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1 Introduction

Within the Standard Model of particle physics, developedhia second half of the 2D
century, interactions between elementary particles aserted well, using the concept of
local gauge theories. However, intrinsically these gabgeries do not yield any particles
with masses and can thus not explain massive elementaiglpabserved in nature. This
problem can be solved with the Higgs mechanism, explairtiegorigin of the masses of
particles, but also predicting one more particle belonginthe elementary particles of the
Standard Model, a Higgs boson. Although searches have loeelucted for some decades
now at several particle accelerators, neither any expatahe@vidence for the existence
of the Higgs boson has been found, nor could any other theglai@ing the masses of
elementary particles be established.

But besides the missing Higgs boson, several other probtemain that the Standard
Model cannot solve, such as the hierarchy problem, theenast of Dark Matter or the
unification of forces. To find explanations for these, nurmertheories evolved in the last
decades, building on and extending the Standard Model.

With the Large Hadron Collider at CERN, the highest enecgedirticle accelerator has
taken up work in 2009 and the search for a Higgs boson has bken to a new step. But
besides the Standard Model Higgs boson, lots of other neticlesrare looked for as well.
If any particle not fitting into the framework of the Standdiddel will be detected at the
LHC, itis clearly a sign for New Physics beyond the Standamtiil.

Supersymmetric theories can solve some of the problemstdred&d Model cannot.
The number of elementary particles in supersymmetric theas extended to about twice
as much as those known. They also bring along at least fivesHiiggons, two of which are
charged. Thus if a charged Higgs boson is discovered, tlaglefinite proof for as of yet
unknown physics.

To find evidence for New Physics or to exclude it, it is impatte understand the Stan-
dard Model background processes very well. In this theaisk@round studies and searches
for charged Higgs bosons are performed, using 35.5 plb data taken by ATLAS in 2010.

Light charged Higgs bosons, i.e. with masses less than fitaedop quark, are inves-
tigated. They are expected to decay to kpton and a neutrino for large fractions of the
parameter space, hence here it is assumed that they dedag channel only. With the
charged Higgs boson coming from a top quark pair decay, treasire of the signal pro-
cess includes alepton, missing transverse energy because of the neuthreh\ywasses the
detector without leaving a trace, and at least four jetspacting for aw boson decaying
hadronically and twd» quarks resulting from the top quark decays. The signal 8etefor
this channel has been optimized and is presented in detim&ting the Standard Model
background in a data-driven way, it can be split up into défe contributions: electrons,
muons or jets faking leptons, QCD multi-jet events and events containing trieptons.
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Processes including trueleptons are investigated using a so-called embedding icpodin
The selection for events entering the embedding is optieharel results are compared to
simulation and collision data. Systematic uncertainties th the embedding are studied.
Other background contributions have been investigatedhsr ATLAS members and are
quoted here for completeness. Results from these dataerdestimates are compared to col-
lision data. Subsequently, a limit on the production of gedrHiggs bosons in top quark
decays is derived.

This thesis is structured as follows:
First, an overview on the Standard Model is given, includimg Higgs mechanism. Prob-
lems of the Standard Model are addressed and the minimatssupmetric extension is
discussed briefly. In the following chapter, the ATLAS déte@t LHC is described. The
signal process and important backgrounds are presentedjmer 4. The object reconstruc-
tion algorithms and identification criteria used are suninearin chapter 5. The following
chapters present the main analysis: In chapter 6, the ssgtetdtion is described. The opti-
mization of the signal selection in the channel investigadeshown. Background processes
including truert leptons have been studied thoroughly. The method emplayetlit, com-
parisons of simulation and collision data and final resukkgesented in chapter 7. Finally,
an upper limit on the branching ratioc— H b for the signal channel is extracted in chapter
8. A summary of the results obtained is given in chapter 9.



2 Theory

2.1 Introduction

Over the last fifty years quantum field theories evolved, desg all interactions but
gravity. The combined theories describing electromagneteak and strong interactions
are called the Standard Model of particle physics. The edestak theory developed by
Glashow, Salam and Weinberg [4] describes electromagartioveak interactions while
guantum chromodynamics (QCD) [5] describes strong intenas. In the Standard Model,
all matter consists of quarks and leptons, which are fermisith spins= 1/2. Forces
between them are mediated by gauge bosons withsspifi. Quarks and leptons appear in
three generations, summarized in Table 2.1. While leptany integer electric charge;1

in the case of electrons, muons an¢eptons and 0 in the case of neutrinos, quarks carry
fractions of electric charge. Up-type quarks cagr 2/3 and down-type quarks= —1/3.
For every particle shown in Table 2.1 an antiparticle exigth exactly opposite quantum
numbers.

Ordinary matter consists of u- and d-quarks and electrohs Quarks and leptons are
assumed to be truly elementary particles, since so far nstitoents have been found. Elec-
tromagnetic processes are mediated by photons. Thereraeelibsons for weak interac-
tions,Z bosons if the process is electrically neutral &4d andW— bosons for electrically
charged processes. PhotoWé,andZ bosons result from a combinédi(1)y x SU(2);,,*
symmetry, that is broken ld(l)qz. Finally, eight gluons are the carriers of the strong force,
emerging from the requirement of a lo&l(3)c3 symmetry.

| 15tgeneration 29 generation 9 generation

up charm top
rk
RUaTS | down strange bottom
Leptons electron ) muon () tau lepton {)
e neutrinove [ neutrinov,, T neutrinov;

Table 2.1: Overview of the three generations of matter.

The following introduction can only give a brief overviewdas based on [1, 2, 3].

1y is for hypercharge anigy represents the weak isospin, the conserved charge of wisadtions
2q represents the electric charge
3C is for color, the conserved charge of strong interactions
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2.2 Interactions in the Standard Model

Weak interactions can be splitinto neutral and chargecatiprocesses. The gauge bosons
W* andZ are massive, witim,: = 80.4 GeV andm; = 90.2 Ge\/.

For leptons, th&V bosons only couple to fermions of the same generation. lodke of
quarks, intergenerational mixing occurs.

Charged weak interactions can be described by a (V-A) thewmegning that the coupling
of the W bosons to quarks and leptons involves a term combining axidlvector type
coupling. This leads to parity violation and because veatwt axial vector components of
the coupling are of equal strength, the violation is maximal

In contrast to charged weak currents, no flavor changingaleturrents at tree level have
ever been observed. That is, tAdboson couples only to leptons and quarks of the same
kind and generation. Unlike the coupling in charged weakraxttions, axial and vector
components are not of the same strength for the couplizgbafsons. They depend on the
electric charge and hypercharge or weak isospin of thegbesti

Electromagnetic and weak interactions can be combined aadritted by one theory,
usually referred to as ’electroweak unification’. Since yauge groups with two coupling
strengths remain, however, it would be more appropriatdessimisleading to call it 'elec-
troweak combination.’

Charged weak currents only couple to left chiral fermions Jéft and right chiral fermions
participate equally in electromagnetic interactions. §fermions of different chirality are
arranged in singulets and doublets, shown in Table 2.2. gtieovn in this table are charge
g, weak hypercharg¥ and the third component of the weak isoslﬁp The following
relation holds for charge, hypercharge and weak isospin:

Y
q:§+|\,3\, (2.1)

Quantum chromodynamics (QCD) describes interactions detwjuarks mediated by
massless gluons. Quarks appear in three different coltessteed, green and blue, or the
corresponding anticolor for antiquarks. Gluons carry comations of color and anticolor.
The strong force becomes weak at very short distances,nigadiso-called asymptotic
freedom. In the opposite direction, this implies that theédbecomes stronger as distances
increase, which causes confinement. Quarks never occue@gpdirticles. They appear in
colorless combinations only: in mesons, quark-antiquamkibinations carrying color and
anticolor and baryons, three-(anti)quark and (anti)cotonbinations.

The color/anticolor combinations of gluons can be writteraacolor octet. Due to con-
finement, free particles have to be color neutral and thusnglwf the octet do not occur as
free patrticles.

4Here and whenever else units appea#,h = 1 such that all units can be expressed in eV oreV
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Quarks
generations q Y g
singulets Ur Cr ty 2/3 4/3 0
’ o S b -13 213 0
doublets [ Y c t 2/3 113 112
d/, s /| b)) U3 U3 -1/2

Leptons
generations q Y g
singulets & " . 1 5

Ve Vi Vi 0o -1 12
doublets < e )I ( H )| < T )I 1 -1 -2
Table 2.2: Arrangement of fermions into doublets and siegulElectroweak quantum num-
bers are shown as well.

2.3 Gauge invariance

All elementary particle interactions in the Standard Madhet be described by local gauge
theories. That is, the Lagrangian densi#yis invariant under global and local gauge trans-
formations, implying conservation of physical quantitids an example for a fermion field
one can use the Dirac Lagrangian for a free particle.

£ = i@yuo* P —mipy (2.2)
It is invariant under global (1) gauge transformations
Y—e 9y (2.3)

but not under local ones .
Y—e "Wy (2.4)

From the derivativé, {/, a new term enters the Lagrangian, breaking the gauge ameei
Oy — €989, +ie ™o, a (2.5)

To keep local gauge invariance, the derivatives have tofdlaced by covariant derivatives
oy — Dy = 9y +ieAy, making it necessary to introduce a new vector figldthat couples
to the Dirac particle (charge -e) and transforms like
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The vector fieldA, can be regarded as the photon field if a term corresponditgtkinetic
energy is added to the Lagrangian.

L = @liyH o, —m)w+ePyH A P — 1/4F,, FH (2.7)

In electroweak interactions, the Lagrangian is given by

1 1
XEW — _ZW“V W“V - ZB“VB“V

J

v, W=, Z kinetic ener&es and self interactions
— 1 Y — ./ Y
+LyH (Iﬁu — gETWN —g EB“) L+ Ry# <|d“ —g EB“) R

quark and lepton kinetic energies and their interaction wiw=+, Z

(2.8)

wheret stands for isospin and for hypercharge. Applied to electroweak interactions, the
gauge transformations for left- (right)-chiral comporseate

X — XI/ _ eia(x).T+iB(x)YX|

Yr — ‘1Ur/ = eiB(X)YL.Ur (29)

Here, T andY are the generators of t8U(2) andU (1) groups, thex, are the lepton
doublets andJ; the lepton singulets.

In this Lagrangian 2.7, adding a mass terf2 Im?A, A* for the photon is prohibited due
to the local gauge invariance. This works well for QED, asghetos is massless.

However, for weak interactions this principle seems to lwdated. Since th&®/ andZ
bosons are clearly massive, an additional field in the Lageanhas to be assumed giving
masses to the/ andZ bosons, the electron, muonand quarks while rendering the photon
massless. Introducing an ad hoc mass term into the Lagranigiasity of weak interac-
tions destroys the gauge invariance and hence renormiilizalithout renormalizability,
no precision prediction of e.g. cross sections is possibieorder to incorporate masses
of theW andZ bosons into the Standard Model while retaining the gaugensgtny, the
Higgs mechanisRj6] was developed. Th&U(2),, x U(1)y of electroweak interactions
will consequently be broken 1d (1)o.

2.4 Mass generation and Higgs mechanism

If one starts with the Lagrangian

1 1 1
Z = 5(0u0)(0"9) + éuzcoz — Z/\Zcp“ (2.10)

Sor Englert-Brout-Higgs-Guralnik-Hagen-Kibble mechanis
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whereg is a scalar field angt andA are constants, the second term looks like a mass term,
but the sign is wrong. But for this Lagrangian, the groundesisinotg = 0. To find the
ground state, one has to find the minimum of the potertiak —3p2¢? + 2A2¢*. The
minimum is found to be u

w==+5 (2.11)

Thus,.Z can be rewritten depending on a different field variaple (pi%

1 1
2 = 2 (3un)(0%n) — K2+ pAn® — A%+ (12 /M) (2.12)

Here, the second term has the correct sign to be a mass terenthifth and fourth terms
represent couplings of three and four particles and thetéftim is a constant.

