6.1: Values of the parameter used for the parametrisation of the M., shape for the
signal and background process.

Shape Parametrisation for t¢{ Background

The shape of the tt background is parametrised by the convolution of a single sided decay
function with a Gaussian:

Fy(Myri o1, 0) = (€77 5 Gly, 1, 0) ) (Myr). (6.7)
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Figure 6.21: M, . distribution and fitted parametrisation for signal events (top) and Z — 17
events (bottom). To determine the parametrisation function of the Z — 77 events selection
criteria with minor influence on the shape are omitted, see text.

The strong limitation of the number of Monte Carlo events does not permit the deriva-
tion of the parametrisation function after all selection criteria. In order to get a reliable
parametrisation the shape of the M, distribution is evaluated at an earlier cut stage. To
minimise the influence of the omitted requirements, the selection criteria are arranged by
decreasing influence on the shape of the M., distribution. To identify the requirements
with minor influence, the change of the shape of the M, distribution is evaluated for each
requirement after a basic selection. The basic selection requires: exactly two identified
leptons of opposite charge with pt > 10 GeV, exactly two identified jets with pr > 20 GeV,
0 < 212 < 1. Finally the selection criteria: Trigger, M;;, An;;, An; and the Central
Jet Veto are omitted. In addition the requirement that the tagging jets are in different
pseudo-rapidity hemispheres is omitted.

The M., distribution and its fitted parametrisation function are shown in Fig. 6.22. The
values of the parameters, which fit best are shown in Table 6.2. Only small differences be-
tween the parametrisations with and without pile-up are observed. The large uncertainties
in the case of pile-up are a result of the lower number of Monte Carlo events, cf. Table 4.3.
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Figure 6.22: M, . distribution and its fitted parametrisation for tt event. To determine the
parametrisation function selection criteria with minor influence on the shape are omitted.

Fit-parameter | without pile-up with pile-up
7 91.3 =+ 79190 £+ 13
o 24.2 &+ 6.3 126 £+ 10
T 86 =+ 16 | 8 £ 28

Table 6.2: Values of the parameter used for the parametrisation of the M., shape for the tt
process.

6.5 Results of the Event Selection

Without Pile-Up

Table 6.3 gives the result of the event selection applied to the signal Monte-Carlo samples
with different mass assumptions. Only the statistical uncertainties are given. Assuming
a dataset that corresponds to an integrated luminosity of 30fb~! about 20 events are ex-
pected of which 16 are in the given mass window assuming My = 120 GeV. Due to the
decreasing production cross section and branching ratio the number of expected H — 77
events decreases as well with higher masses Mp.

Table 6.4 shows the expected background cross sections after the event selection. As ex-
pected Z — 77 — £l + 4v is the main background process. A fraction of about 12% are
due to the electro-weak Z — 77 — £ 4+ 4v background. About 51 Z — 77 — 00 + 4v
events are expected assuming a dataset that corresponds to an integrated luminosity of
30fb~!. The background with the second highest contribution is £ with about 14 expected
events. In the mass window 105GeV < M., < 135GeV about 5 Z7 — 77 — 0 + 4v
and about 3 tt events are expected. These numbers are derived using parametrised M.,
shapes normalised to expected number of events. The calculation of the quantity % in

the given mass range is % = 5.6. Background processes of minor importance are the

Z — L0, W+jets and di-boson processes. Although cut factorisation is applied, none of
the available W+jets Monte Carlo events survive all selection criteria. For this reason a
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H— 71— W+ 4v

Mass [GeV] 115 120 125 130
Cross section [fb] 22.63 20.39 17.98 15.31
Object selection cuts:

Trigger 14.25 13.10 11.68 10.21
N(lepton) = 2 6.51 6.20 5.50 4.92
Lepton charge 6.49 6.18 5.48 4.91
Trigger lepton 6.27 5.99 5.32 4.76
Tagging jet selection 3.73 3.54 3.17 2.78
Lepton cuts:

30 GeV < My < 80GeV 3.27 3.04 2.69 2.32
|Adge| < 2.2 2.35 2.13 1.81 1.55
ERiss > 40 GeV 1.93 1.77 1.57 1.37
Collinear Approx. 1.76 1.62 1.43 1.27
Jet cuts:

|Anj;| > 3.6 1.35 1.26 1.10 0.98
M;; > 600 GeV 1.10 1.05 0.92 0.82
|Apj;| < 2.5 0.97 0.93 0.83 0.75
Centrality 0.95 0.91 0.81 0.72
|Anje| > 0.7 0.86 0.80 0.72 0.64
b-jet veto 0.84 0.78 0.70 0.63
Central jet veto 0.70 £0.02 0.66 £ 0.02 0.61 £ 0.03 0.54 + 0.02

Mass window cut:
M, in Mg £+ 15GeV 0.58 £0.02 0.54 +=0.01 0.46 = 0.02 0.42 £0.02

Table 6.3: Accepted signal cross section after each selection step. The cross sections are given
in fb. The selection requirements are applied to signal Monte Carlo samples assuming various
Higgs boson masses without pile-up. Only the statistical uncertainties are quoted. The given
cross sections include already the event filter efficiency.

limit on the cross section corresponding to a 95% confidence level according to the Poisson
distribution is given. Due to limited amount of Monte Carlo events their contribution is
difficult to estimate, which results in a large uncertainty on the cross section after all se-
lection requirements. Furthermore no shape of the M, distribution of these background
processes could be estimated.

With Pile-Up

Table 6.5 gives the result of the event selection applied to the signal Monte-Carlo samples
with different mass assumptions with pile-up. About 16 events are expected assuming a
dataset that corresponds to an integrated luminosity of 30fb~!. 10 of these events are in
the given mass window assuming My = 120 GeV. Even though the selection criteria are
optimised, pile-up leads to a loss of signal efficiency of about 20% after the central jet veto
requirement. Due to the much broader M, distribution (cf. Fig. 6.17) the loss of expected
signal events in the mass window is even more dramatic and about 40%.
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H— 71— W+ 4v

Mass [GeV] 115 120 125 130
Cross section [fb] 22.63 20.39 17.98 15.31
Object selection cuts:

Trigger 13.07 12.12 10.90 9.55
N(lepton) = 2 5.37 5.16 458 412
Lepton charge 5.35 5.15 4.56 4.11
Trigger Lepton 5.18 5.00 4.43 3.99
N(jets) > 2 4.31 4.09 3.65 3.25
Tagging jet selection 3.26 3.07 2.77 2.43
Lepton cuts:

30 GeV < My < 80 GeV 2.85 2.64 2.35 2.00
|Adye| < 2.2 2.04 1.87 1.58 1.34
Emiss > 45 GeV 1.52 1.43 1.27 1.06
Collinear Approx. 1.27 1.18 1.07 0.91
Jet cuts

|An;ji| > 3.2 1.07 0.99 0.89 0.76
M;; > 600 GeV 0.84 0.79 0.71 0.61
|Agj;i| < 2.5 0.74 0.70 0.64 0.55
Centrality 0.72 0.68 0.62 0.52
|Anje| > 0.7 0.64 0.60 0.54 0.46
b-jet veto 0.63 0.59 0.54 0.45
Central jet veto 0.56+0.02 0.524+0.02 0.484+0.02 0.40+0.01

Mass window cut:
M, in My £+ 15GeV 0.37+£0.02 0.3340.01 0.324+0.02 0.2540.01

Table 6.5: Accepted signal cross section after each selection step. The cross sections are given
in fb. The selection requirements are applied to signal Monte Carlo samples assuming various
Higgs boson masses with pile-up. Only the statistical uncertainties are quoted. The given cross
sections include already the event filter efficiency.

Table 6.4 shows the expected background cross sections after the event selection. The
Z — 77 — €0 + 4v process is the main background and of approximately the same size
as without pile-up. Unfortunately, no electro-weak Z — 77 — ¢¢ + 4v Monte Carlo events
with pile-up were available. Assuming that the electro-weak Z — 77 — £¢ + 4v background
are influenced in the same way by pile-up as the QCD Z — 77 — #¢ + 4v background it
is estimated using the relative fraction from the none pile-up case. This means it is of the
order of 12% of the QCD Z — 77 — ¢ + 4v background. Using this assumption about 51
Z — 71 — €0 + 4v events are expected. In the mass range 105 GeV < M, < 135GeV the
estimated background is almost twice as large as without pile-up, which means about 9
events are expected. This effect is caused on the grounds of the worse resolution of the
reconstructed mass. The contribution from the ¢ background is slightly increased to about
16 expected events. In the mass window 105GeV < M., < 135GeV about 3 tt events
are expected, which is the same as without pile-up. The calculation of the quantity %

in the given mass range is % = 2.9. When considering pile-up the background processes
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Z — L0, W+jets and di-boson are still of minor importance. Due to the limited amount of
Monte Carlo events their contribution is difficult to estimate, which results in a rather large
uncertainty on the cross section after all selection requirements. Furthermore no shape of
the M, distribution of these background processes could be estimated.

Comparison of M, Distributions

Figure 6.23 shows the expected M., distribution for an integrated luminosity of 30fb~!
assuming My = 120 GeV. Only the signal and main background processes are considered.
The histograms are stacked.

The signal events are on the right tail of the Z — 77 background. In the case without
pile-up the signal peak can be distinguished from the Z — 77 background. Since the ¢t
background events show a rather flat M, distribution it is of less importance compared to
Z — 77. For higher masses of the Higgs boson this changes.

Due to pile-up the shape of the M, distribution of the signal and the Z — 77 background
gets much broader. In particular the resolution of the mass reconstruction increases roughly
from 10 GeV to 14 GeV. The signal peak can only hardly be distinguished from the Z — 77
background and is spread over the whole falling shoulder.