While the Lagrangian in Eq. 2.10 was invariant under tramségions asp — —¢, the
Lagrangian in Eq. 2.12 is not even. Although the Lagrangias symmetric in the be-
ginning, this symmetry is lost when choosing one specifizigdostate to work with. This
is often referred to as spontaneous symmetry-breaking.sysiem’s symmetry, which is
discrete in this example, is hidden by selecting one spagifiand state.

A Lagrangian with spontaneously broken continuous symyretuld look like

= 2(0,0)" (00) + K20 0) — (09 (2.13)

where two fieldsp, and@, have been combined into one complex figle- ¢, +i@. Here,
@ is invariant under global (1) gauge transformationg,— €2 ¢. As before, a gauge field
A, and covariant derivatives have to be introduced to makedtilp gauge invariant as well.
If @is splitup in its real and imaginary parts,

@ — ¢ = (cosb +isind) (@ +ig) (2.14)

and 8 is chosen a®¥ = —tan(@/@), @ will vanish (giving an additional degree of
freedom to the massive particle) aptthus be real.

With this choice, the Lagrangian will render one massiveigar the 'Higgs’ boson (the
Lagrangian used here is only exemplary), and a massive dalgd, ;.

1 1 qu
_ [ = u 412K 2 uv u
g_(z(aun)(a n) “”,)+(16 = FNV+Z(A)A,JA )

massive ggalar particle free gauge field with mass
y L 1 2\ (2.15)
2 2,2 3 2,4
A AHY = A AR — A —=A —
+( Seniaa + gz - aun® - a2 ) (b )
~ - ~
termdefining couplings constant

The mechanism described above employing an example Lagrangn be applied to
the electroweak Lagrangian density. The scalar Higgs fielthé Standard Model can be
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written as

[ D3+idy
o= < o i ) (2.16)

Here, thed; are real, the hyperchargfeis 1 and the weak isosply = 1/2. This presenta-
tion is the simplest that satisfies the requirements, suthase of the symmetry breaking
described below. The Higgs mechanism yields a possibiitgxplain the masses ¥
andZ bosons as well as those of the fermions, while the photonirsmmassless. Fur-
thermore, it renders a massive scalar particle, the HiggsroSince the ground state of
the Lagrangian shows (1)q symmetry but notJ (1)y x SU(2),,,, the scalar Higgs field
has to have non-vanishing components of weak isospin andrblyarge butj= 0. The

U (1)y x SU(2),, symmetry of the electroweak theory is thus brokeb {d)o.

With the Higgs potential being of the form
V(®) = — 2 4 A (O* D)2 (2.17)

whereu? > 0 andA > 0, the ground state of the potential is foundfd = p?/2A. ltis
referred to as vacuum expectation value, usually calledu/v/A.

For leptons, the same Higgs doublet can be used to geneeatestbses as for tiW and
Z bosons. By entering a8U(2) x U (1) gauge invariant term such as

whereA represents a Yukawa coupling for the first lepton generatitmthe electroweak
Lagrangian and spontaneously breaking the symmetry, tegpresenting the coupling of
leptons (here the first generation) to the Higgs boson appear

For quarks, the same mechanism can be employed, but anatjgs ¢tbublet with oppo-
site hypercharge has to be constructed fionp®. = i7,® for generating masses of up-type
quarks, wherg is an isospin matrix.

Although the Higgs mechanism only yields a way to explainadhgin of masses and it is
not possible to predict any of them, including the mass ofHlggs boson itself, relations
between masses can be given:

szvg
My = v 9’2+g (2.19)
My = vv 2A

Here,g andd’ are the coupling constants fradgtJ(2),,, andU (1)y. The masses of the gauge
bosons and fermions are proportional to the vacuum expectaalue times the Yukawa

couplings. The mass of the Higgs boson is the only unknowarpater in the Standard

Model.

The couplings of fermiondH{ f f) and gauge bosonslyV, whereV stands foWW* or Z)
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to the Higgs boson are given by

m 2
OHff = Tf andgnvy = T”‘e/ (2.20)

2.4.1 Constraints on the Standard Model Higgs boson

From theoretical arguments, the mass of the Standard MadgkHboson has to be less than
850GeV .
The vacuum expectation value and hence the mass of the Higgs lis constrained by

% = % = Vv=246GeV (2.21)
where Gg is the Fermi constant. Although the Higgs mechanism wasldped in the
1960s, no experimental evidence for a Higgs boson could dredfap to date.

In Figure 2.1, a fit of all Standard Model parameters to presimeasurements is shown.
From the minimum of the parabola one can extract that a ligggsiboson seems to be
favored in the Standard Model. An upper limit on the Standdodiel Higgs boson mass of
161 GeV at a 95% confidence level results from the fit.

At LEP, a Higgs boson lighter than 114.4 GeV could be excluaked 95% confidence
level [8] and the Tevatron experiments excluded a mass raeiyeeen 156 and 177 GeV as
well as between 100 and 108 GeV [9] at a 95% confidence levalyisim Figure 2.1.

Just recently, the CMS and ATLAS collaborations at the LHCleded further mass
ranges for the Standard Model Higgs boson, shown in Figuzsad 2.3. CMS ex-
cluded the mass ranges between 149-206 GeV and betweed8@e¥ at a 95% confi-
dence level. Similar ranges, between 155-190 GeV and 29%54% have been excluded
at a 95% confidence level by the ATLAS collaboration.

2.5 Beyond the Standard Model

Although the Standard Model has met most precision testarg@ddr latest results see e.g.
[7]), there are a few problems it provides no answer and wwiuo [13].

First, the Standard Model is based on the product of thregeggaymmetries (accounting
for strong, weak and electromagnetic forces) with sepa@teling parameters. This sym-
metry combination seems to be arbitrary and an underlyimgnsstry is expected, which
combines all forces within one single gauge group. In tha&ied Model the coupling con-
stants of the electromagnetic, weak and strong forces, tdmaeet. Thus &randUnified
Theory (GUT) [14] based on one gauge group and involving omglaty constant only is
not possible in the Standard Model.

Inthe last years, it has become clear that most matter imiverse is non-luminous, non-
baryonic matter. It does not consist of any of the particlestioned above appearing in the
Standard Model. To explain this abundance of so-called Diter, a new massive particle
that is electrically neutral, non-relativistic and onlyryeveakly interacting is needed [15].
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6 July 2011 m;. = 161 GeV

. yu
5 38 Do, = ]

: — 0.02750+0.00033
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Figure 2.1: Fit of Standard Model parameters to precisioasuements (parabola) and
excluded mass ranges of the Standard Model Higgs boson at@bfidlence level. Masses
below 114 GeV have been excluded by the LEP experiments, #ss nange between 156
and 177 GeV by the Tevatron experiments (yellow areas) [10].
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Figure 2.2: Upper limit on the Standard Model Higgs bosorpotion cross section divided
by the SM expectation extracted by the ATLAS collaboratidfherever the solid black line
dips under the dotted gray line, the corresponding Higgshaosass is excluded at a 95%
confidence level [11]
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z CMS Preliminary, \s = 7 TeV ' [—a—CL, Observed
Qo\" Combined, L =1.1fb" E= CL_ Expected+ 1o
bg 10 e Clg E)-(pected t20
— == Bayesian Observed
E |
—

EY
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Figure 2.3: Upper limit on the Standard Model Higgs bosorpotion cross section divided
by the SM expectation extracted by the CMS collaboration.ekter the black solid line

dips under the red solid line, the corresponding Higgs baosass is excluded at a 95%
confidence level [12]

A third problem is the so-called fine-tuning or naturalnesskfem [16]. In the Standard
Model, divergences that are quadratic in the cut-off scab®ye which the theory is not
valid anymore) appear when calculating radiative coroastito the Higgs boson mass. If
the cut-off scale is chosen to be the GUT scale, the mass dflihhgs boson will be of
this order, around 28 GeV. To avoid this, very finely adjusted parameters are re:eHeis
fine-tuning appears to be unnatural.

Supersymmetric (SUSY) extensions to the Standard Modehddress these issues [17].
The Minimal Supersymmetric Standard Model or MSSM is onesjioléty of a supersym-
metric Standard Model extension [18]. In supersymmetrgong are related to fermions
and vice versa: for each quark and lepton from the StandaakeMsquarks and sleptons are
added with the same properties as their 'partner partiblesnteger spin. For leftchiral and
rightchiral fermions, supersymmetric partners are ada@padusitely. They are still referred
to as chiral, although they have integer spia 0. For each gauge boson, a fermionic part-
ner is added. Standard Model particles and their supersynenpartners are combined in
superfields. In supersymmetric theories, up-type quarkaasbe given masses by means
of a conjugate Higgs field, making the introduction of a secétiggs doublet with hy-
percharge¥ = —1 necessary. Furthermore, the supersymmetric partnehedirst Higgs
doublet spoil the cancelation of so-called gauge anomg@l#s In the MSSM, this problem
is fixed by the introduction of the second Higgs doublet.

The coupling constants of the electromagnetic, weak andgtiorces meet in supersym-
metric models such that a GUT would be valid at abodfBeV. If R-parity is introduced, a
symmetry enforcing conservation of baryon and lepton nustadightestsupersymmetric
particle (LSP) that is stable appears. This LSP is a naturadidate for Dark Matter. The

11
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naturalness problem is solved in supersymmetry becausedpeorrections leading to di-
vergences are canceled exactly. No fine-tuning is needbhd BUSY mass scale is at a few
TeV.

If supersymmetry were an exact symmetry, the supersymarrticles should have the
exactly same masses as their Standard Model partners. &ncerresponding particles
have been detected so far, supersymmetry (if it is realimathture) cannot be exact but
must be broken. The masses of supersymmetric particlesxpeeted to be greater than
those of the Standard Model particles. However, to solvéidearchy problem of the Stan-
dard Model, the supersymmetric particles may not be tooyhdawthermore, no quadratic
divergences in the Higgs boson mass should appear and gawgence and renormaliz-
ability should be kept. Since so far no dynamical way has lbeend to break SUSY, the
SUSY-breaking terms can be introduced manually. Thus therance of the mechanism
breaking SUSY can be evaded by adding parameters. The MS8iisf these manually
SUSY-broken theories. Without further constraints, 10apeeters appear in the MSSM,
in addition to those of the Standard Model.

2.5.1 Non-minimal Higgs scenarios

The following introduction can only give a brief overviewmdn-minimal Higgs scenarios,
especially to charged Higgs bosons which are of interestarfdllowing analyses. Further
information can be found in e.g. [13].

The Higgs sector of the MSSM is a so-called Type II-2HDM. 2HDbte means 2 Higgs
Doublet Model, an unspecific Higgs potential that is conmgatith gauge invariance. The
type refers to the mass generation of fermions: in Type |l e®dhe masses of isospin
down-type fermions are generated by one Higgs field and thiasespin up-type fermions
by the other Higgs field. The doublets consist of complexasdatlds that have opposite
hyperchargey':

0 +
Hy = ( H ) WithYe, = -1 Hp— ( " ) WithYe, = +1  (2.22)
1 2

After electroweak symmetry breaking both fields obtain a-wanishing vacuum expec-
tation value. The vacuum expectation values of the neutlaldiare

(HY) = V712 and(H9) = V722 (2.23)
The relation 1
(V+V3)2 =v2 [ o (2.24)

wherev is the Standard Model vacuum expectation value holds.

The parameter tgbis defined as
V2

tanB = e (2.25)

12
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The complex scalar fieldd; andH, have to be developed around the vacuum into real
and imaginary parts in order to get the physical Higgs fietdsraasses. Three of the eight
degrees of freedom of the Higgs doublets give masses td/thendZ- bosons, just as in
the Standard Model. But other than in the Standard Modelpnetbut five Higgs bosons
are left: three electrically neutral ones, usually caliedd andA, and two charged ones,
calledH* andH~.6 The Higgs bosons andH are CP-odd whiléA is even under CP
transformation.

In the MSSM, the supersymmetric partners of }h&V, Z and Higgs bosons will mix to
so-called neutralinos and charginos.

Due to the supersymmetric structure, constraints are iggphos multiple parameters,
resulting in only two completely independent ones. Theeaugually taken to be tghand
mp or my+. Also, a strong hierarchy exists in the mass spectrum, afthenasses are not
fixed to any values but rather depend on each other and Sthhttatel particle masses.

The charged Higgs bosons are obtained from a mixing of thegeldgparts of the Higgs
doublets.
H* = —sinB-H{ +cosB-H (2.26)

In the MSSM, their mass is constrained at Born level by

My+ = /Mg, + Mx (2.27)

The mass of the lightest Higgs bosan, is constrained to be less than the mass ofahe
boson, but can be lifted up te 140 GeV due to radiative corrections.

In the MSSM, the coupling of charged Higgs bosons to fermi@nproportional to
mytanB + mycotf, where them,q stand for up- (down-)type quark masses, respectively.
Thus if tanB > 1, the coupling of charged Higgs bosons to isospin down-fgpaions is
enhanced while that to up-type fermions is suppressed. dingiag tob quarks e.g. is then
very strong for large taf.

For the decay of charged Higgs bosons, the branching afosto quarks or leptons in
dependence of the respective massesAatke given by

BR(H* — ud) O nécof B + nitar? B

BRHT — lv)) Onétar? B (2.28)

Hence for the branching ratio of charged Higgs bosons inptotes, it is expected that
mostly decays involving leptons andv; occur. For a light charged Higgs boson, i.e.
my+ < Mop andH™* — tbis thus kinematically not allowed, the decay chartiél— csis
important if tanB3 < 1.

SFor the rest of this thesidi* always refers to both charged Higgs bosons such that clamjegate
processes will always be implied if not named explicitly.
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Figure 2.4: Exclusion limits on the branching ratie: H*b depending on assumed charged
Higgs boson masses from the DO experiment at Tevatron [2it]the decayH™ — v =1
Is assumed.

2.5.2 Results on charged Higgs boson searches from earlier
experiments

Earlier experiments, such as those at LEP or Tevatron, hetvensits on the masses of
charged Higgs bosons. So far, no excess of data over the @thiMbdel background
expectation has been observed at any experiment in chaiiggd bloson searches.

From LEP, a constraint omy+ for general 2HDM oimy . > 78.6 GeV results [22].

Upper limits have been set on the branching ratie H*b assuming different masses
and decay channels of the charged Higgs boson by the Tevatpamiments. In Figure 2.4,
the exclusion limits on the charged Higgs boson mass fronbthexperiment are shown.
Them'® scenario [23] is assumed in this plot.

This MSSM benchmark scenario is characterized by the paeambeing chosen such
that depending on tgh, the maximum possible Higgs boson mass is obtaineld ¥ath ma
set to the maximum value of 1 TeV. Depending on the chargeds-tigson mass, branching
ratiost — H™b up to about 20% were excluded with data corresponding to t@grated
luminosity of 1 fb! assumingd* — v = 1.

Just recently, the CMS collaboration has published newtdiran the branching ratio
t — H™b. In Figure 2.5 they are shown for different masses of thegathHiggs boson
assumingH™ — tv = 1. Branching ratio$ — H™b up to 4-5% have been obtained in a
mass range 8& my+ < 160 GeV.
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Figure 2.5: Limits on the branching ratie—~ H*b assuming BRH™ — tv = 1) at a 95%
confidence level (left) and the corresponding exclusiomoregn the tar3-my+-plane as-
suming them{"® scenario, extracted by the CMS collaboration [24].
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3 The ATLAS detector at LHC

3.1 The LHC

The LHC (LargeHadronCollider) is a particle accelerator at CERN near Geneva, 2t
land. Situated in the former LEP (Large Electron-Positrali@er) tunnel it measures
about 27 km in circumference. It can be run in two modes, eitdiding high-energy
protons or heavy ions. With a design center-of-mass endrijg eV, it pushes the frontier
of high energy physics to a new limit. Not only should a HiggsBn be found here (if it
exists), but the potential is offered to rule out or confirmdels describing physics beyond
the Standard Model at the TeV scale.

The four major LHC experiments are placed in caverns 50 tonibs@derground: AT-
LAS, CMS, LHCb and ALICE, illustrated in Figure 3.1. While ARARS and CMS are
multi-purpose physics experiments, LHCb and ALICE are speed in studying b- and
heavy ions physics, respectively.

Overall view of the LHC experiments.

Figure 3.1: Overview of the LHC and major experiments [25].

In 2008, the first beams circled the LHC, but after an accidepdirs made it necessary to
shut the machine down for about a year. On Novemb&t, 2B09, first collisions were ob-
served at a center-of-mass energy of 900 GeV. In March 2@ilisions at a center-of-mass
energy of 7 TeV were achieved. Starting off with proton-protollisions at an instanta-
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3 The ATLAS detector at LHC

44m

25m

LAr hadronic end-cap and
forward calorimeters

Pixel detector

Toroid magnets LAr eleciromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker

Semiconductor tracker

Figure 3.2: The ATLAS detector [28]

neous luminosity of 80?°s 1cm~2 in March 2010, LHC was operated until December
2010, reaching a luminosity of 2032s-1cm~2 in October before a heavy-ion run started
and a winter break was taken [26]. In March 2011, operatiositaken up again. During the
proton-proton run in 2010 an integrated luminosity of 42 8p#~! of data was delivered
to the different experiments [26], with ATLAS recording atv@5 pb ! [27]. It is planned

to keep the current LHC run at 7 TeV in 2011 and 2012, before jamu@grade will make

it possible to run at the design center-of-mass energy o4 T

3.2 The ATLAS detector

ATLAS (A Toroidal LHC Apparat) [28] is one of the two general-purpose physics ex-
periments at the LHC, shown in Figure 3.2. It measures 44 rangth, 25m in diameter
and weighs about 7000 tons.

The coordinate system used to describe processes in the &Tetector is centered
around the nominal interaction point, which is defined agiori The positivex-axis is
defined as pointing from the interaction point towards th@eeof the accelerator ring, the
positivey-axis as pointing upward towards the surface andzhgis is defined as the beam
direction such that a right-handed coordinate systemtsesul

The polar anglé is measured from the beam axis whiethe azimuthal angle, is mea-
sured around the beam axis. The pseudorapiglity defined byn = —Intan(6/2). The
angular distance in an-@-spaceAR, is given byAR = +/(An)2+ (Ag)2.
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3.2 The ATLAS detector

impact parameter 85<|n| <0.50 150< |n| < 1.75
ox () [um] px [GeV] ox(e«)[um] px[GeV]

transversedp 10 14 12 20

longitudinal:zgsin@ 91 2.3 71 3.7

Table 3.1: Track-parameter resolutions expected at iafiransverse momentum apg for
two || regions, corresponding to regions in the barrel and end-daprmula to calculate
resolution corresponding to a certain transverse momergiven in the text. Values are
shown for pions. Table adapted from [45].

High energies and particle densities at the LHC make it reaggdor the detector to be
extremely resistant against radiation to avoid damage.dfe& electronics must be fast
in order to cope with the interaction rate, which will be abdQ MHz at a luminosity of
10%3cm~2s~1. As most of the collisions yield uninteresting processesigaer system is
implemented to reduce the rate of events that are saved fiilvefuanalysis. Precise re-
construction of particles requires high detector grarniyland good momentum resolution.
These demanding requirements determined the design oifteeedt parts of ATLAS.

3.2.1 Tracking detectors

The Inner detector (ID), consisting of several trackingedtdrs, is the most central part
of ATLAS, illustrated in Figure 3.3. It is important for prse momentum measurement,
reconstruction of track parameters and reconstructiorriaigry and secondary vertices.
Secondary vertex reconstruction is especially importanbftagging (see chapter 5.)

The ID encloses the beam pipe and is immersed in a 2T magnetic fienerated by
the central solenoid. It consists of pixel and silicon matrip trackers (SCT), especially
important at small radii, combined with a transition rashattracker (TRT) which covers
a range up tdn| < 2.0. Each of these parts is made up of a barrel region, wheré pixe
and SCT detectors are placed concentrically around the lee@nwhile the straw tubes
of the TRT run parallel to it, and two end-caps with radiallpumted detectors. Together,
they provide the fine granularity needed for precise monmardad vertex measurements
(0p /pr = 0.05%pT @© 1%) in a range up tn| < 2.5.

The resolution of the longitudinal and transverse impacapeterszysin@ anddy, ox,
whereX is eitherdg or zpsin@, depends o |, is a function of the transverse momentum
pr and is given byox (pr) = ox (%) (14 px/pr). Here,ox () is the resolution of the track
parameter expected at infinite momentum @rds a constant and represents the transverse
momentum for which multiple-scattering and intrinsic terare equal for the track param-
eter considered. The corresponding values for two psepabiyaregions corresponding to
barrel and end-caps are given in Table 3.1.
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Figure 3.3: The inner detector [28]

3.2.2 Calorimeters

The ATLAS calorimeter system is shown in Figure 3.4. The\idlial components are
optimized for measuring several quantities.

Electromagnetic calorimeter The electromagnetic calorimeter uses lead - liquid Ar-
gon sampling technology, and is optimized for measuringethergy of photons and elec-
trons very precisely. This is made possible by the fine geaityl It is divided into a barrel
part, which is itself divided into two identical half-balsgcovering a pseudorapidity range
up to|n| < 1.475 and two end-caps, each consisting of an inner and anwhésl, covering
the range B75< |n| < 3.2. The electromagnetic calorimeter is built of accordibagsed
electrodes and lead absorber plates, guaranteeing a dersptametry ingp. The lead ab-
sorber plates have been optimized in thickness with respectergy resolution, reaching a
resolution ofog /E = 10%/+vE @ 0.7%. The granularity of the electromagnetic calorimeter
depends on the layer and pseudorapidity range. Values éogrémularity inAn x Ag lie
between 025/8 x 0.1 and 01 x 0.1 and are similar for barrel and end-caps.

To compensate energy that electrons and photons lost apstethe calorimeter, a pre-
sampler detector is added in the regjgn < 1.8 in the barrel. It consists of an active liquid
Argon layer.

Hadronic calorimeters ~ The hadronic calorimeters have a coarser granularity than t
electromagnetic calorimeter, fulfilling the needs for nestouction of jets and measurements
of missing transverse energy. The barrel part of the hadroallorimeters consists of a
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3.2 The ATLAS detector

Tile barrel Tile extended barrel

LAr hadronic
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Figure 3.4: The calorimeter system [28]

tile calorimeter around the barrel of the electromagnegiorimeters and two extended
barrels covering a largén |-range. Scintillating tiles are used as active materialevteel
plates serve as absorber. The barrel and extended barr dw region inn| < 3.2.
The hadronic end-cap calorimeter (HEC) and forward caleten (FCal) both use liquid
Argon as the sensitive material. Copper plates are usedsastays in the HEC and both
copper and tungsten are used in the FCal. The HEC is made wpooivheels in each
end-cap with the FCal in the center, right around the beara.piphe part of the FCal
closest to the interaction point measures mostly electgorigc interactions, while the other
two parts have been optimized for hadronic measurements. tDthe chosen geometry,
with some parts of calorimeters overlapping with othersharmg cryostats, uniformity
of calorimetric coverage is improved. The forward calotienextends the pseudorapidity
range ton| < 4.9. For the barrel and end-cap calorimeters, an energy tt@sohf og /E =
50%/+/E & 3% is achieved while for the FCals thisdg /E = 100%/+/E & 10% for jets.