For this reason a precise knowledge of the M., shape of the Z — 77 background is very
important.
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Figure 6.23: Expected M., distribution for the signal (Mg = 120 GeV ) and the main back-
ground processes for an integrated luminosity of 30 fb=1 without (left) and with (right) pile-up.
The histograms are stacked. The shapes are derived using the parametrisation functions.

6.6 Summary

In this chapter the event selection used in the VBF H — 77 — £ + 4v analysis has been
discussed. The selection requirements are optimised separately with and without pile-up.
As expected, Z — 77 — £+ 4v and tt are the main background processes. Comparing the
results of the event selection without pile-up to the results of the selection proposed in [1],
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Z =17 =+ 4v tt Z — b W +jets di-boson
QCD QCD QCD

Cross section [fb] 1906 467300 94960 1154600 174100
Object selection cuts:
Trigger 1060 213600 80640 542900 31800
N(lepton) = 2 490 21800 43550 417 3910
Lepton charge 488 21230 43380 264 3750
Trigger Lepton 462 21000 43270 256 3750
N(jets) > 2 395 20100 35770 188 2020
Tagging jet selection 189 8723 15580 71 589
Lepton cuts:
30 GeV < My < 80 GeV 188 2020 872 28 103
|Ady| < 2.2 111 2184 537 25 89
Emiss > 45 GeV 67 1626 36 12 58
Collinear Approx. 49 179 4.8 1.7 3.3
Jet cuts:
|An;j| > 3.2 21.2 41.5* 1.7* 0.74* 1.38*
M;; > 600 GeV 10.5 19.5% 0.69* 0.16* 0.57*
|Ag;i| < 2.5 7.78 12.7* 0.40* 0.16* 0.40*
Centrality 5.44 8.56* 0.29* 0.16* 0.29*
|Anje| > 0.7 3.31 4.78* 0.19 * 0.16* 0.23*
b-jet veto 3.15 1.63* 0.18* 0.16* 0.23*
Central jet veto 1.49 +0.06 0.53 £0.09* 0.06 £0.01* 0.03 +£0.04* 0.03 £0.03*

Table 6.6: Accepted background cross sections after each selection step. The cross sections are given in fb. The selection requirements are
applied to background processes with pile-up. Caution must be take at the numbers derived with only a few requirements, since the cross
sections are derived using Monte Carlo events which passed an event filter (see Chapter 4). An asterisk is used to indicate cross sections
estimated using the cut factorisation method. Only the statistical uncertainties are given.
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an increase in the signal efficiency of about 20% is observed. The contribution of the tf
background is reduced to about % compared with the results of [1]. This is mainly achieved
by introducing the selection criteria on the quantities My, and An;,. The contribution of
the Z — 77 — ¢ + 4v background is of the same order as the results of [1].

In the presence of pile-up the signal efficiency decreases by 20%, whereas the background
contribution is almost the same. This effect is mainly caused by the degraded resolution
of the reconstructed missing transverse energy, which in addition leads to a broader M.,
distribution. The M., spectra of the signal and the Z — 77 — #¢+ 4v background overlap,
making the signal extraction more difficult.

For this reasons a significant loss of the signal sensitivity in the presence of pile-up is
observed.



66

Chapter 6 - Event Selection




Chapter 7

Background Estimation using Data

The precise knowledge of the background processes is crucial for this analysis. Typically
the background contamination is estimated based on Monte Carlo simulated events. The
discriminating variable used for the observation is M, calculated via the collinear approx-
imation, which is very sensitive to the missing transverse energy E%ﬁss. E%iss is difficult
model using simulated events, because its measurement is sensitive to several effects, as
e.g. instrumental effects, jet energy mis-measurements and pile-up.

As studies performed at the TEVATRON accelerator show, a precise description of the
event kinematic of the production of the Z boson in association with jets using current
Monte Carlo simulations is difficult [59]. Furthermore the description of the underlying-
event! with Monte Carlo generators is affected by uncertainties.

In addition to that the Monte Carlo generation and detector simulation of events, in partic-
ular the tf events, is computationally very expensive. The production of a sufficient number
of Monte Carlo events, corresponding to an integrated luminosity much larger than the in-
tegrated luminosity of the data, is difficult.

For these reasons the background estimation should not entirely rely on Monte Carlo sim-
ulated events. The extraction of the background contamination from data is preferred.

The methods described in the following are used to estimate the dominant background
processes Z — 77 and tt. They rely on the selection of control samples giving a precise
description of the shape of the M, distributions of the corresponding background process.

7.1 Estimation of {¢ Background

To estimate the ¢ background contribution a control sample with a similar M, shape
is selected by using the analysis cuts with inverted b-jet veto. This procedure was first
studied in [60].

!The underlying-event refers to the interaction of the proton remnants of the protons taking part in the
interaction of interest (hard interaction). The proton remnants are connected to the partons of the hard
interaction via the colour charge. This needs to be considered in the initial and final state radiation. The
underlying-event process is dominated by QCD processes with low energetic particles.
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As described in Chapter 6.2 the b-jet veto is used to suppress the tt background. The
impact of the b-jet veto on the other background processes is rather small. Inverting the
b-jet veto, i.e. requiring at least one tagged b-jet, selects mainly ¢¢ events. The application
of the additional analysis cuts ensures the suppression of other background processes than
the tt production.

To legitimate this method the following assumptions have to be tested.

e The shape of the M, distribution is independent of the identification of b-jets.
e The contribution of other processes than tt process is negligible in the control sample.

e The control sample contains a number of ¢ events to provide a reliable estimation of
the tt background process.

The first item is discussed in the next section. The last two items are discussed in Section
7.1.2.

7.1.1 Validation using Monte Carlo Simulation

The assumption that the shape of the M, distribution is independent of the identification
of b-jets needs to be verified in order to validate the tf control sample. For this two samples
are selected, only differing in applying the b-jet veto or the b-jet requirement. The b-jet
requirement means that at least one jet with a b-tagging weight of byeign: > 4 is found.
Since the number of available Monte Carlo events is very limited only basic selection cuts
are applied: two identified leptons with opposite charge and the variables 1 2 are required
tobe 0 < w12 < 1.

Fig. 7.1 shows the b-tagging identification efficiency depending on the transverse momen-
tum and pseudo-rapidity of the jet. A different event kinematic is favoured by requiring
a b-jet than by applying the b-jet veto. For example the b-tagging efficiency for high-pr
jets is higher than for low-pr jets and therefore the relative fraction of events with b-jets
with high pr is larger in the control sample. The selection of a different event kinematic is
further enhanced because b-jets can only be identified within |n| < 2.5.

Comparing certain distributions of kinematic variables of jets and leptons the different
event kinematics become visible, cf. Fig. 7.2. Nevertheless the method can be used if the
M, distribution is independent of the b-jet identification. In Figure 7.3 the shapes of the
M., distributions of ¢t events with at least one identified b-jet is compared to events with
no identified b-jets. For the comparison the cuts object selection, 0 < z12 < 1, N(jets)> 2
are required. Both distributions are in good agreement which is confirmed by a Kolmogorov
test resulting in the values 0.82 without pile-up and 0.8 with pile-up.

To verify whether the limitation of b-jet identification to |n| < 2.5 has any impact on the
M., distribution, the tt events are divided into the categories two, one and no b-jets within
In| < 2.5. For this separation the information of the generated particles are used. The
number of events in the category no b-jets within |n| < 2.5 is too small for a meaningful
comparison. The shape of the M, distribution for the sub-samples one and two b-jets
within |n| < 2.5 are compared in Fig. 7.4. For this comparison the cuts: object selection,
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Figure 7.1: Efficiency of finding a b-jet depending on pseudo-rapidity and transverse momen-
tum for a b-weight greater than 4.

0 <z <1, N(jets)> 2 and E%liss > 20 GeV are required. The values of a Kolmogorov
test are 0.25 without pile-up and 0.29 with pile-up, that shows that both distributions are
in good agreement.

To verify whether the application of the selection cuts has any impact on the agreement of
the M., distributions, a comparison between events without tagged b-jets and with tagged
b-jets is done for each cut, cf. Figures 7.5 and 7.6. In this comparison a basic selection
(containing the cuts: object selection, 0 < z12 < 1, N(jets)> 2) is applied and in addition
a different single cut. All distributions agree within their statistical uncertainty. Only the
simulated events without pile-up are shown, because their number is much higher.

In the case of pile-up the comparison shows similarly good agreement.

7.1.2 Control Sample Selection

To increase the number of events in the control sample the central jet veto is removed only
for the control sample selection. Of course this can only be done if the impact of the central
jet veto on the shape of the M, distribution is negligible. This is verified by comparing the
shape of the M., distribution of events passing the central jet veto cut to rejected events,
cf. Fig. 7.7. The compatibility of both distributions is tested using a Kolmogorov test which
results in the values 0.11 without pile-up and 0.34 with pile-up. Both distribution are in
good agreement.

These requirements result in the selection of approximately 100 events (94 events with
pile-up) assuming a dataset that corresponds to an integrated luminosity of 30 fb—!. This
corresponds to about seven times more events in the control sample than the expected tt
contribution in the signal selection. Considering pile-up this fraction changes to about six
times more tt events in the control sample than the expected ¢t background.
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Background in the Control Sample

The expected contribution of the Z — 77 background in the control sample is 7 + 2
events not considering pile-up effects assuming a dataset that corresponds to an integrated
luminosity of 30 fb~!. This estimation is based on simulated Z — 77 QCD events generated
with Sherpa. Contrary to the Alpgen events, the Sherpa sample includes processes of the
form Zb(b). Due to the limited number of Monte Carlo events cut factorisation has to be
used. Only the statistical error is given, systematic uncertainties due to cut factorisation
and the use of the fast detector simulation are not considered.