The resolution of the missing transverse eneEjV,SS; depends on the transverse energy
sum,>Er and follows a functiomE@ss: a-v2E7 if 20 < ZEt < 2000 GeV. Values foa
vary between 0.53 and 0.57.

3.2.3 Muon system

Measurement of muon tracks and momenta relies on the bepadivgr of the magnetic
field generated by superconducting air-core toroids. Oribede toroids with eight coils
covers the barrel region, two more systems of eight coilsh @arpendicular to the first one
provide the magnetic field in the end-caps. The coils in edd¢hesystems are arranged
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3 The ATLAS detector at LHC

symmetrically around the beam axis. Those in the end-capd®are rotated with respect
to the barrel coils. Because of this geometry, the magnetid f orthogonal to the muon
tracks. The muon system is presented in Figure 3.5.

Monitored Drift Tubes (MDTS) are installed over a pseudaldy range up to|n| <
2.7 for precise measurement of the muon track coordinateslaFge|n|, Cathode Strip
Chambers (CSCs) are used as well, covering a rar@e: 2n| < 2.7. The chambers for
measuring muon tracks all exist threefold, in the barrelaegn three layers arranged
cylindrically around the beam axis and in the end-caps oeetthayers perpendicular to
the barrel. In the muon system, a momentum resolutioo,pf pr = 10% is achieved for
muons withpy = 1 TeV.

The muon trigger system consists of two parts: ResistiveeRIhambers (RPCs) in the
barrel (n| < 1.05) and Thin Gap Chambers (TGCs) in the end-cap85(% |n| < 2.7,
|n| < 2.4 for triggering). They are necessary for measuring thedinates of the muon tra-
jectory orthogonal to the one measured by the tracking cleasnlB-urthermore, they supply
identification of bunch-crossing and provide distinct sverse momentum thresholds.

Thin-gap chambers (TEC)

Cathode strip chambers (CSC)

- o
Barrel toroid

P I;{esisﬁve-pque
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 3.5: The muon system [28]

3.2.4 Trigger system

The trigger consists of three levels: level 1 (L1), level 2)land event filter (EF).

L1 triggers on muons, electrons, jets and photons with highstverse momentum, but
also large total or missing transverse energy, taking abéuts to make a decision. One or
several Regions of Interest (Rols)rnand @ are defined if interesting features are detected.
Information such as what kind of object or thresholds passedalso saved for usage of
higher level triggers. Level 1 is designed to reduce thg&rgate to about 75 kHz.
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3.2 The ATLAS detector

L2 then refines the selection using all the detector infoionadf the Rols defined by
L1, thus lowering the trigger rate significantly to abouti&f. About 40 ms are needed to
process one event.

Finally, the EF selects events applying offline analysisinas, reaching a final event rate
of approximately 200 Hz. Processing an event takes about 4 s.
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4 Signal process, backgrounds and
collision data

4.1 Signal process

If charged Higgs bosons exist in nature and if they are ligthten the top quark, the main
production mode for them at the LHC is expected to be via t@lgpair decays. Instead of
the Standard Model procetis— W*bW~b, one of the top quarks could decay to a charged
Higgs boson and a b quarkt — H*bW~b. The leading-order Feynman diagram of the
signal process is shown in Figure 4.1.

Figure 4.1: Leading-order (LO) Feynman diagram for the aighannel. Th&V boson can
decay either leptonically or hadronically, but only hadcodecays are considered in the
following. The charged Higgs boson decayrtte- v is important for most values ofi,+
and tarB [55].

Cross sections for charged Higgs boson production at arcefiteass energy of 7 TeV
are shown in Figure 4.2 assuming different values foBtamdmy+ for the m'® scenario
[29]. With increasing taf, cross sections decrease from ffas 2 to tan3 = 8 and then
increase again. For all values of fanthe cross sections quickly decrease as the mass of
the charged Higgs boson increases. Qi < myp, charged Higgs bosons result from top
quark decays, whereas for a charged Higgs boson mass giteatethat of the top quark,
the production takes place vig/gb — t[b]JH". At around the top mass, a bend can be seen
in Figure 4.2, corresponding to the change of the productienhanism.

For light charged Higgs bosons, the cross section resuoits fhe top quark pair produc-
tion cross section and the branching ratio for top quarkaylag to a charged Higgs boson
and ab quark.
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4 Signal process, backgrounds and collision data

H* production cross section
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Figure 4.2: Production cross sections for charged Higgermwat,/s= 7 TeV for them"®
scenario assuming different values of faf29].

In Figure 4.3, the branching ratios of charged Higgs bosonsio different values for
tanB are shown as a function ofiy+ in the m"® scenario. The final states shown in this
Figure include supersymmetric ones, which will be sizablexistent and kinematically
available. The branching ratio to+ v is large for most charged Higgs boson masses if
tanf is not too small.

In the following studies, a branching ratio Bff — v = 1 is assumed. Only hadron-
ically decayingt leptons are considered and t&boson from the top quark pair decay
is assumed to decay hadronically as well. Thus the final staéstigated is defined by a
hadronically decaying lepton, 2b jets, 2 other jets and missing transverse energy due to
the two neutrinos in the decay chain. In the signal selecbaty one jet identified ab jet

BR(H" — ...) BR(H" — ...)
x 1= T e c 1=
[2:] E : m E
107 101
F -TV F -TV
- MHMAX i = MHMAX s
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Figure 4.3: Branching ratios of charged Higgs bosons assymlow (left) and high (right)
value of tarf in them" scenario [29].
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4.2 Background processes

will be required since requiring 2 identifiddjets results in efficiencies that are too low.

The signal sample is generated with PYTHIA [30]. PHOTOS [Bllised to add pho-
ton radiation off charged leptons and TAUOLA [32] for the dg®f T leptons. The AT-
LAS Minimum Bias Tune (AMBT1) [33] is used. A charged Higgssom mass ofmy+ =
130 GeV and taf = 35 is assumed. The charged Higgs boson NLO+NNLL [34] cross
section is assumed to be 18.467 pb, resulting frohaioss section of 164.6 pb [42] and
corresponding to a branching ratie- H b of about 6%. The branching ratib™ — v =1
is assumed.

4.2 Background processes

Relevant background processes to the charged Higgs boaarhes presented in the fol-
lowing include production oft pairs with Standard Model decays, single top production in
the s- and t-channel and associat®t production,W + jets,Z + jets and QCD multi-jet
events. The cross sections for all processes considerbé emnalyses presented in the fol-
lowing chapters are summarized in Table 4.1. K-factors mckided for some samples so
that lower order cross sections match NNLO calculationsntd@arlo simulation samples
generated using HERWIG [35] and JIMMY [36] use the ATLAS Urlgdmg Event Tune 1
(AUET1) [37] while samples using PYTHIA use the AMBT1. For RGEN [38] samples
the MLM matching scheme [39] is used to avoid double countihgartons arising from
parton shower or matrix element calculations. For this ARecut is set to 0.7 and the jet
prt cut to 20 GeV. Detailed ATLAS detector simulation [40] usi@&ANT4 [41] is run on
all events. They are reconstructed using the same alg@idsnfior data.

Vertex Reweighting  Because the vertex distribution in simulation samplesoflh
Poisson distribution but those in collision data do not,chiias an impact on distributions
of other variables, vertex reweighting has been appliednlation. The vertex distribu-
tions in simulated events are scaled to match data, i.et®ireMonte Carlo simulation are
weighted with a factor from the rescaling of the vertex dlsitions.

Top quark pair production Standard Modett decays, shown in Figure 4.4, are partly
an irreducible and the most important background to theasigrocess. Samples with at
least one charged lepton are considered. The Standard Momedsst — W+ bW b can
occur with the same final state as the signal, and can be pitgsetlected with little rejec-
tion. tt decays with different final states, that is with #ebosons decaying to everything
else butr + v and quarks but including at least one lepton, can be betfpressed. But
since particles in these different final states may be ireotlyr identified (e.g. electrons or
muons fakingr jets), these events may also pass the signal selection.

An NLO+NNLL tt cross section of 164.6 pb is used [42]. If a charged Higgsibesists
and thett production cross section stays the same as in the StandatdIMbe branching
ratiot — Wb will be reduced according to the branching ratie- H™b. This leads to a
smaller cross section of Standard Mottedlecays.

27



4 Signal process, backgrounds and collision data

process cross section [pb]-K-factor)
tt — H bWb— tvbqggb(my+ = 130 GeV, ta = 35) 18.467
tt 164.6
tt (> 1lepton) 89.7
W(— pv) + 1 jet 1281 (1.20)
W(— uv) + 2 jets 375 (1.20)
W(— uv) + 3 jets 101 (1.20)
W(— uv) + 4 jets 25.7 (1.20)
W(— uv) + 5 jets 7 (-1.20)
W(— V) + 1 jet 1277 (1.20)
W(— 1v) + 2 jets 377 (1.20)
W(— 1v) + 3jets 101 (1.20)
W(— 1Vv) + 4 jets 25.7 (1.20)
W(— 1v) + 5 jets 7 (-1.20)
Z(— pp) +1jet 132.8 (1.25)
Z(— uu) + 2 jets 39.6 (1.25)
Z(— pu) + 3 jets 11.1 ¢(1.25)
Z(— uu) + 4 jets 2.8 (1.25)
Z(— up) +5 jets 0.8 (1.25)
bb (with u filter) 73900
QCD dijet 4.4066107
single top YWt associated production) 14.581
single top é-channel,tv) 0.4700
single top {-channel,rv) 7.128

Table 4.1: Monte Carlo simulation samples included in tigaal (r final states) or embed-
ding (u final states) cut optimization and corresponding NLO+NNIrbss section fott,
NLO for single top and LO cross sections for all other sampigsh. For some samples,
K-factors have been included to match NNLO calculationsmtmmparing estimates from
data-driven methods to events in collision data.

Figure 4.4: Leading order Feynman diagram of a Standard Mopejuark pair decay [60].
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tt samples are generated with MC@NLO [43], with HERWIG usedhémironization and
JIMMY for the underlying event.

Singletop  Single top processes in the s- and t-channel and in assb@aiduction with
aW boson are taken into account.

In the s-channel, the final state include$ and ab quark. These events can mimic
signal events it — Wb— tvb and there are additional jets. TWeboson could also decay
hadronically, leading to two jets andbatagged jet. If additional jets are present and one of
these is mis-tagged asrathese single top processes can also pass the signal cel€ldtie
W boson could also decay leptonically to a muon or electronghvimight be mis-tagged as
aTt, leading potentially to a final state detected as the signal §tate. The cross section for
these events is very small and only very few events are eagectbe identified as signal

The final state in the t-channel includes a top quatkgaark and an additional jet. With
t — Wb— tvb or theW boson decaying to other leptons which are mis-tagged, gvent
can be identified as signal. ThWg boson could also decay hadronically. If then a jet is
misidentified ag jet and the transverse energy is measured incorrectlyjngiggnsverse
energy results and the event may pass the signal selectwelasBecause the final state
features an extra jet compared to the s-channel, t-chaneatsare more likely to pass
signal selection. Also, t-channel processes are more aormdmpared to the s-channel
due to a larger cross section.

Processes with a single top quark produced in associatitthaM/ boson can easily be
mistaken as signal. With the top quark decaying toquark and aV boson, which itself
can decay to @ lepton and a neutrino and the otWgrboson decaying hadronically, almost
the same particles are present as in signal processes. Isjpteare often not correctly
identified, these events can easily pass the signal salectio

Single top sample generation is done with MC@NLO, HERWIG aidMY. Overlap
between single top and is removed [44]. Cross sections obtained from the MC@NLO
output are used.

W + jets Samples with & boson decaying leptonically and up to five additional paston
are taken into account as backgrounds. Since the signa¢gsancludes many jets, the
backgrounds featuring less additional partons are easisugpress. If th&/ boson e.g.
decays tar + v or other leptons which are misidentified, one of the jetsggéa as @ jet
and due to the neutrino there is missing transverse endiigyptocess can be identified as
having the same final state as the signal. Also\thieoson can decay hadronically, one of
the many jets in the event can be mis-tagged asame jet can be tagged abget and the
transverse energy can be mis-measured, resulting in rgigsinsverse energy and a final
state similar to that of the signalv + jets events with more than one additional parton are
an important background to the signal process.

W-+jets sample generation is done using ALPGEN with HERWIG aiMY. NNLO
cross sections are used, resulting from LO cross sectiod<aactors to match NNLO
calculations.
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Figure 4.6: Exemplary Feynman diagrams Zsjets production [60].

Z + jets As for W+jets, samples with @ boson decaying leptonically and up to five
additional partons are considered. With possibtylepton in the final state or other leptons
being mis-identified as a, mismeasurement of the transverse energy, many jets, and on
of the jets might bé-tagged, these events can mimic signal processes and lotesietes
such.Z bosons can also decay hadronically. If then one jet is mastified as a-jet, one

jet is b-tagged and mismeasurement of the transverse energysresuftissing transverse
energy/Z+jets processes can be identified as having the same firmbst#te signal process.
Nevertheless/+jets backgrounds can be suppressed very well and are itdgkdter signal
selection.

Z+jets samples are generated using ALPGEN, also with HERWH=J8MMY. LO cross
sections are used with K-factors to match NNLO calculations

QCD, bb QCD samples are taken into account because they include jeisngnd can
include leptons. If a jet is tagged &aget, the transverse energy is mis-measured and a jet
is identified ast jet, QCD events can pass the signal selection if enough jetprasent.
Exploiting the topology of the signal process, QCD backguavents can be suppressed
well.

The QCD andb samples are generated using PYTHIA, with PHOTOS used foatiad
off charged leptons. The cross sections used are LO.
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4.3 Collision data

Figure 4.7: Exemplary Feynman diagram for a multi-jet pssd&0].

4.3 Collision data

Collision data taken by ATLAS in 2010, corresponding to ategmated luminosity of
35.5pbtis used in the analyses presented in this thesis.
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4 Signal process, backgrounds and collision data
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5 Object identification and selection

The following sections describe objectleéptons, muons, jets, electrons, transverse energy
sum and missing transverse energy) reconstruction antifidation algorithms at ATLAS
[45].

For different parts of the analyses in this thesis, varymgpnstruction and identifica-
tion algorithms have been used. Due to changing recommenddtom various ATLAS
groups, this could not be be avoided. Furthermore, becacsmstruction and identifica-
tion algorithms are always subject to modifications and oupments, availability of some
algorithms could not always be ensured.

5.1 1jets

T leptons can decay either leptonically or hadronicallyhwite latter process taking place
about 65% of the time. Hadronically decayindeptons, so-called jets can feature one or
more charged pions. Thus they leave one or more chargedstratkontrast to QCD jets,
the tracks are placed in a narrow cone, the track multiglisilow, an energy deposition
is placed in the calorimeter and isolation from the rest efeélkent is possible in the inner
detector and calorimeter. Nevertheless, since the sigmafu jets is similar to those of
QCD jets, a separate identification step after reconstm@si needed.

Reconstruction 1 jetreconstruction is based on two different algorithm® calorimeter-
seeded and one track-seeded [46]. The calorimeter-bagedtlim (TauRec) starts from
topological calorimeter clusters to buifdcandidates. These are required to have a mini-
mum transverse momentumpof > 10 GeV. Track-based reconstruction (Taulp3p) requires
a high-quality seed track with minimum transverse momentpm> 6 GeV). Combining
both algorithms yields double-seededandidates with a maximum distanceAR of 0.2.

In this thesis, calorimeter-seededeptons are required.

Identification 1 jets are identified as such using rectangular cuts, a pregdiktelinood

or a boosted decision tree. When the studies presentedsirhbsis were done, up to
seven variables listed in Table 5.1 out of a large number tdrgt@l variables are used for
identification. The selection of variables has already glednn current data [48]. Due to
worse separation power of some variables because of pjliewitl be necessary to employ
variables more robust under pile-up. Hence the likelihoadables will change further.
With these variables, a likelihood function and a boostezisiien tree are built. Depending
on the required signal efficiency these identifiegets are classified as ’loosex{{0%),
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5 Object identification and selection

Variable Description
cluster mass invariant mass of associated topologicaterkis
track mass invariant mass of the track system
track radius track width weighted with transverse momehtdlo
associated tracks
AR<02 o
Rerack = ZiAngTJAR'
PN pr;i
leading track fraction of transverse momentum of leadiagKkrover
momentum fraction transverse momentum of tleandidate
electromagnetic radius  width in the EM calorimeter, wegghtvith transverse
energy
ziARi <O'4EE_=V'AR5
core energy fraction fraction of transverse energifi< 0.1 of thet
candidate

electromagnetic fraction fraction of transverse energihefr candidate deposited
in the EM calorimeter

Table 5.1: List of ther variables used for identification with the likelihood meth@ll
except core energy fraction) and boosted decision tregifadarly 2010 data [46]

'medium’ (~50%) or 'tight’ (~30%). For better discrimination, identification is applied
separately to bins opr and number of tracks. The three classifications are definel su
that tight is a subset of medium, which itself is a subset o$& Background efficiencies,
defined as the number ofcandidates passing identification divided by all recortséuit
candidates, corresponding to the three different selestior the likelihood identification
are shown in Figure 5.1.

In Figure 5.2, the background and signal efficiencies frota dad simulation are shown
as a function of the transverse momentum for the three difteselections using the cut-
based identification.

Object selection  In studies optimizing the embedding and signal selectises ¢hapter
7), a tight cut-based ID built on the track radius, the leading track momentumtftacand
the electromagnetic radius, is required, correspondiagstection efficiency of about 30%.

The likelihood identifier is required farjets in collision data. A jet with one associated
track has to pass medium selection criteria, a 3-pmohgs to be identified as tight.

For embedded data, the likelihood identification did notkaawe to a software problem
in the embedding package. Insteadets are identified using truth information, which is
available in embedded data becausettlet is simulated and inserted into a collision data
event. If theAR distance between a reconstructeand a truthr with pr > 20 GeV is less
than 0.2, the jet is accepted in the embedded samples.
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5.1 1 jets
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Figure 5.1: Background efficiency corresponding to the égp@msedium and tight selection
using a likelihood method as a function of the transverse eraom of ther candidate [47].
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Figure 5.2: Signal and background efficiencies for loosejioma and tight selections using
the cut-based identification [46]
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5 Object identification and selection

5.2 Jets

Reconstruction and identification Jet reconstruction algorithms can be divided into
two categories, cone types and sequential recombinatpesty Depending on the event
topology one is interested in, different algorithms may befgrred [45]. Cone-type algo-
rithms suffer from some problems (e.g. overlapping of coneBinearity of seeds, energy
deposits are spread wider than a single cone), wherefoss abne-like’ and also 'non-
cone-like’ algorithms have been invented, not using fixedecsizes. One such sequential
recombination algorithm that yields cone-like jets withfiwed cones is the antitkalgo-
rithm [49]. Between particles or pseudojets one defines thanted;; and between a
particle and the beam the distartgg.

S

12D 12
dij = min(ks" kij)ﬁ (5.1)

i
dis = ke

Here, Ajj is the distance between two entitieand j in the ¢-y-plane,R is the radiusp

is a parameter ankr refers to the transverse momentum. Starting from a paytibke
shortest distance of adlj anddg is identified: if it is a distance between particles, they are
combined and if it is a distance to the beam, a jet is identdied the particle is removed
from the list of particles. This is repeated until all pddgare added to jets. In contrast to
other sequential recombination algorithms, a negativegp@appears in the definition of
distance measures. The akgialgorithm is used within ATLAS with different radius values
of AR, within which particles are clustered.

Object selection  The anti-k algorithm with AR=0.4 is used for reconstructing jets.
Collision data events with jets that have E>0 GeV and fulfi# tbad loose’ criterion are
rejected. So-called bad jets are due to e.g. hardware pnsbleeam conditions or cosmic-
ray showers and not associated to real in-time energy dsposhe calorimeters [50]. Due
to mis-measurement of the energy, it can happen that jetassigned negative energies.
The jets used are calibrated at the electromagnetic level.

5.3 b-Tagging

Identification ~ b-Tagging describes the identification of jets that arisenftbe hadroniza-
tion of b quarks. It is especially relevant for Higgs production atela. Due to the long
lifetime of hadrons withb quarks €1 ~ 450um), the decay vertices dfhadrons are well
separated from the primary vertices. Furthermore, theydpoaducts ofb-hadrons will
have predominantly high transverse momentum because bighd quark mass and hard
fragmentation ob-hadrons. Algorithms identifying jets utilize these properties. They rely
e.g. on the reconstruction of secondary vertices (SV)ktirapact parameter measurements
(IP) or track counting. For the latter, a jet is taggedb st if at least some tracks with large
impact parameters are identified.

36



5.4 Muons
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Figure 5.3: Reconstruction efficiencies for combined STA@Gons (chain 1) and Muid
muons (chain 2) as a function pf. Efficiencies are measured irza— pu sample, where
backgrounds estimated using Monte Carlo simulation haee Babtracted [52].

Object selection  Different b-tagging algorithms were used in the analyses presented
here. Either a combination of secondary vertex and impaetnpeter algorithm was em-
ployed, (SV1+IP3D, used for optimizing the embedding d&da¢ see chapter 7) or a sec-
ondary vertex only algorithm (SVO, used for backgroundneations). The cut values were
chosen for an efficiency of 50% and changed according to sddacommendations. Ap-
plied to att sample, a purity of about 93% is reached with a cut on SVO>5/@dding a
purity of about 50% [51]. The mis-tag rate on light jets is ab0.4%, while that forr jets

is about 2% and for charm jets about 10%.

5.4 Muons

Identification ~ For muons, different identification strategies are avéaBecause more
than one algorithm exists for each of these strategiesyaleweion candidate collections
are available. Two of these are STACO and Muid. They eachigeothree algorithms
to reconstruct standalone, combined and tagged muons.cdas&uct standalone muons,
tracks in the muon spectrometer are extrapolated to the timamFor combined muons,
standalone muons are matched to tracks in the inner detsudcthe two measurements are
combined. To get tagged muons, tracks in the inner deteotoexdrapolated to the muon
spectrometer where nearby hits are searched. As for otletepdifferent tightness for the
identification criteria is available. The reconstructidficeency for both STACO and Muid
muons is shown in Figure 5.3.

Object selection  Tight combined Muid muons are used in collision data. OnlAGD
muons are available in embedded data, hence these are useds ldre required to have
high transverse momentgr( > 20 GeV), be isolated (sum of transverse energy deposits
in calorimeter cells <10GeV in a hollow cone wiffiR = 0.3 around the muon) and be
detected in a pseudorapidity ranggl < 2.5. In the signal selection, a veto is applied
to events containing muons fulfilling the above mentioneglineements. For the control
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5 Object identification and selection

sample that the embedding is applied to events that contaictlg one muon fulfilling the
above mentioned requirements are selected.