Unfortunately no Sherpa Z — 77 events considering pile-up effects are available. The
Alpgen Z — 117 — £ + 4v events predict the same number of events with and without
considering pile-up effects. For this reason the expected number of Z — 77 events is
assumed to be 7 in the case of pile-up as well.

The shape of the M., distribution without as well as with pile-up is derived using the
Alpgen events, because the Z — 77 events generated with Sherpa are simulated using the
fast detector simulation and no corresponding events considering pile-up are available.

The contribution of other processes to the control sample can be directly read off Table
6.4. The signal is contributing with in average 0.6 events (pile-up: 0.3 events) for a Higgs
boson of mass My = 120 GeV.

The contributions from Z(— pp/ee) and W+jets are negligible. This has to be handled
with care, because the background events generated with Alpgen neglect processes of the
form Zb(b) and Wb. Unfortunately no Z(— pp/ee) and W+jets Monte Carlo samples
including the contribution from Zb(b) and Wb processes are available.

The same parametrisation of the M., distribution for the ¢t background is used for the
control events, because the M, distribution of both samples are in good agreement. The
shape of the Z — 77 — ¢ + 4v and signal contribution in the ¢¢ control sample is assumed
to be the same as derived in Chapter 6.4. This has been validated with the limited number
of Monte Carlo events.

Fig. 7.8 shows the expected M, distribution of the control sample selection. The back-
ground events lead to a distortion of the M, shape which has to be considered when using
the control sample for background estimation.

7.1.3 Validation using Data

In addition to the validation using Monte Carlo data, the t¢ background estimation method
needs to be validated using data. For this purpose the validation presented in this chapter
should in the future be repeated using tt events selected in data. This sample needs to be
selected without making use of the identification of b-jets. The selection of a pure ¢t sample
has been demonstrated using Monte Carlo data. Studies preparing the ¢¢ production cross
section measurement achieve a selection of tf events with a purity of about 85% in the
lepton-lepton channel [1]. It is expected that this purity could be improved, because this
study was not optimised to select tt events with a high purity.
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7.2 Estimation of 7 — 77 Background

To select a control sample for the Z — 77 — £¢ + 4v background the process Z+jets with
the decay Z — pupu is utilised. Neglecting the differences in mass between the muon and
the 7-lepton, the kinematics of the muons and the 7-leptons in both processes are identical.
Furthermore the kinematics of additional jets are the same. Z — uu events provide a
signal-free signature of two isolated, high energetic muons with opposite charge and a di-
muon invariant mass at the Z resonance.

The Z — 77 — €0+ 4v process can be modelled modifying the muons in the Z — pp events
to make them look like 7-lepton decays. This event modification is done using an embedding
technique [61,62] which replaces the muons from the Z decay by the decay products of
equivalent 7-leptons. The kinematics of the 7-leptons are given by the kinematics of the
muons. Their decays are generated using Monte Carlo simulation, which is justified by the
well-understood Z boson and 7-lepton decays. In this way a Z — 77 — € + 4v event is
produced, in which only the Z — 77 — £/ + 4v decay is produced by Monte Carlo, whereas
the event remnant and the event kinematics are given by data.

In the following the creation of the control sample using the embedding method is intro-
duced. First the method is explained in detailed and validated using Monte Carlo simulated
events. Afterwards the selection of the Z — pp and its impact of the selection criteria on
the control sample are discussed.

7.2.1 Conversion of 7 — pu events into Z — 77 events

The general procedure of converting Z — up into Z — 77 — € + 4v events is illustrated
in Fig. 7.9 and can be divided into four basic steps:

1. Z decay identification: the two muons of the Z decay are selected.

2. Construction of Z — 77 — € + 4v decay: the Z — pup decay is turned into a
Z — 17 — 00 4 4v decay with the same kinematics. The production vertex of the
T-leptons is set to the production vertex of the muons. The decay of the 7-leptons
is performed by TAUOLA. Afterwards the full ATLAS simulation, digitisation and
reconstruction are applied.

3. Embedding: the muons from the Z — ppu decay in the original event are replaced
by the decay products of the 7-leptons from the Z — 77 — ¢ + 4v decay using
calorimeter cell and track information.

4. Re-reconstruction: the ATLAS event reconstruction is re-run to obtain the 7 —
717 — 00 + 4v event.

In the following the different parts of the method are discussed.

Identification of Z — uu Decays

In this first step the two muons from the Z — pp decay are selected. The actual selection
criteria are adjustable and not relevant for the procedure itself. In this analysis exactly two
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Figure 7.9: Flowchart of the embedding procedure.
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isolated combined muons with pr > 10 GeV are required. Both muons have to be assigned
to the same primary vertex. After having selected two muons their four-vectors are added
to get the four-vector of the Z boson.

Events not fulfilling the requirements are marked and discarded.

Construction of Z — 77 Decay

The Z — pp decay is transformed into a Z — 77 — #¢ 4+ 4v decay having the same
kinematics. For this purpose the muons are declared as 7-leptons and their four vectors
together with the four vector of the Z boson are written to an ASCII file in the HEPEVT [63]
format. The production vertex of the 7-leptons and the decay vertex of the Z boson are set
to the production vertex of the muons. To account for the 7-lepton mass the four-vector
of the muon momenta are rescaled so that p, = |/E2 —m2 . The ASCII file is read into
ATHENA and processed by TAUOLA and PHOTOS. TAUOLA generates the 7-leptons decay,
with PHOTOS adding final state radiation. These events are then fed into the ATLAS
detector simulation, digitisation and reconstruction.

The application of PHOTOS adds final state radiation a second time, because the muons
which are declared as 7-leptons have already undergone final state radiation. On the other
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hand final state radiation needs to be added to the 7-lepton decay products. For this reason
PHOTOS is used and the application of final state radiation to the 7-leptons a second time
is accepted.

It is important to note that the decay vertex of the Z — 77 — #¢ 4+ 4v decay matches
the decay vertex of the Z — uu decay. This is achieved by requiring that both muons
are assigned to the same primary vertex (see Paragraph: Identification of Z Decays).
Further the displacement of the beam spot and the smearing of the interaction vertex in
the simulation of the Z — 77 — #¢ + 4v decay is switched off.

The simulation of electronic noise in the calorimeter is switched off in the simulation of the
Z — 71 — €0 + 4v decay, to avoid double counting of energy in the embedding step.

Embedding

The embedding step itself replaces the Z — pu decay of the original event with the sim-
ulated Z — 77 — 0¢ + 4v decay. The replacement is done using calorimeter cells, inner
detector tracks and muon spectrometer track segments. The algorithm is subdivided into
the following steps:

1. The calorimeter cells in a cone of size AR;pper < 0.1 around the muons of the Z — up
decay are replaced by the corresponding calorimeter cells of the Z — 77 — #0 + 4v
decay. This means their energy and timing? information are replaced. The calorimeter
cells in a hollow cone of size 0.1 < ARyuter < 0.3 around the muons are added to

their corresponding calorimeter cells of the Z — puu decay. This means that their
energies are added and the timing information is replaced.

2. All track segments in the muon spectrometer inside a cone of size AR < 0.3 around
the original muons are deleted. The track segments in the muon spectrometer of the
Z — 177 — 0l + 4v decay, within the same cone are inserted into the original event.

3. The tracks belonging to the muons of the Z — uu decay are replaced by all tracks of
the Z — 77 — 00 + 4v decay.

The size of the cones must be chosen in a way that all muon spectrometer track segments
and all calorimeter cells containing energy depositions of the object to remove or to embed
are selected. On the other hand too big cones remove too much of the event remnant.

In exactly that manner the size of the inner cone is chosen to remove all energy depositions
of the muons from Z — pp decay, while the size of the outer cone is optimized to select all
energy depositions of the objects to embed. The choice of the outer cone size also involves
the collinear approximation, since the muon to remove and the lepton to embed have only
approximately the same direction.

The energies of calorimeter cells in the region between the inner and the outer cone are
added, to keep the energy depositions arising from other objects. The simulation of elec-
tronic noise in the calorimeter is switched off in the simulation of the Z — 77 — ¢ + 4v
decay to avoid double counting of energy. Furthermore pile-up effects are ignored in the

2To each calorimeter cell the time when the energy was deposit, relative to the bunch crossing, is
assigned [64].
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Z — 77 — L0 4 4v decay. For this reason the embedding method leads to the absence of
noise and pile-up in the region of the inner cone in the calorimeter.

The values of the cone sizes chosen in this study are optimised to result in a reasonable
agreement between the Z — 77 — ¢ 4+ 4v Monte Carlo sample and the embedded sample
in terms of transverse momentum, isolation and number of reconstructed objects.

Re-reconstruction

After the embedding step the event is passed to the ATLAS event reconstruction. Since
the embedding acts on calorimeter cell and track level, only parts of the reconstruction
need to be re-run. In particular these are the calorimeter cluster, jet, electron, photon,
7-lepton, muon and missing transverse energy reconstruction. Care has to be taken in
choosing the correct configuration of the reconstruction algorithms in terms of calibration
constants, detector description, etc. Otherwise a systematic bias of the Z — uu events
after embedding is observed.

7.2.2 Validation using Monte Carlo Simulation

When comparing the simulated Z — pp events with the simulated Z — 77 — 00 + 4v
events, the applied lepton filter after the event generation needs to be considered, see
Section 4.2. In the case of the Z — upu events the requirements of the lepton filter are
directly applied to the Z decay products whereas int the case of the Z — 77 — 00 + 4v
events the requirements are applied to muons and electrons from 7-lepton decays. For this
reason the requirements of the lepton filter needs to be applied to the Z — pu events after
embedding.