5.5 Electrons

Identification  Electrons in ATLAS are identified using cut-based recortsion algo-
rithms. These can be either cluster-seeded or track-sewdedombination of both. The
cluster-based algorithm starts from reconstructed alsistethe electromagnetic calorime-
ter, which are matched to tracks in the inner detector. Itpsnuized for electrons with
high transverse momenta. Low-energetic and non-isoldéstirens are identified more ef-
ficiently with a track-based algorithm. Here, tracks in thaar detector are matched to
energy depositions in the electromagnetic calorimeter. efectrons in the forward direc-
tion, with 25 < |n| < 4.9, no track matching is performed. Information for identfion
variables is taken from the calorimeter only. To selectteters, a variable is given that
specifies the algorithm it was reconstructed with. As foreotbbjects, different cut val-
ues on the identification variables can be required, leaiinigose’, 'medium’ and 'tight’
identification of electrons. As soon as more data are aJaeiladis planned to move the
identification algorithms from cut-based to other, morehssficated techniques such as
likelihood discriminants, neural networks or boosted sieci trees.

Object selection  Cluster-seeded or cluster- and track-seeded electrommhahe not lo-
cated in the crack region of the detecto3@< |n| < 1.52) and atn| < 2.47 are considered.
They have to be isolated (sum of transverse energy depast@arimeter cells <10 GeV
in a hollow cone withAR = 0.2 around the electron +.@23. Et (electron [GeV]<4 GeV)
and have a transverse momentum of at least 10 GeV. Eveniaiioigt such electrons are
vetoed.

5.6 Missing transverse energy  E{iss

Reconstruction  Assuming energy conservation in the transverse plane,dt@nally
added transverse energies of all detectable particlesenem should add up to zero. Since
calorimeters have finite resolution and coverage and mopeiritantly, since particles like
neutrinos do not leave any energy or trace in the detectagrtaioc amount of transverse
energy is 'missing’ in events. This is called missing trarse energy dE?“SS. Itis defined
as

E?iss: \/(E)r(‘niss)z + (E)r/niSS)Z‘ (5.2)

The Ex and Ey term each consist of one term accounting for energy depasitin the
calorimeters, one for muons and and one for energy lost inrjestats [53].

In the calorimeter, topological clusters (topoclusters) lauilt from cells in order to re-
duce noise: cells not neighboring a cluster are identifiedasy and removed from the
event. Different calibrations schemes are availablegeneighting cells locally or glob-
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5.6 Missing transverse energg'ss
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Figure 5.4: lllustration of how transverse missing energyalculated using the refined
calibrations scheme [53].

—_
o

s g —— = o T
& 9F 4 EMscale it 041\TE, ' = & oF & EMscale:fit (].’MTT 3
z 8; ® LCW: 049\ Ep el ; 4 3 = 8; ® LCW:MAit0.51\ZE 4 3
.% 3 0 GCW:fit0.48\Z E; a;ann E .% 3 O GCW: fit0.50 \X E; 5535; ﬁq; E
= T — ° T —
2 E 4 E 2 E E
€ b E e 6 E
£ s 3 - = 3
w = 3 [¥E) E b
i4n 3 i 4E E
uj 3 ; s é Er 3; MC MinBias E
23_} Data 2010 \-s1=7TeV_f of o VB = TTeV 3
1:1: ATLAS Preliminary _l-Ldt=0-34 nb’ 3 15_!‘ ATLAS Preliminary In| <4.5 E
= <45 3 E 3
o Lo m.H\.‘..\h}‘..mu‘.m.: oEe b Lo b e Loy 1o d

0 50 100 150 200 250 300 0 50 100 150 200 250 300
TE, [GeV] TE, [GeV]

Figure 5.5: Resolution di)r{‘)i,ss, depending on the transverse energy sil in data (left)
and simulation (right) for different calibrations. Resmdun using the refined calibration is
very close to that of the local cell weighting scheme, LCW][53

ally, or using a refined’ calibration. This refined proceelis based on reconstructed objects
and illustrated schematically in Figure 5.4. Cells beloggio different objects (electrons,
jets, muons, ...) are calibrated separately. The sameeapplicells from topoclusters that
could not be associated to any object.

The muons term is based on the momenta of muons. It is cadcldifferently, depending
on whether the muon is isolated or close to a jet. If the mudsoisted, the measurements
from the muon spectrometer and inner detector are combifiéé. energy deposited by
a muon in the calorimeters is then not added to the calorintets. If the muon is not
isolated, it is not possible to separate the energy depbsitthe calorimeter by the muon
or by a near-by jet. Thus the measurement from the muon gpeeter is used exclusively.
Only in the case of large discrepancies between the measuatdérom the spectrometer only
and the combined measurement a combination is used, widmgdrized energy deposits
in the calorimeter subtracted.

In Figure 5.5, the resolution of the missing transversegneéepending on the transverse
energy sum is shown for data and simulation.
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5 Object identification and selection

Selection In all studies performed, a missing transverse energy baribased on the
refined calibration scheme is used.

5.7 Transverse energy sum 2Er

Reconstruction  Adding energies of an event measured in the calorimetersaars
yields the total transverse energy of the exdst. Just as for the missing transverse energy,
different algorithms are available to calculai€r, using different calibration schemes.

Selection  Atransverse energy sum variable using the refined calrakescribed above
was used in the studies for optimizing the embedding selectiror optimizing the signal
selection and in studies containing collision data,X&¢ variable was built front jets, jets
and missing transverse energy that passed standard selegteria described above.

5.8 Overlap removal

Jets are rejected if they overlap withiiir < 0.2 with 1 jets. For the embedding selection,
events that contain high-energetic jets overlapping witltons are rejected. The specific
criteria are subject to the optimization of the selectiod arplicitly named in chapter 7.
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6 Signal selection

6.1 Motivation

To discover New Physics (or to exclude it), an event seladtias to be applied to data
that filters out events with the wanted topology and rejeatkbround processes as well as
possible. Here, the signal process consists of a chargegsHigson decaying to mand

a neutrino, aV boson decaying hadronically and twogquarks resulting from the decay
t — H*b/Wh, thus events containing these objects are to be selected.

In the following, the selection to find charged Higgs bosoiith whe above-mentioned
decays is optimized using simulation. The main signal seleds optimized using TMVA
(Toolkit for Multivariate Data Analysis with ROOT) [54]. Feeasier and faster usage, the
samples are preselected.

Background processes considered for this study are SthiMiadeltt decaysW-+iets,
single top and QCD events.

The selection is applied to 35.5pbof data taken by ATLAS in 2010 in chapter 7.

6.2 Preselection

In the preselection, the kinematics and final state prodafctgynal processes are exploited
in a very general way, e.g. imposing minimum requirementghertransverse momenta of
jets and tha and requiring low values of the missing transverse energy.

The requirements imposed in this preselection include

- a combined tau anB"SStrigger with pr (1) > 16 GeV ancEMsS> 20 GeV

- one tau lepton witlpt > 15 GeV andn| < 2.5 that passes tight identification cuts

- at least four jets withpt > 15 GeV andn| < 5 that do not overlapR < 0.2) with a
tau

- missing transverse energy greater than 20 GeV

- aveto on events containing any isolated electr@&isdf calorimeter cells in a hollow
cone around the electron with radis= 0.2<4 Ge\4-0.023. Er (electron) with pt >
10 GeV outside the crack regions of the detector located3at<d || < 1.52

- a veto on events containing any isolated mugms ¢f calorimeter cells in a hollow
cone around the muon with radiés= 0.3<4 GeV, less than 4 tracks in a cone with
radiusR < 0.3) with pr > 10GeV andn| < 2.5

A signal selection efficiency of about 10% was achieved fer pheselection.Z+jets
events have not been taken into account because their lmardn to the background is

41



6 Signal selection

H+ tt W+ijets QCD single top
590.4+7.7 188.6:13.7 156.412.5 42548.5206.3 16.0+£4.0

Table 6.1: Events expected from MC for an integrated lunityas 35.5 pb ! after prese-
lection. Uncertainties are statistical only.

negligible. After preselection, the background is stilhdpated by QCD events. Since
so far events containing high-momentum objects have bdeanted, this is expected. The
topology of the signal process has not been exploited, bsitwiill be done in the final
selection. Events expected to pass the preselection fotegrated luminosity of 35.5 pB
are summarized in Table 6.1.

6.3 Main selection

In the main selection, the exploiting of the topology of sifevents is much more pro-
nounced than in the preselection. Cuts on different obgegightened for a better rejec-
tion of background processes. Due to erg.- > my, thet from the charged Higgs boson
decay is expected to have on average a higher transversemhomtihan a resulting from
aW boson decay would have. Hence, the cutpmiir) can be set to a higher value. The
same applies e.g. to the missing transverse energy: inlggaats this quantity is expected
to be greater than in background processes and the cut caghtened correspondingly.

To find the optimal selection cut values, TMVA is used. TMVAtiopzes cuts for the
best background rejection at fixed signal efficiencies. Tigead and background samples
are each weighted with the corresponding cross sections.

The cuts to be optimized are given to TMVA, possibly with aertspecific constraints
such as minimum values of the variables. Different comlamstout of a variety of vari-
ables have been passed to TMVA. The cuts on the followinglées are considered:

- the transverse energy sum of the eveBEs;: with at least four jets and orrecoming
from thett decay, a large transverse energy sum is expected in sigewaisev

- the missing transverse ener@’f‘,‘iss. due to the neutrino coming from thé" decay,
which is not detected, a significant missing transverseggrisrexpected

- the missing transverse energy significance, thﬁ;?@%ignificance: EMiss//SET
(the significance OE{"%is Ef"*%/ 3gmiss, WheredET"*%is the uncertainty ifEr due to
energy deposits in dead material and proportional®tT): this cut has been shown
to be better suited to suppress especially QCD backgroutautilosing much signal
in contrast to simply increasing t"sSor ZEt cuts

- the transverse momentum of the leading pgi(jet): the transverse momentum spec-
trum in signal events may be different than to that in backgtbevents

- the transverse momentum of the sub-leadingge(jet)

- the transverse momentum of thept (1)
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6.3 Main selection

H+ tt W+ijets QCD single top

cutl 49.27.0 160.6t12.7 101.610.1 28731.8169.5 11.23.3
cut2 48.%+7.0 160.1x12.7 98.:9.9 28564.6:169.0 11.23.3
cut3 30.&5.5 88.3£9.4 49.8£7.1 10484.2102.4 6.32.5
cut4 15%4.0 35.5+£6.0 24.2+4.9 112.2+£10.6  2.5:1.6

cut5 10.43.3 24.6+5.0 1.7£1.3 345+59 1.5:1.2
cuté 4.7+£2.2 9.5+£3.1 0.9£0.9 29+17 0.6:0.8
cut7 3.9+2.0 8.1+2.8 0.6+£0.8 0.7£0.8 0.5:0.7

Table 6.2: Cutflow for the TMVA-optimized selection. Evenimbers are scaled to expected
events in 35.5pb! and uncertainties are statistical only. For the sigmgl, = 130 GeV and
tanf = 35 are assumed.

- the highest b-jet tagger weighV0: several working points referring to different
efficiencies of the b-tagger may be used

- the top quark mass);j, of the top quark decaying— Wb — qqgl with two jets and
the jet with the highedt-weight it should be possible to reconstruct the nominal top
guark mass within a certain mass window

- the angleAg between ther and EI™sS if the mass of the charged Higgs boson is
greater than that of @ boson, the anglAg between the decay products of tHe
can be smaller than that of threand neutrino from th&/ boson decay because of a
higher transverse momentum of the

A signal efficiency of 3% resulting from the TMVA optimizatiavas finally considered.
The corresponding cuts yield good background suppressjgecelly folW+jets and QCD
backgrounds. The final signal selection cuts resultingtisr dre

- cut 0: a combined andE!™sStrigger

- cut 1: transverse energy suxEr > 300 GeV

- cut 2: transverse momentum of leading jet:(jet) > 40 GeV

- cut 3: transverse momentum of taui: (1) > 35 GeV

- cut 4: missing transverse energgsS> 70 GeV

- cut 5: b-tagger weight: SV0>5.72, yielding an efficiency of 50%

- cut 6: missing transverse energy significarE@’SSSignificance> 5/GeV
- cut 7: top quark mass window: 145 Gehyj, < 235 GeV

The cutflow for these cuts (without the trigger requiremdat)signal and important
backgrounds is summarized in Table 6.2. The trigger remerd is not an optimization
variable; in collision data the lowest unprescatedEMSStrigger is used. When optimizing
the signal selection, it was not foreseeable which triggsrwould be in the end.

When applying the signal selection to collision data in ¢eap, events are not prefiltered
and thus a veto on events containing high-energetic, slaiuons and electrons as in the
preselection is added to the signal selection cuts.
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Figure 6.1: Distribution of variables after preselectidrhe background contributions are
stacked, a hypothetical signal assummg: = 130 GeV and tafi = 35 is superimposed.
Signal selection cut values of the optimized selection adicated as dash-dotted lines.
Baseline cuts are shown in solid lines. Events are nornthtz&5.5 pb*.
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6.3 Main selection

After applying the TMVA-optimized signal selection, thedsground is dominated by
tt processes with .8+2.8 events. All other backgrounds are well reduced Withjets,
QCD and single top processes resulting in only-00.8, 0.7+ 0.8 and 05+ 0.7 events,
respectively. From charged Higgs processe®;t2.0 events are expected.

The cut orE?"SSSignificance is very effective in reducing especially thelld@ackground
as expectedN+jets events are harder to suppress because of more siiedaa the signal
compared QCD and signal. The same applies tdtthackground, as discussed in chapter
4.

Preselected distributions with the optimized signal dedeccut values and loosened cut
values corresponding to the baseline selection (see bétaliated are shown in Figure
6.1. The transverse mass calculated from the momenta of tepton and the missing
transverse energy is used as discriminating variable. &dkdground processes with tWé
bosons coming from thi decay, this corresponds to the transverse mass\tacaying
to at lepton and a neutrino while for signal processes it corredpdo the transverse mass
of theH™. It is defined as

mr = \/2- pr(T)EMS(1— coAg). (6.1)

Here,A@ is the angle between the missing momentum and gje¢ in the transverse plane.
The my distribution after the TMVA-optimized signal selectiongsown in Figure 6.2. If
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Figure 6.2: Distribution of the transverse mass after TMM#timized signal selection.
Shown are events expected in 35.5 pbBackground contributions are stacked, hypotheti-
cal signal assumingy+ = 130 GeV and tafi = 35 is superimposed.

the mass of the charged Higgs boson is greater thaWtheson mass, the distribution of

my is expected not to drop at thé mass, but atn,+ as can be clearly seen in Figure 6.2.
The TMVA-optimized selection has to be loosened slighthewlapplied to data taken by
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6 Signal selection

H+ tt W+jets QCD single top

(cutl) 59.4-7.7 188.6:13.7 156.4-12.5 42548.5206.3 16.64.0
cut2 59.4t7.7 188.6£13.7 156.4:12.5 42548.5206.3 16.64.0
cut3 53.4t7.3 166.3:12.9 131.@¢11.4 32539.3180.4 14.@3.7
cut4 51.8:7.2 156.6:12.5 124.@11.1 9726.5t98.6 12.4:3.5
cut5 33.45.8 109.5t10.5 6.8+2.6 1058.6+32.5 7.6+2.8
cuté  23.2:4.8 63.1+7.9 42+2.1 161.0+12.7 4.5+2.1
cut7  20.6t4.5 56.4+7.5 3.1+1.8 89.2+9.4 3.7£1.9

Table 6.3: Cutflow for the baseline signal selection. Evemhbers are scaled to expected
events in 35.5 pb* and uncertainties are statistical only. Compared to Tal@lieddit 1 has
been dropped and cuts 2, 3, 4, and 6 have been set to lowes\atdethe mass window
in cut 7 has been widened. Tipg requirement is applied to the leading jet only. For the
signal,my+ = 130 GeV and taf§ = 35 are assumed.

ATLAS in 2010 because otherwise event yields after the finldction are too low. With
an expectation of scarcely 10 background events, the seafikr the TMVA-optimized
selection are subject to statistical fluctuations, leadmgot very reliable or significant
results.

Some of the cut values from the TMVA-optimized selectionthres altered or dropped:

- no cut onZEt: because of the cut dﬁ’r“issand E?“SSSignificance, no additionaEt
cut is necessary

- EMissSignificance: the cut value is lowered ta/%eV

- EMisS the cut values is lowered to 30 GeV

- pr of leading jet: lowered to 20 GeV, but four jets with this tsaarse momentum are
required

- pr of T jet: lowered to 20 GeV

- top quark mass window: 120 GeVrgjj, < 240 GeV

Expected events in 35.5 pbfor this loosened selection, called 'baseline’ in the fafing,
are summarized in Table 6.3. Applying the baseline selectie background is no longer
dominated bytt but by QCD events, with 58+ 7.5tt and 892+ 9.4 QCD events. Single
top andW+jets processes are still well suppressed, contributidgt3.8 and 37+ 1.9
events, respectively. With 20+ 4.5 about five times as much signal events as before pass
the selection now, compared to the TMVA-optimized cuts.

TheS/B ratio drops from 0.39 for the TMVA-optimized selection td 8 for the baseline
selection.

Themy distribution after loose signal selection is shown in Fegar3.

When applied to collision data, the cut on thetagger weight is set to 5.85 instead of
5.72 following recommendations.
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Figure 6.3: Distribution of the transverse mass after lsedignal selection. Shown are
events expected in 35.5ph Background contributions are stacked, hypotheticalaign
assumingny+ = 130 GeV and tafi = 35 is superimposed.
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/ Background estimation

7.1 Approach to data-driven background estimation

An accurate understanding of background processes isattiacimaking discoveries or
setting valid limits on hypothetical New Physics process&sce pile-up conditions, un-
derlying event, trigger efficiencies and the detector raspan general are not always well-
modeled in simulation and associated with some degree ddrtaioty [45], data-driven
background estimates are needed. By not relying on Monte Gmnulation but rather tak-
ing most of the information directly from data, problems lne tmodeling can be avoided
and systematic uncertainties can be reduced.

In the following, different contributions to the backgralsmin charged Higgs boson
searches are estimated using data-driven methods. Elahtontain true jets are studied
and estimated using the so-called embedding method. Tlhmiaption and validation of
the embedding technique is performed in the context of thesis. Estimating the back-
ground contribution with the embedding method, everytting the T jet is taken from
collision data. If electrons, muons or jets in events arengly identified ast jets, their
contribution are estimated using so-called fake rates kA fate is determined by the num-
ber of objects of a certain type wrongly identifiedigets divided by all objects of that type
that are reconstructed agets (see chapter 5).

No. of objects(e, u, jet) identified ast
No. of objects(e, , jet) reconstructed as

fake rate= (7.1)

For background estimations using fake rates, everythirighmifake rate itself is taken
from simulation. The contribution from QCD multi-jet backgind is estimated based on a
data-driven control sample. Only very little input is takemm Monte Carlo simulation.

Finally, methods and results from estimating all contiidnos to charged Higgs boson
backgrounds are summarized. The results from the datardbackground estimates are
merged and compared to collision data.

The methods to estimate the fake-rates and the QCD contnibahd corresponding re-
sults are reported for completeness [55, 56].

7.2 Estimating the background with true 1 leptons
using the embedding method

Standard Modelt events decaying to a jet, 4 jets and missing transverse energy are an
irreducible and very important background to the signahdeh investigated in this thesis
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7 Background estimation

Figure 7.1: Leading-order Feynman diagram of the StandavdeéViprocess wanted for the
embedding. The final state of thié boson not decaying to a muon includes two quarks.

(see chapter 4) once the baseline selection is applied.therefore impossible to select
background events of this topology without selecting sigavents as well. The goal of
the analysis presented here, however, is to predict theestwagh normalization of theny
distribution for events featuring exactly the above mambobjects. This is done using an
embedding technique. Compared to background estimatesesion Monte Carlo simula-
tion, this method has the advantage that everything but {bg including pile-up and the
underlying event, is taken from collision data.

To apply the embedding, events are collected from data it sn identical topology
but are free of signal. The branching rallo” — pv is negligibly small. Thus in events of
the typett — WPbW~b — pvbqah very little signal contribution is expected.

The embedding technique takes advantage of such eventa wigology and kinematics
similar to those of the channel that is investigated butiditlg different final state particles,
i. e. a muon instead of a hadronicdecay. The final state particle not wanted in the
analysis (here a muon) is removed from the event and replagcadsimulated one (here a
hadronically decaying), hence leading to the process needed for background ¢stima
while guaranteeing that the sample is signal-free.

Embedding has been successfully appliedte- uu events to estimate thé — 1t
background irH — 17 searches [57] and first studies in charged Higgs boson sssahave
been performed [58].

In the following, the embedding selection to collect evée&turing a muon, four jets and
missing transverse energy is optimized. The dominatinggs® for this is shown in Figure
7.1. Embeddedt Monte Carlo simulation samples are compared to referéndéonte
Carlo simulation samples. In the following, reference skaspnean that the embedding
selection has been applied requiring astead of a muon. Embedded collision data taken
by ATLAS in 2010 are then compared to reference Monte Carlwkition includingtt,
single topW+jets and QCD processes. Systematic uncertainties due entbedding are
studied.
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Figure 7.2: Schematic illustration of the embedding metlagidpted from [58]

7.2.1 Embedding technique

The method can be divided roughly into four separate stpstrated schematically in Fig-
ure 7.2 [57, 58, 60]: decay identification, rescaling and imaation of the event, merging
and reconstruction.

In the studies presented here, embedding takes place dewalin the detector. That is,
the detector response (i.e. individual cells) of a muonpsaeed by that of & lepton instead
of replacing reconstructed objects. The replacement falleee in a small inner cone (here
of radiusAR = 0.1) around the original muon. Calorimeter cell energy depwss in an
area between this inner cone and a wider outer cone are agltleel ¢ells from the original
event instead of replacing them, as is illustrated in Fi@. BinceEMsSis calculated on
cell-level in ATLAS, having to calculate or correct this euidy manually is avoided.

Decay identification  As first step, events are identified to which the embedding wil
be applied. The events should satisfy certain criteriah .sccontaining a high energetic
muon, four jets, a minimum total transverse energy and minirmissing transverse energy
to account for the neutrino, that describe the final staté wWelood purity is wanted in the
embedded samples, such that the criteria describe thegzrabewn in Figure 7.1 as well
as possible.

The reconstructed vertex the muon points to is used as veotakon.
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Figure 7.3: Schematic illustration of inner and outer ccer@sind original muon/simulated
T and adding/replacement of energy depositions. The reletargresents an area in the
calorimeter. Full circles show energy depositions, whéue bepresents less and red more
deposited energy compared to yellow. The dashed circlagsept the inner and outer
cones. Although this illustration showsZa— uu event, the mechanism is the same for
W — uv as used in this thesis. The muon in this figure is replaced byed with three
charged tracks (3-prong) [60].

Rescaling and manipulation In the selected events, the muon is extracted and its
momentum is rescaled to account for the high&pton mass.