Except for the Z boson decay products Z — uu events and Z — 77 — £f + 4v events are
kinematically identical. Therefore differences between the Z — pu events after embedding
and the Z — 77 — € + 4v events should only be visible in the vicinity of the embedded
objects.

Muons: A priori the muons are expected to be the simplest particle to embed. Muons
deposite only a small fraction of their energy in the calorimeter and are reconstructed
purely from inner detector and spectrometer tracks. As shown in Fig. 7.10 the spec-
trum of transverse momentum is reproduced very well using the embedding procedure.
This is expected since the tracking does not change by the embedding.

The replacing and adding of calorimeter cells affects the energy content in the vicin-
ity of the muons. When the energy depositions of the muons of the Z — uu events
are removed, noise is removed, too. The added energy of the calorimeter cells of
the Z — 77 — ¢ + 4v decay does not contain calorimeter noise, because the noise
simulation in the calorimeter is switched off in the embedding procedure. For this
reason the noise in the calorimeter is neglected in the inner cone.

Furthermore calorimeter based objects in close vicinity to the replaced muons can be
affected due to the removing procedure of calorimeter cells. Related to this is the
calorimeter isolation of the muons, which is in general well reproduced, cf. Fig. 7.10.
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Figure 7.10: Comparison of muons of Z — 77 — ll + 4v and Z — pp after embedding for
samples without (top) and with (bottom) pile-up. The standard muon selection as discussed in
Section 6.2.2 is required. On the left the transverse momentum distributions are shown. On
the right the distributions of the transverse energy measured in the calorimeter in a cone of
AR < 0.2 around the muon axis are shown. The expected energy loss of the muon is subtracted.

Since muons from Z — pp are typically well isolated, the impact of the calorimeter
embedding on the performance is small.

Electrons: From the perspective of the embedding procedure, electrons are more complex
objects than muons because they involve tracking and calorimetry. The energy of
an electron is measured in the calorimeter, whereas its position is determined by
the associated track. The electron identification variables related to tracking are
well reproduced, because the embedding uses reconstructed tracks. The transverse
momentum spectrum of the electrons is in reasonable agreement, cf. Fig. 7.11. This
indicates that the cone sizes for replacing and adding calorimeter cells are large enough
and contain all energy depositions of the electron in the calorimeter. As expected
the calorimeter isolation of the electrons shows some deviations compared to the
Z — 177 — Ul 4 4v events.
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Figure 7.11: Comparison of electrons of Z — 77 — 0+ 4v and Z — up after embedding for
samples without (top) and with (bottom) pile-up. The standard electron selection as discussed
in Section 6.2.2 is required. On the left the transverse momentum distributions are shown.
On the right the distributions of the transverse energy measured in the calorimeter in a cone
of AR < 0.2 around the electron axis are shown. The reconstructed energy of the electron is
subtracted.

The main goal is to reproduce the M., distribution to high precision. In addition to M,
the relevant quantities to judge the performance of the embedding method are the four-
momenta of the 7-lepton decay products and the missing transverse energy, because they
are needed to calculate M., ..

As discussed above the kinematic distributions of the electrons and muons are in reasonable
agreement. This is confirmed by the comparison of the di-lepton invariant mass, which is
reproduced in good agreement using the embedding method, cf. Fig. 7.12 and Fig. 7.13.
The most difficult quantity to handle is the missing transverse energy, since it involves all
reconstructed objects. Furthermore it is highly sensitive to adjustable parameters in the
event reconstruction like jet calibration constants, vertex displacement, etc. Therefore the
comparison of Efl?iss is an important test to validate the performance of the embedding
method. As shown in Figures 7.12 and 7.13 it is in good agreement.
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Figure 7.12: Comparison of Z — 77 — 0 + 4v and Z — pp after embedding without pile-
up. The standard lepton selection as discussed in Section 6.2.2 is required. Top left: Missing
transverse energy, top right: di-lepton invariant mass, bottom left: M., distribution calculated
using the collinear approximation, bottom right: ratio of the M. distributions. Events entering
the M., distribution are required to fulfil 0 < x19 <1, see Section 6.2.3. All distributions are
in reasonable agreement.

Finally the comparison of the M, distribution shows that the embedding works very well.
For a better comparison the ratio of the M., distributions of Z — 77 — £¢ 4+ 4v and
Z — pp after embedding is shown as well.

7.2.3 Z — pp Event Selection

The selection of Z — pp events as input to the embedding procedure uitilises the two
muons from the Z decay. Since there are no neutrinos in the final state the missing
transverse energy should be small. Furthermore the VBF analysis cuts are applied, because
they suppress the background from QCD processes and will be applied anyway after the
embedding.

In the following the selection cuts are discussed in detail.
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Figure 7.13: Comparison of Z — 77 — U + 4v and Z — pp after embedding with pile-
up. The standard lepton selection as discussed in Section 6.2.2 is required. Top left: Missing
transverse enerqgy, top right: di-lepton invariant mass, bottom left: M., distribution calculated
using the collinear approximation, bottom right: ratio of the M. distributions. Events entering
the M., distribution are required to fulfil 0 < x12 <1, see Section 6.2.3. All distributions are
in reasonable agreement.

Trigger and Lepton Selection The two muons provide a good signature for the event
trigger. A single muon trigger requiring pr > 20 GeV and a di-muon trigger requiring both
muons to have pr > 10 GeV are used. The muon selection considers only combined muons
with inner detector and muon spectrometer tracks with at least a pr > 10 GeV. The muons
need to be well isolated which is achieved by requiring the summed ET in the calorimeter
in a cone of AR = 0.2 around the muons being less than 10% of the muon p7. In the case
of pile-up the muon isolation is changed to 15% of the muon p7.

The requirement on the transverse momentum is adapted depending on the satisfied trigger
condition:

e single muon: one muon with pr > 20 GeV.

e double muon: two muons with pp > 15 GeV.
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The two muons are required to have opposite charge.

Event Kinematics To make use of the fact that the two muons are the products of the
Z boson decay a cut on the di-muon invariant mass is applied: M,,+,- > 60 GeV. The mass
M+, of a Z — ppu event corresponds to the mass M. of the event after embedding. A
requirement on M+, directly translates into a requirement on M;,. To avoid any impact
on the shape of the M., distribution in the signal region, no further requirement on M+ ,-
is applied.

No neutrinos are present in the final state, for this reason the missing transverse energy is
required to be E%‘iss < 40 GeV without pile-up. In the case of pile-up the cut is increased
to Emiss < 45 GeV.

After the embedding procedure the VBF analysis cuts are applied to the Z — ppu events.
Thus analysis cuts, not depending on the lepton properties, can already be employed in the
Z — pup event selection. These cuts are related to the kinematics of the tagging jets. In
particular the events are required to have at least two jets. The leading and second leading
jets are selected as tagging jets and should have transverse momentum pr > 40 GeV and
pr > 20 GeV respectively. Both jets should lie within |n| < 4.8 and be well separated in
pseudo-rapidity An;; > 3.6 (Anj; > 3.2 in the case of pile-up). Their invariant di-jet mass
M;; is required to be higher than M;; > 600GeV. The separation in ¢ is required to be
|A¢;j| < 2.5. The tt background contribution is suppressed applying the b-jet veto, which
rejects events containing a jet having a b-tagging weight byeignt > 4.

Selection Results Table 7.1 shows the results of the Z — uu selection. About 23000
Z — pu events are expected assuming a dataset that corresponds to an integrated lumi-
nosity of 30 fb~!. Considering pile-up the number of expected Z — uu events increases to
about 30000. This is mainly caused by the slightly different cut selection and the higher
number of jets.

The largest background contribution is caused by the tf process with about 1.2% (1.4%
in the case of pile-up) with respect to the Z — uu events. The contribution of the tt
background is estimated using the cut factorisation method. In this case the selection cuts
are arranged into three groups:

1. Object selection cuts: trigger, muon selection, muon pr.
2. Z boson related selection cuts: M+, E%liss.

3. Jet related selection cuts: tagging jet selection, Anj;;, M;;, b-jet veto, Ag;;.

The efficiencies of the second and third group are determined with respect to the selection
cuts in the first group. The efficiency of the total cut selection is estimated by the product
of the efficiencies of each group.

The contribution of the other background processes is of minor importance and is estimated
to about 0.3% (0.3% in the case of pile-up as well) with respect to the Z — pu events.
Due to the very limited number of Monte Carlo events the estimation of the W+jets
background is highly uncertain. In summary the Z — pu sample can be selected as input
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Cuts Z—=up L =TT tt W+jets H — 77 — U+ 4v
None 42620 3720 467300 1154600 20.39
Trigger 38330 842 125120 353000 7.6
N(muon) = 2 29060 236 7303 57 2.0
Muon charge 29050 236 7090 27 2.0
Trigger Muon 29050 235 7088 27 2.0
M, > 60GeV 28872 32 5114 12 0.7
Emiss < 40 GeV 28438 27 1219 6.6 0.4
Tagging jet selection 9399 8.4 483* 4.7 0.2
|Anj;| > 3.6 3917 3.5 75* 24 0.18
M;; > 600 GeV 1312 1.1 45* <21 0.12
b-jet veto 1271 1.1 14* <21 0.12
|Agjj| < 2.5 765+8 0.56+£0.04 89+08 <21 0.077 £ 0.006

Table 7.1: Accepted cross section after each selection step. The cross sections are given
in fb. The selection cuts are applied to processes without pile-up. The cross sections are
giwen in fb. Only statistical uncertainties are quoted. The given cross sections already include
the efficiencies of the applied event filter. The limit corresponds to an 95% confidence level
according to the Poisson distribution. An asterisk is used to indicate cross sections estimated
using the cut factorisation method. The Z — 1T process includes QCD and EW contributions.

for the embedding procedure with less than 2% background contamination.

The background contribution in the Z — pu sample after embedding and applied analysis
cuts is the important quantity. Unfortunately this cannot be studied, since the current set
of Monte Carlo event samples do not exist in the needed data format ESD 3. Nevertheless it
is not expected that the analysis cuts increase the contribution of the background processes.
Especially the selection cuts Anj,, centrality and central jet veto are expected to reduce
the relative contribution of t¢ background.

Comparison of the M., shape To verify that the proposed Z — uu selection cuts do
not systematically bias the control sample the Z — uu events after embedding using the
above described selection cuts are compared to the Z — 77 — £¢ + 4v events. Due to
the very limited number of Monte Carlo events only the trigger, muon selection, M, and
Effniss cuts are applied. The cuts related to the tagging jet kinematics are omitted since the
jet kinematics of Z — up and Z — 77 — £ + 4v events is the same.

Figures 7.14 and 7.15 show the comparison of Z — 77 — #/ + 4v and Z — puu after
embedding. Without pile-up the distributions are in good agreement and no systematic
bias due to the used Z — pup selection is observed. In the presence of pile-up the E%liss
distribution of the Z — pu after embedding shows a small shift to lower values. This shift is
introduced by the isolation requirement of the muon selection. However, the distributions
of the di-lepton invariant mass My, and most importantly the M, distributions are in
good agreement. In the signal region (100 GeV < M, < 150 GeV) the shape of the M,

3The Event Summary Data (ESD) is a data format for persistent storage of the ATLAS data, containing
detailed reconstruction information [65], because of which it consumes a lot of disc space. The ATLAS
Monte Carlo production policy allows only a maximum of 10% of the Monte Carlo data to be stored in the
ESD format. An exception has been made on special request for the Z — pp datasets only.
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Cuts Z = up  Z— 11 QCD tt W+jets H — 77 — 00+ 4v
None 1906 467300 1154600  20.39

Trigger 35230 608 112900 273500 6.70
N(muon) = 2 27760 214 7430 71 1.89
Muon charge 27760 214 7110 37 1.89
Trigger Muon 27760 213 7100 37 1.89
M, > 60GeV 27600 29 5030 20 0.645
Emiss < 45 GeV 26220 24 1416 9 0.439
Tagging jet selection 9370 8.5 577" 4 0.235
|An;j;| > 3.2 5072 4.6 137* 3.1 0.198
M;; > 600 GeV 1693 1.4 67" <21 0.128
b-jet veto 1638 1.3 23* <21 0.126
|A¢j;| < 2.5 999 +£7  0.80+0.47 14+ 1* <21 0.083 £ 0.006

Table 7.2: Accepted cross section after each selection step. The cross sections are given in fb.
The selection cuts are applied to processes with pile-up. Only the statistical uncertainties are
quoted. The given cross sections include already the efficiencies of the applied event filter. The
limit corresponds to a 95% confidence level according to the Poisson distribution. An asterisk
is used to indicate cross sections estimated using the cut factorisation method.

distribution of the Z — 77 — ¢/ +4v background is very well reproduced and agrees within
10%. This proves that the Z — upu selection can be used and the embedding procedure
can successfully mimic the Z — 77 — £ + 4v process.

After the application of all selection cuts the M, distributions show good agreement within
the statistical uncertainty, cf. Fig. 7.16. Using the discussed selection cuts about 220 events
(270 with pile-up) are expected in the control sample assuming a dataset that corresponds
to an integrated luminosity of 30fb—!. This corresponds to about four times more events
than the expected Z — 77 — £0+4v background events in the signal selection. Considering
pile-up this fraction increases to about five times more events in the control sample. The
increase of events is caused by the slightly different event selection.

Since the shapes of the M, distribution for the Z — 77 — £¢ + 4v background and the
control sample are in good agreement the same parametrisation is used for both.

7.2.4 Validation using Data

In addition to the performance and validation presented in this chapter, various tests using
Monte Carlo data have been performed to ensure the validity of the method. Among them
are the application of the embedding procedure to obtain a Z — upu decay, which means
that the conversion of muons to 7-leptons and their subsequent decay are omitted. Further
the embedding procedure has been tested using generated quantities as input. In addition
several tests for the non trivial re-running of the event reconstruction have been carried
out. All in all the embedding procedure has demonstrated a very good performance.

In Addition validation procedures using collison data have to be carried out. As an example
the embedding of muons and electrons instead of 7-leptons and the corresponding compar-
ison to Z — pp and Z — ee can be used to tune and confirm the performance achieved
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using simulated events. In the scope of a MSSM Higgs boson H — 77 analysis, using the
data recorded with ATLAS in the year 2010, the embedding procedure is used to estimate
the Z — 77 — ¢ 4+ 4v background. In this context first tests between Z — pu data after
embedding and Z — 77 — #¢ 4+ 4v Monte Carlo data demonstrate a good performance of
the embedding procedure [66].
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Figure 7.14: Comparison of Z — 77 — U + 4v and Z — pup after embedding without
pile-up. The standard lepton selection as discussed in Section 6.2.2 is required. The Z — pu
events, which serve as input to the embedding procedure, have been selected using the trigger,
muon selection, M,,, and Emiss cuts. Top left: Missing transverse energy, top right: di-lepton
imwvariant mass, bottom left: M., distribution calculated using the collinear approximation,
bottom right: ratio of the M., distributions. Events entering the M., distribution are required
to fulfil 0 < x99 < 1, see Section 6.2.3. All distributions are in reasonable agreement.
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Figure 7.15: Comparison of Z — 71 — 0+ 4v and Z — pp after embedding with pile-
up. The standard lepton selection as discussed in Section 6.2.2 is required. The Z — pu
events, which serve as input to the embedding procedure, have been selected using the trigger,
muon selection, M, and EF cuts. Top left: Missing transverse energy, top right: di-lepton
invariant mass, bottom left: M., distribution calculated using the collinear approximation,
bottom right: ratio of the M, distributions. Events entering the M., distribution are required
to fulfil 0 < xq 9 < 1, see Section 6.2.3. All distributions are in reasonable agreement.
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7.3 Summary

In this chapter methods to estimate the main background processes Z — 77 — 00 4 4v
and tt production from data have been presented. These methods rely on the selection of
control samples which give a precise description of the shape of the M, distribution.

e tt background: The selection of the control sample to estimate the ¢t background uses

the selection of the signal analysis with inverted b-jet veto. The number of events in
the control sample is increased omitting the central jet veto requirement. Without
considering pile-up effects about seven times more events in the control sample than
the expected tt background contribution are expected. In the presence of pile-up this
fraction decreases to about six times more tf events. Although some deviations in
the event kinematics between the tf background and the control sample are observed,
the shape of the M, distribution is described very well.
The contribution of other process in the control sample is estimated. Only the Z —
71 — L0 + 4v process shows a significant contribution and leads to a distortion of
the shape of the M, distribution. This has to be taken into account when using the
control sample.

e /7 — 117 — Uf 4+ 4v background: The selection of the control sample to estimate
the Z — 77 — 00 4 4v background utilises Z — pp events. The muons from the
Z — uu events are replaced with the decay products of 7-lepton decays from the
Z — 171 decay. The kinematics of the 7-leptons are given by the muons. In this way
a Z — 77 — 0+ 4v event is produced, in which only the Z — 77 — #f + 4v decay is
produced by Monte Carlo, whereas the event remnant and the event kinematics are
given by data. This method has been validated with simulated events. In the signal
region 100 GeV < M., < 150GeV the M., distribution of the Z — 77 — €0 + 4v
background is predicted with an accuracy of 10%. It has been shown that the Z — uu
events can be selected with a purity of 98%. Without considering pile-up effects the
control sample contains about four times more events than the expected contribution
of the Z — 77 — £¢ 4 4v background process. In the presence of pile-up this fraction
increases to about five times more events in the control sample, because different
selection requirements are used.

Both methods are only used to estimate the shape of the M., distribution. The nor-
malisation of the M., distribution of the ¢t background control sample requires a precise
knowledge of the selection efficiencies of the b-jet veto and the central jet veto. Especially
the determination of the efficiency of the central jet veto is difficult to estimate with sim-
ulated events and needs to be measured with data.

The normalisation of the M., distribution of the Z — 77 — ¢ 4+ 4v background control
sample requires a precise knowledge of the efficiency of the Z — uu events selection as well
as the selection efficiency of the signal analysis requirements.

Using these requirements to obtain a normalisation of the control samples has not yet been
studied. For this reason the control samples are only used to predict the shape of the M,
distribution of the background processes.



Chapter 8

Discovery Potential

In this chapter, the discovery potential for a Higgs boson in the channel H — 77 — £+ 4v
is discussed assuming a dataset that corresponds to an integrated luminosity of 30 fb=!. In
order to establish a discovery the background-only hypothesis needs to be rejected, which
implies that the background must be precisely known. Background estimation methods us-
ing data have the advantage of giving a more reliable background description by avoiding
systematic uncertainties, e.g. theoretical uncertainties, in the modelling of the background
processes. Since the control samples contain only a finite number of events, their statistical
uncertainties need to be considered. In addition, systematic effects need to be considered.
To take these background uncertainties into account a statistical method based on the pro-
file likelihood ratio is used. The signal yield is extracted by fitting the M, spectrum.
This chapter starts with an overview of the statistical methods based on [1,67]. After-
wards the systematic uncertainties and their treatment in the significance calculation are
discussed. Finally the expected signal significances for a Standard Model Higgs boson are
presented.

8.1 Statistical Method

8.1.1 Establishing Discovery

A discovery of a new signal process is established by rejecting the background-only hypothe-
sis. In the statistical formalism this corresponds to a hypothesis test of the background-only
hypothesis Hy.

The level of agreement between the observed data and Hjy is quantified by the so-called
p-value, i.e. the probability under the assumption Hy to find data of equal or greater in-
compatibility with the prediction of Hy.

In Particle Physics the p-value is expressed by means of the statistical significance Z, de-
fined as the number of standard deviations at which a Gaussian random variable of zero
mean would give a one-sided tail area equal to p. An illustration is given in Fig. 8.1. It
is common to establish a discovery with a significance of Z = 5 which corresponds to a
p-value of p = 2.87 x 1077.
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Figure 8.1: [lllustration of the correspondence between p-value and significance Z [1].

8.1.2 Hypothesis Test

In this analysis the distribution for searching a signal is the M, distribution. The shape
of the background is estimated using control samples which contain only a limited number
of events. The signal significance is extracted using a method based on fitting the M,
distribution. By simultaneously fitting the M, distributions of the signal candidates and
the background control samples, the background rate and shape in the signal region are
constrained. In this way the statistical uncertainties of the background shapes are taken
into account.

The probability density functions (pdf) used for the signal and background description are
the functions used for the shape parametrisation as described in Section 6.4. That means
the Z — 77 — £¢ + 4v background control sample is fitted using Equation 6.6:

P-DFZ(MTT; GZ) = FZ(MTT; Mmz,021,02,2,MZ asyms 0 Z,asym> fZ,gl)

1 1 M —myz asym
— (4o ’ $1
(2 2 < \/§UZ,asym ( )

% (fZ:gl eMrr=m2)* /2050 4 (1 = fz.41) e(MTT—mZ)Q/%%P) .

Here 6. 7 represents the parameters mz, 071,022, Mz asym, 0Z,asym; f 7,41 Which characterise
the shape of the pdf.

The tt control sample contains a considerable amount of Z — 77 events, see Section 7.1,
whereas the contribution of the signal process to the ¢t control sample is small and is
therefore neglected. For this reason the M, distribution of the control sample is fitted by
the sum of the tf parametrisation function (equation 6.7) and the Z — 77 pdf:

PDFy(Mrr;041, 0z, fit) = fir - Fia(Mrrs Tog, f147, 048)
+ (1 - ftt_) : FZ(MTT; Mmz,021,02.2,MZ asym> 0 Z,asym fZ,gl) .
(8.2)

(1 — f;7) is the relative contribution of the Z — 77 background in the ¢t control sample, 9;;
represents the parameters 7z, 17, 0,7, see Chapter 6.4. The Z — 77 background in the ¢t
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control sample is assumed to have exactly the same shape as the Z — 77 control sample,
which has been validated within the limited number of Monte Carlo events. For this reason
the Z — 77 background in the ¢t control sample is estimated using the Z — 77 control
sample, which means that the parameters 0, are the same.

The M, distribution of the signal candidates is fitted using the sum of the three contri-
butions (signal, Z — 77 and t?):

PDFH(MTT; gH; gZa gtfa fH, fZ) = fu- FH(MTT;mH70-H,17 OH,22, MH asymy O H,asym fH,gl)
+ fz- FZ(MTT; mz,021,022,MZ asym> 0 Z,asym fZ,gl)
+ (= fu — fz)  Fa(Mrr; Ta, pug, 041) -
(8.3)

where Fg is defined as:
7y 1 1 M+ —mpy asym
PDFy(M;;0z)=| =+ = -erf :
H( TT Z) (2 2 ( \/§O'H7asym

X <ng1 eMrr=ma 21275 4 (1 — fyr g1) e(M”me)Q/QU%g) :

0, ' represents the parameters mpy, op.1, 01,2, MH asym> OH,asyms fH,g1 Which characterise the
shape of the signal pdf. The values of these parameters are given by the hypothetical signal
of interest, which in the context of the Higgs boson search means the M., distribution of
VBF H — 77 — £ + 4v Monte Carlo events.

fr and fz are the relative contributions of the signal and the Z — 77 background processes
in the M, distribution of the signal candidates. fz and (1 — fz — fm) represent the
normalisation of the background contribution and are determined by the fit.

The simultaneous fit of the pdfs to the data means that the likelihoods® of the three fits
are multiplied:

L(MTT‘fH? 0) = LZ(Zcontrol ’52)
X Ltf(tt_control ’9_;‘/57 5Z7 ftf) (8'4)

X Lgp(signal candidates]gH,é;gg, 0, fi, f2) -

Here f is the parameter of interest. The others are nuisance parameters and are summa-
rized in 6. It is important to note that some of the parameters in the likelihoods of the
signal candidates are the same as in the likelihood of the control samples. In particular
the parameters concerning the shape of the background are the same. Therefore the back-
ground control samples constrain these nuisance parameters.
To test the background-only hypothesis, which corresponds to fz = 0, the simultaneous
fit is performed twice. The ratio of the likelihoods referred to as profile likelihood ratio is
used: .
Afi=0) = 20 (8.5)
L(fm,0)

! The likelihood function [9] gives the probability of some observed statistically independent measure-

ments X = (z;,...,2zN) to be obtained, given the theory (i.e. the pdf) f(z,0) : L(0) = Hfil f(zi,0).
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Here 6 denotes the values of the nuisance parameters which maximise L under the condition
fo=0. 6 and fH are parameters which maximise L, i.e. they are the maximum-likelihood
estimators. If the data can be very well described by the Hy hypothesis the ratio will be
close to unity.

The presence of the nuisance parameters makes it more likely that the data is compatible
with the Hy hypothesis and therefore makes it more difficult to observe the signal. The
constraints of the nuisance parameters by the background control samples reflect the knowl-
edge of the background. Strong constraints show a good knowledge of the background and
vice versa.

In order to judge the agreement between data and the Hy hypothesis the p-value of the
profile likelihood ratio needs to be computed. Instead of A\(fx) it is convenient to use the
quantity gy, defined by:

Aty = —2InA(fH) - (8.6)

In the case of the Higgs boson search, the new signal is assumed to lead to a higher
number of events than expected from background alone, i.e. fH > 0. A deviation from the
background-only hypothesis with fH < 0 would not be interpreted as an observation of a
new signal. For this reason in the case of a strictly positive contribution of the signal the
test statistic is defined

. (8.7)

[—2WmA(fr=0) fu>0,
“=o fu<0.

The p-value for an observed go ops is given by

o
w= [ Fabda. (8.5)
40,0bs
f(q0|0) denotes the sampling distribution of the statistic gy under the condition of background-
only hypothesis.

8.1.3 Sampling Distribution of Likelihood Ratio

In order to find the p-value for an observed gg s the sampling distribution f(gp|0) is
needed. The term f(qo|0) can be derived using ensemble tests. This means the experiment
is simulated many times using generated pseudo-data. For a discovery this involves more
than 107 pseudo-experiments which is computationally very expensive and usually can only
be carried out for test cases.

Instead, based on Wilks’ theorem [68], the sampling distribution can be approximated by
a y2-distribution for one degree of freedom in the limit of a large sample size. As has been
shown in [1] the sample size in the search presented here is large enough to ensure the
validity of the approximation.

The requirement that a possible signal can only lead to a higher number of expected events,
cf. equation 8.7, causes a slight modification of the sampling distribution. In particular one
finds a mixture of a delta function at zero and a y2-distribution. Under the assumption that
upward and downward fluctuations of the background are equally likely the significance Z
of a signal can be calculated by the formula

Z = /g0 = /—2In \(0) . (8.9)



8.2 Systematic Uncertainties 95

The sensitivity of an experiment is its expected significance. To estimate the sensitivity
the significance calculation is performed on a test sample containing the expectation values
of the experiment. This data set is called Asimov data.

8.2 Systematic Uncertainties

The background estimation using data avoids systematic uncertainties related to detector
simulation and theoretical modelling of the background processes. On the other hand the
background estimation methods, presented in this thesis, are only validated within the
available number of Monte Carlo events. The good agreement between the background
and the control sample distributions shows that a possible systematic bias is smaller than
the statistical uncertainty of the Monte Carlo samples. Since the control samples are used
to estimate the shape of the background contribution, only systematic uncertainties related
to the shape are important. For this reason systematic uncertainties are estimated allowing
the shape to vary within its statistical uncertainty.

In the following the systematic uncertainties related to the control samples and how they
are incorporated into the estimated sensitivity are discussed.

8.2.1 7 — 77 Background Estimation

Since the embedding procedure involves some Monte Carlo and detector simulation related
to the Z — 77 — 0¢ + 4v decay, systematic uncertainties are introduced. In particular
these are the energy scale and resolution of the muons and electrons from the Z — 77 —
¢ + 4v decay and their impact on the E%liss measurement. The expected scales of the
mis-measurements are listed in Table 8.1, they are taken from [1]. The influence of these
systematic uncertainties on the analysis is studied by varying the reconstructed quantities
within their expected precision. Subsequently Effliss is modified accordingly.

As can be seen in Fig. 8.2 the systematic variation of the lepton energy scale and momentum

resolution has almost no effect on the M, distribution and for this reason is neglected.

Further systematic uncertainties arise from the fact that the kinematics of the Z — 77 —
20 + 4v decay is created from reconstructed quantities of the Z — up decay. Whereas the
muon direction is measured with high precision, the muon energy scale and resolution as
well as the reconstruction and identification efficiencies are important.

In addition, the impact of the lepton trigger used in the signal selection is not considered
for the embedded Z — pp sample. As the trigger efficiencies do only weakly depend on pr
above the corresponding lepton trigger cut [1] it is assumed that the shortfall of the trigger
cut is of minor importance.

The choice of the cone sizes of the embedding procedure is also a source of systematic
uncertainties. In the inner cone the cells are replaced by the cells from the Monte Carlo
simulation, which does not consider electronic noise and additional energy deposition due to
pile-up. This should show up in the pt and isolation distributions of the leptons. Whereas
the pr distrbutions agree quite well some deviations are observed in lepton isolation dis-
tributions, cf. Chapter 7.2.2.

Nevertheless the primary quantity to judge the performance of the method is the M, ,
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Figure 8.2: M, distributions of the Z — pu after embedding showing the impact of sys-
tematic uncertainties arising from Monte Carlo simulation. Ezxemplary the variation of the
electron energy scale and the muon momentum resolution are shown.

distribution. Since the M, distribution predicted by the embedding method agrees very
well with that of the Z — 77 — #¢ + 4v background, the impact of the discussed sources
of systematic uncertainties is smaller than the statistical uncertainty. As a conservative
estimate the systematic uncertainty will be estimated by the variation of the predicted M.,
distribution within its statistical uncertainty as will be explained in Section 8.2.3.

A further source of systematic uncertainties are the cuts chosen for the Z — up events
selection. Here the by far most sensitive cut variable is the muon isolation. It has been
observed that wrong settings could lead to deviations in the missing transverse energy
distribution and the transverse momentum distribution of the leptons. Whereas the M.,
distribution is mostly unaffected by the muon isolation setting it should be optimised in
data using cross checks. This can be done for example using embedding of Z — up events
to mimic Z — ee events or even Z — uu events itself, cf. Chapter 7.2.4. For this reason
the systematic uncertainty assigned to the Z — up event selection is assumed to be small
and therefore it is neglected.

Observable Relative uncertainty
Electron energy scale +1%
Electron energy resolution o(Er)®0.0073 - Er
Muon momentum scale +1%

Muon momentum resolution o (pt) @ 0.011py B 1.7 - 10*4p2T

Table 8.1: Estimated scale of systematic mis-measurements [1].

8.2.2 Background Estimation of the Top Quark Pair Production

Systematic uncertainties arise from the slightly different event kinematics of the control
sample compared to the ¢t background. The difference in the event kinematics can be
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caused by several effects. The dominant effect is the b-jet identification efficiency and in
particular the limitation of the b-jet identification to |n| < 2.5. Second the control sample
selection omits the central jet veto.

However, as the comparisons in Chapter 7.1 show these effects are small and not visible
within the available number of Monte Carlo events. As a conservative estimate the sys-
tematic uncertainty is estimated by the variation of the predicted M, distribution within
their statistical uncertainty as explained in Section 8.2.3.

In addition, the background events in the control sample lead to a distortion of the M,
distribution. The distortion due to the Z — 77 events are taken into account in the sig-
nificance calculation. The contribution of the signal events in the ¢f control sample is very
small and can be safely neglected.

8.2.3 Treatment of Systematic Uncertainties in the Likelihood

The general way to include systematic uncertainties into the profile likelihood formalism is
to modify the model including nuisance parameters that correspond to this uncertainty. As
discussed earlier only systematic uncertainties concerning the shape of the M, distribution
need to be considered. Since the background and the control sample distribution are in
good agreement, a possible systematic bias is smaller than the statistical uncertainty of
the current Monte Carlo samples. For this reason the shape is allowed to vary within its
statistical uncertainty.
To include the shape uncertainty the parameters of the parametrisation function of the
control sample are allowed to differ from the parameters of the parametrisation function
of the corresponding background. A nuisance parameter is introduced for each parameter
of the control sample. As an example, the parameter myz in the parametrisation function
Fz(Mrr;mz,021,022, Masym, Tasym) of the Z — 77 — L0+ 4v background control sample
is replaced by:

mhy, =mz+a . (8.10)

« denotes the nuisance parameter, its nominal value is zero. The likelihood is then multi-
plied by a Gaussian in « centred about zero: G(«,0,04,). The width of the Gaussian o,
denotes the uncertainty of the parameter myz. It is in this sense that the parameter my is
allowed to vary within its statistical uncertainty.

Extending this procedure to all parameters of the parametrisation functions of the control
sample result in the likelihood:

L(MTT|fH70) = LZ(Zcontrol‘é’/Z) X H G(O‘iaoaaai)

a; in dyz
X Ltf(tECOntTOl‘g_Zfa gZ) X H G(Oéj, 0, O'a].) (8.11)
o in Gy

x Ly s (signal candidates|0, 6;7,07) .

Here 9_"2 and 9_:’%— denotes the parameters of the parametrisation functions of the control
samples, and @z and &, are the additional nuisance parameters to account for system-
atic uncertainties. The values of the width o4, of the Gaussian G(«;,0,04,) are listed in
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Table 8.2. They correspond to the uncertainties of the parameters of the shape parametri-
sation, cf. Section 6.4.

Due to the additional nuisance parameters the model gets more flexible and the background
is less constrained by the control sample. This results in a lower sensitivity.

Parameter Value of o,

without pile-up | with pile-up

O 7.9 12.5

o 6.3 10

un 16 28

0, mly 2.1 0.9

074 0.7 1.3

09 5 4.9

My asym 11 2.3

. asym 7.2 2.5

f72.0 0.037 0.07

Table 8.2: Width o,, of the Gaussian G(w;,0,04,) which is multiplied to the likelihood to
account for the systematic uncertainty of the parameter i.

8.3 Results

The signal sensitivity is based on the used Monte Carlo samples and on the expected cross
sections derived after the application of the event selection, cf. Section 6.5. Uncertain-
ties related to the modelling of the signal and background processes and on the expected
cross sections are not taken into account. A incorrect modelling due to theoretical (e.g.
underlying event model, cross section) or experimental (e.g. jet reconstruction efficiency)
uncertainties, will lead to wrong signal sensitivities. For example:

e If the expected contribution of the ¢ background is estimated too small, the estimated
discovery potential is too large.

e A larger signal cross section than expected results in more signal events, which means
that the estimated discovery potential will be too low.

For these reasons, the expected signal significances are only valid, if the modelling of the
signal and background processes, which has been used in this thesis, is valid.

The profile likelihood ratio is used to evaluate the discovery potential for Higgs boson masses
My of 115,120,125,130 GeV. The selection cuts have been optimised for My = 120 GeV.
To obtain the profile likelihood ratio a maximum likelihood fit is performed twice using the
likelihood defined in equation (8.4). Once it is fitted without constraints and once with
the signal normalisation constrained to zero (fm = 0). In the fits the signal parameters
MH,OH1,0H,2, MH,asym» O H,asym are fixed to the assumed signal hypothesis by fitting the
signal pdf to the signal process. That means only one signal hypothesis is tested in the
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fit. If the signal hypothesis is not known a priori, e.g. my is allowed to vary in a certain
mass range, then several signal hypotheses are tested at once. In this case, the significance
calculation must take into account that an excess anywhere in the mass range could lead
to the rejection of the background-only hypothesis. This is commonly known as look-
elsewhere-effect [69,70]. To avoid these complications only fixed signal hypotheses are
tested.

Figures 8.3 and 8.4 show the results of the Asimov data for a Higgs boson mass of My =
120 GeV both without and with considering systematic uncertainties without pile-up. The
fitting results for all assumed Higgs boson masses are in appendix A. In the constrained
fit (fg = 0) it can be seen that the background shapes try to accommodate the excess at
120 GeV, but the background control sample prevents the variation. The incorporation of
systematic uncertainties leads to a drop in signal sensitivity from 3.80 to about 3.40. A
comparison of Figures 8.3 and 8.4 reveals a shift of the Z — 77 background pdf in the
histogram of the signal candidates for the constrained fit to higher values, when systematic
uncertainties are considered. This is a result of the more flexible model, which reflects the
weaker constraints of the background control samples due to systematic uncertainties.
Figures 8.5 and 8.6 show the results of the Asimov data without and with considering
systematic uncertainties with pile-up. Comparing both figures differences in the results of
the constrained fit (fg = 0) become visible. When considering systematic uncertainties the
background model can accommodate the signal excess in the constrained fit more easily.
This leads to a drop in signal sensitivity from 2.00 to about 1.7c.

Figure 8.7 shows the expected discovery significance depending on the assumed mass of
the Higgs boson. Without pile-up the highest discovery significance is obtained at My =
120 GeV. For higher masses the signal sensitivity decreases, because of the lower Higgs
boson production cross section. For lower masses the close-by Z — 77 — ¢ + 4v peak
causes the lower signal sensitivity. The incorporation of systematic uncertainties leads
to a significant drop in signal sensitivity of the order of 0.40. The signal sensitivity at
My = 115 GeV is more affected, because the more flexible model of the Z — 77 — £/ + 4v
background can more easily accommodate the signal excess at low masses.

The presence of pile-up results in a large drop of signal sensitivity. This is mainly caused by
two effects. Even with optimized selection cuts and the use of tools like the jet vertex tool
the signal selection efficiency decreases by about 20%, whereas the background rejection
is almost the same. However, the dominant effect is the worse resolution of the Efrniss
reconstruction caused by pile-up. This results in much broader M, distributions of the
signal and the Z — 77 — ¢ + 4v background. Hence the signal peak can no longer be
distinguished from the Z — 77 — #¢ + 4v peak, cf. Fig. 8.5 and Fig. 8.8.

For higher masses the separation between signal and Z — 77 — £¢+4v peak becomes easier,
which explains the increase of the signal sensitivity at My = 125 GeV. But, due to lower
Higgs boson production cross section the signal sensitivity decreases at My = 130 GeV.
As before the incorporation of systematic uncertainties leads to a further decrease in signal
sensitivity.
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Figure 8.3: Likelihood fit to the signal and background expectation (Asimov data) for My =
120 GeV without pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fi = 0. Top: signal candidates, middle: tt control sample, bottom.:
7Z — 17 — Ll + 4v control sample. Red line: Z — 11 — 00 + 4v pdf, green line: tt pdf, grey
line: signal pdf, black line: combined signal-plus-background pdf.
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Figure 8.5: Likelihood fit to the signal and background expectation (Asimov data) for My =
120 GeV with pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fi = 0. Top: signal candidates, middle: tt control sample, bottom.:
7Z — 17 — Ll + 4v control sample. Red line: Z — 11 — 00 + 4v pdf, green line: tt pdf, grey
line: signal pdf, black line: combined signal-plus-background pdf.
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Figure 8.6: Likelihood fit to the signal and background expectation (Asimov data) for My =
120 GeV including systematic with pile-up. The signal region and background control samples
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8.4 Discussion

The most recent results published by the ATLAS collaboration studying the discovery
potential of the process VBF H — 77 — ¢ + 4v at a centre-of-mass energy of 14 TeV
are [1]. Neglecting the effects due to pile-up, they achieve a signal significance of about
2.50 to 3.00 in the mass range 115 GeV < My < 130 GeV. By re-optimizing the selection
cuts these results are improved. This has already been shown by [56], who achieved signal
significance compatible with the results of this study.

In former studies the main concern about the presence of pile-up was the large increase
of the number of jets, which populate the pseudo-rapidity gap between the tagging jets
and spoil the central jet veto. For this reason methods, e.g. the jet vertex tool, have been
developed to separate the jets generated by pile-up from jets induced by the proton-proton
interaction of interest.

However this study shows that, even though these tools are used, the signal sensitivity with
pile-up is still worse than without pile-up, which is mainly caused by the degradation of
the resolution of the reconstructed E%liss.

To recover the signal sensitivity two solutions are possible:

e Improving the resolution of the M., reconstruction. This has been tried using a dif-
ferent E%liss definition, namely the calculation of EIT]rliss from the two leptons and the
tagging jets. The calculation of E%liss in this way is probably subject to systematic
uncertainties and needs to be validated using data. For this reason the method is ne-
glected even though it shows small improvements. Furthermore it has been observed
that in the presence of pile-up the reconstructed energy of jets is biased [71]. Ad-
justing the cuts applied on the calorimeter cell selection during the cluster formation
remove the bias. The application of this method on a signal sample did not show
any improvement of the resolution of the M., or Efl{liss reconstruction. According
to [72] a re-optimisation of the cell selection cuts in matter of the EXS resolution
could possibly gain some improvements of the resolution of the reconstructed E%liss.

e A calculation of the mass M, that is not that much affected by pile-up could be used.

Recently a new method to reconstruct the mass M, has been proposed [73]. Instead
of relying on the assumption of the collinear approximation additional constraints are
introduced by requiring the invariant mass of the neutrinos and the lepton for each
T-lepton candidate to be consistent with the 7-lepton mass. The most probable value
of M., is derived by minimising a likelihood function defined in the kinematically
allowed phase space.
Using this method a large improvement of the resolution of the reconstructed mass
has been demonstrated for inclusive H — 77 decays. The main reason for the im-
provement is that the assumption of the collinear approximation is often not valid
and thus has a large impact on the resolution of M, reconstruction. However, in case
of VBF H — 77 the collinear approximation is a valid assumption and the resolution
of the reconstructed mass is driven by the resolution of the Efl?iss reconstruction. For
this reason only a small improvement using the new mass reconstruction method is
expected.
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Chapter 9

Conclusion

After a long period of development and construction the Large Hadron Collider (LHC)
has started regular operation in November 2009. With the data recorded in 2010 the
first Standard Model processes are observed and their properties are used to verify the
performance of the detector and the Monte Carlo simulations. Now the time to probe for
new Physics processes has come and the first searches for the Higgs boson in the mass
range My > 140 GeV are performed [74].

As a preparation for the search of the Higgs boson at masses 115 GeV < My < 130GeV,
the presented study evaluates the expected sensitivity of the ATLAS detector to discover
the Standard Model Higgs boson produced via vector boson fusion (VBF) and its decay
to H — 77 — £¢ + 4v. The study is based on simulated proton-proton collisions at a
centre-of-mass energy of 14 TeV.

Special emphasis is placed on the development of background estimation techniques to
evaluate the dominant background processes Z — 77 and tt production using data control
samples.

The control sample to estimate the tf background is selected using the VBF analysis cuts
with inverted b-jet veto. Although slightly different event kinematics are observed, it is
shown that the control sample could be used to estimate the ¢t background.

The dominant background process Z — 77 is estimated using Z — pp events. Replacing
the muons from the Z — pp event with the decay products of simulated 7-lepton decays,
Z — 771 events are modelled to high precision. The kinematics of the 7-leptons are given
by the muons. For the replacement of the Z boson decay products a dedicated method
based on tracks and calorimeter cells is developed, validated and optimised.

A cut based event selection has been implemented to evaluate the discovery potential of
the Higgs boson. The analysis is performed with and without considering pile-up effects.
Higgs boson masses in the range 115 GeV < My < 130 GeV are considered. For the first
time the background processes are solely estimated by background estimation techniques
using data.

Without considering pile-up a signal sensitivity of 3o to 3.40 is achieved assuming a dataset
that corresponds to an integrated luminosity of 30 fb—!. This is a significant improvement
compared to the results obtained by [1].

For the first time the discovery potential is evaluated with a complete and consistent de-
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scription of pile-up. Pile-up leads to an increase of the number of reconstructed jets and
affects the characteristic jet signature of the signal process. In particular additional jets
show up in the central region of the detector and degrade the central jet veto. With the
help of inner detector tracks, jets, lying in the central region (|n| < 2.5) of the detector, are
assigned to vertices. In this way jets not originating from the proton-proton interaction of
interest are identified and the performance of the central jet veto is partially restored. Fur-
thermore, pile-up produces a large increase of energy depositions in the calorimeter which
degrade the resolution of the missing transverse energy reconstruction, and propagates into
a degradation of the resolution of the reconstructed mass. Due to pile-up a decrease of the
signal to background ratio by about 20% is observed. These effects lead to a significant
decrease of the signal sensitivity to about 1.70 to 1.90.

Although a loss of signal sensitivity in the presence of pile-up is not surprising, the drastic
decrease is unexpected and has not been predicted by earlier studies. In future studies this
can now be considered and new ways of improvement must be found.
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Figure A.1: Likelihood fit to the signal and background expectation (Asimov data) for My =
115 GeV without pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fi = 0. Top: signal candidates, middle: tt control sample, bottom.:
7 — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.



111

b R e L e e e e b R e 0 e e e e e
g s Signal candidates 1 i s Signal candidates 1
s Signal (M, =120GeV)] s Signal (M, =120GeV)]
® ¢ Z 11544y ] ® L Z 1o+ ]
) n i ] %) n ]
c 5F - c 5 =
o °r ] 5] F ]
> L J > L ]
[] L 4 [¢}] L B
° 4 - s A =
g 1oog ]
o C ] o L ]
S 3r . S 3r .
x - 4 X L B
o r ] o r ]
2 7 2 7

1 = 1y =

= coo b by T . ol b b Ly T .

%O 80 100 120 140 160 180 200 %O 80 100 120 140 160 180 200

M, [GeV] M., [GeV]

L L B L L
tt control sample
Signal (MH:lZOGeV)
Z 1T 1+4v
tt

R L L L R
tt control sample
Signal (MHzlzoGeV
Z 11 11+4v

tt

S
|

expected events @ 30 fb™
S

expected events @ 30 fht
D

Lo | Lo b b by L ol b b Py

%O 120 180 240 300 360 420 %O 120 180 240 300 360 420

M, [GeV] M., [GeV]

19 F T T L L L B ‘: :9 F T T ; T Lt L B ‘:
3 25:, Z - 1T control sample , 3 25; Z - 1T control sample ,
® i ® I i
‘2 20 ] % 201 ]
[ r ] [} r ]
> r ] > r ]
o L ] o L ]
[} - - &) L 4
(4] L 4 (] L 4
o L B o L B
3 10p . 3 10¢ .
55 7 51 7

Lo v b by g Ly 8 J Lo v b by by [ J

%O 80 100 120 140 160 180 200 %O 80 100 120 140 160 180 200

M, [GeV] M., [GeV]

Figure A.2: Likelihood fit to the signal and background expectation (Asimov data) for My =
115 GeV with pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fg = 0. Top: signal candidates, middle: tt control sample, bottom:
Z — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.
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Figure A.3: Likelihood fit to the signal and background expectation (Asimov data) for My =
125 GeV without pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fi = 0. Top: signal candidates, middle: tt control sample, bottom.:
7 — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.
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Figure A.4: Likelihood fit to the signal and background expectation (Asimov data) for My =
125 GeV with pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fg = 0. Top: signal candidates, middle: tt control sample, bottom:
Z — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.
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Figure A.5: Likelihood fit to the signal and background expectation (Asimov data) for My =
130 GeV without pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fi = 0. Top: signal candidates, middle: tt control sample, bottom.:
7 — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.
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Figure A.6: Likelihood fit to the signal and background expectation (Asimov data) for My =
130 GeV with pile-up. Systematic uncertainties are not considered. The signal region and
background control samples are fitted simultaneously. On the left: unconstrained fit, on the
right: constrained fit with fg = 0. Top: signal candidates, middle: tt control sample, bottom:
Z — 17 control sample. Red line: Z — 77 pdf, green line: tt pdf, grey line: signal pdf, black
line: combined signal-plus-background pdf.
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