Eﬁ —mé

| Bul
The decay of the rescaledis handled by TAUOLA, and PHOTOS is used to generate
final state radiation. An event record of thedecay is produced and fed into a realistic

ATLAS detector simulation. Thelepton then gets digitized and reconstructed. Calorimeter
noise simulation or vertex smearing are not applied, fall@vecommendations [61].

ro: ‘ﬁu

Merging In the first step of the actual embedding, the muons used ag fopthet
leptons are identified and linked to the decay products of tf&nce sometimes TAUOLA
adds photon radiation in a decay, the four-vectors ofrtleptons can be altered, leading to
different positions of the original muon and the

In a second step, the tracks of the original muon in the mu@ctspmeter and inner
detector are removed and those from the simulatddcay are added. Track segments in
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7.2 Estimating the background with trudeptons using the embedding method

a cone around the original muon in the muon spectrometerlsoer@moved and replaced
by simulated track segments in the same cone. Calorimetericehe inner cone around
the former muon and tracks associated to it are replaceddsetof the simulated decay
products. Thus the original muon is completely removed ftbenevent.

The final step consists of merging the event fragment anditingdatedr in the calorime-
ter. Energy depositions in a small inner cone around the nawerremoved. In a larger
cone (‘outer cone’) around the muon, the energy deposiiiotise calorimeter cells from
the simulated decay are added to the original event.

Reconstruction  Finally, some of the ATLAS reconstruction algorithms are an the
merged events to reconstruct higher level objects suchpasns, jets,T jets and missing
transverse energy.

7.2.2 Embedding parameters

To adjust the embedding method to the different implemantatpossible, flags can be set.
Some parameters concern the kind of decay the embedding@ruvhile others determine
e.g. the cone size around the muon in which tracks and catteinecell energy depositions
are replaced or added. Important parameters are:

Muon Identification Algorithm: Several muon collections can be used.

Jet Identification Algorithm: Different jet algorithms are available and can be used for
reconstructing jets.

EMiss Algorithm: As for muons and jets, several algorithms are availableltitze miss-

ing transverse energy.

Calorimeter noise: Noise in the calorimeter in the digitization step, switcloedor off.
CopyAllSimTracks: If this flag is set true, all simulated tracks are added to thgiral
event.

UseOuterCone:lf this flag is set true, cells in the outer cone are added.
MaxDRMuonToTruthTau: Maximum distance irR between the original muon and the
truth T (see explanation to 'Merging’ step).

NumMuonsToReplace: Depending on the selected events, either one or two muores hav
to be replaced.

TauDecayMode: 1 leptons can decay hadronically, forming jets, or leptoiyd® elec-
trons or muons.

TauCone: Cells inAR <TauCone are replaced, used for hadronically decayilegtons
TauOuterCone: Cells in TauConeAR<TauOuterCone are added to the event, used for
hadronically decaying leptons

The settings used in the studies presented are summariZedla7.1.

53



7 Background estimation

Muon ldentification Algorithm STAcCO
Jet Identification Algorithm AntiKt4TopoEM

Missing ET Algorithm MET_RefFinaf
Calorimeter noise off
CopyAllSimTracks true
UseOuterCone true
MaxDRMuonToTruthTau 0.1
NumMuonsToReplace 1
TauDecayMode had

TauCone 0.1
TauOuterCone 0.45

1 anti-kr algorithm withAR < 0.4, calibrated at the electro-
magnetic scale
2 refinedEMSS calculation

Table 7.1: Parameter settings used in the Embedding. Ttiegsefor parameters that are
not decay-specific follow recommendations [61].

7.2.3 Event selection and cut optimization

Starting off with the event selection proposed in ref. [58] the muon + jets channel,
the cuts have been optimized further. Since in 2009 it wdlsesgpected that the LHC
would run at a center-of-mass energy g6 = 14 TeV, some of the cut values are quite
tight for current conditions at a center-of-mass energy/sf= 7 TeV. Events containing
the decayst — bW bW— buv,bgg which can be identified using Monte Carlo simulation
truth information, are treated as ’signal’ for the embedgdlisince these are the processes
wanted. All othertt channels with at least one lepton are called 'backgroundoier’
in the following. The cuts for the event selection have begatmuzed on simulation event
samples, considering thg W + jets,Z + jets andob processes (see chapter 4).

The selection presented in [59] requires events to pas®Hogfng criteria:

- one isolated (less than 10 GeV deposited in calorimetes aela hollow cone with
AR < 0.2 around the muon) muon with a high transverse momenmmZ0 GeV) is
found

- the transverse energy sum has to be greater than 250 GeV

- two jets with transverse momenta above 40 GeV have to berngrese

- at least one of these high-momentum jets has to hdwtag with JetWeight (combi-
nation of secondary vertex and impact parameter algoritbds

- the transverse mass of two additional jets with transvermaemta greater than 40 GeV
lies within 20 GeV of the nominalVV mass

- there are no muons withr>20 GeV withinAR<0.4 of jets withpr>20 GeV

- missing transverse energy of at least 40 GeV

- events are rejected if isolated (less then 20 GeV depogiteadlorimeter cells in a
hollow cone withAR < 0.3 around the electron) electrons with transverse momenta
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7.2 Estimating the background with trudeptons using the embedding method

greater than 20 GeV are found

This selection filters out events with the required topologyeW is expected to decay
to a muon and a neutrino, the otigrdecays hadronically. From the decay of the top-quark
pair there are be twb jets present. Overall, four jets with high transverse mammshould
be present. Since no electrons are expected, a veto is applEevents containing these.
With four jets and the muon, the overall transverse energhefevents should exceed a
certain value.

When applying these cuts to 7 TeV samples, a signal seleeffaiency of only 6.9%
is reached, compared to 8.6% in [59]. The signal purity impsoa little, from 74.2% to
75.6% when implementing the cuts on the new samples. To wepitee signal selection
efficiency, different variations of the initial cuts haveepestudied. In detail, this meant to
vary:

- the transverse momentum requirements on the jets: loweetheredpr values of
several or all of them

- theb-tag requirement: tighten or loosen it, require zero, onsvorb-tagged jets

- the missing transverse energy and transverse energy suimeragnts

- the conditions for the veto on overlapping muons and j&&:pt requirement of the
muons and jets taken into account

- add new cuts: require a hadronically decaying top quark:m;j, <y

More than 40 different combinations of altered cut valuegehzeen tested for the result-
ing signal selection efficiency and purity. In Figure 7.4nsoof these combinations yielding
clearly better results than the initial cut values, are ldigpd. Here, initial values mean the
cuts starting off from for the optimization. For the othets;walways the values that differ
from the initial values are given: the red square shows thgltiag purity and efficiency for
the initial cuts but with requiring onl™sS > 30 GeV EMsSis labeled '"MET’ in this plot)
instead ofEMMSS> 40 GeV and four jets wittpr > 30 GeV instead of> 40 GeV. The blue
triangle shows the initial cuts but requiring four jets with > 25 GeV ancEsS> 30 GeV.
Shown with a yellow triangle are the results when requiriogrfiets with transverse mo-
menta greater than 25 GeV, a missing transverse energyegtieah 30 GeV and a transverse
energy sum of at least 200 GeV. The ‘final’ cut values are dised below. Besides altering
other cuts, for the examples shown the transverse momemrtguirements on the four jets
in the event are lowered, combined with a lower missing trarse energy and lower total
transverse energy requirement. It is also attempted to edccats, for example require an
invariant mass within 20 GeV of the nominal top quark masmftbe combination of two
jets and a b-jet and choose that combination as top quarkitwithvariant mass closest to
the nominal one. Some cuts, e.g. requiring a sedstatjged jet or adding the hadronically
decaying top quark, improve the purity of the collected siabpt lower the efficiency ex-
cessively. A combination of cuts that result in a good sigffatiency while not leading to
a bad purity of the sample is sought.

The cut values yielding the best signal efficiency of 19.0¢&ti¢d 'embedding selection’
in the following) with an acceptable purity of 76.90% aredbdal final values in Figure 7.4.
In detall, these are:

55



7 Background estimation

(00]
=

T T I T T T ‘ ‘
[ ] initial values
B 4jets>30GeV, MET>30GeV
A 4 jets>25GeV, MET>30GeV
4 jets>25GeV, MET>30GeV, sumET>200GeV
final values

(0]
o

purity in %

78

e

76

| I | | ‘ | | ‘ | | ‘ | | ‘ |
8 10 12 14 16 18

signal efficiency in %

Figure 7.4: Examples of purities and embedding signal seleefficiencies obtained from
testing different cut values. Initial values means the duam ref. [59]. For the other
entries, the specified cut values have been changed iroretatihe initial values.

- cut 1: one muon with transverse momentum above 20 GeV andHass10 GeV
deposited in calorimeter cells in a hollow cone WiiR < 0.2 around the muon is
found

- cut 2: transverse energy sum of more than 200 GeV

- cut 3: require four jets with transverse momenta greater 2eGeV

- cut 4: one of the four jets is required to have an associatag with jet weight of at
least 5.72

- cut 5: the invariant mass of two jets with transverse momgrgater than 35 GeV
should lie within 20 GeV of the nominaV mass

- cut 6: events with muongf > 20 GeV) overlapping with jetsg > 15 GeV) within
AR<0.3 are rejected

- cut 7: missing transverse energy above 30 GeV

- cut 8: events containing high-energetic, isolated elestrpr > 20 GeV, less than
20 GeV deposited in calorimeter cells in a hollow cone wiR < 0.3 around the
electron) are removed

The event numbers expected for an integrated luminositp& @ 1 to pass the final cuts
are summarized in Table 7.2. As can be seen, most d\thgets background can be well
suppressed, thé + jets background is negligible and the Q@D background is cut away
almost completely. The 4 jets requirement andlittag are very effective cutdt decays
with at least one lepton other than that wanted for the emhbgdmbnstitute the dominant
background.
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7.2 Estimating the background with trudeptons using the embedding method

tt 'signal’ othertt with WH+ijets
tt — pvbagb > 1 lepton
nocut 820.14+ 28.6 2318.2+ 48.1 76241.2+ 276.1
cutl 618.0+ 24.9 282.9+ 16.8 18813.3t 137.2
cut 2 597.6+ 24.4 247.4+ 15.7 8974.3+ 94.7
cut3 487.2+ 22.1 158.2+ 12.6 995.2+ 31.5
cut4 366.94+ 19.2 119.%+- 10.9 57.9+ 7.6
cutb 233.9+ 15.3 60.9+ 7.8 18.5+ 4.3
cut6 201.8+-14.2 47.4+ 6.9 16.9+-4.1
cut? 157.9£12.6 40.6+- 6.4 11.8+ 3.4
cut8 156.3+ 12.5 26.9+ 5.2 11.7£ 3.4
Ztjets bb all backgrounds

nocut 8302.6-91.1 2623450.@ 1619.7 2710311.9 1646.3
cutl 1212.8+34.8 378723.3 615.4 399032.2 631.7
cut 2 587.2+24.2 118399.6t 344.1 128208.% 358.1

cut3 73.1£ 8.5 23233.3+ 152.4 24459.8- 156.4
cut4 28+ 1.7 14660.5+ 121.1 14841.1121.8
cuts 1.0+ 1.0 2684.4+-51.8 2764.8- 52.6
cut 6 0.9+ 0.9 167.9+ 13.0 233.0+ 15.3
cut?7 0.5+ 0.7 7.9+ 2.8 60.8+ 7.8
cut8 0.5+ 0.7 7.9+ 2.8 47.0£6.9

Table 7.2: Expected number of events for the different bemkgd processes after embed-
ding selection for an integrated luminosity of. 3pb 2.
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7.2.4 Comparison of embedded and reference simulation

To validate the embedding procedure, an embedded Monte Slarulatiortt event sample
is compared to a referentiesimulation sample. The single steps for this consist ofydpgl
the embedding selection to a Monte Carlo simulatiosample, running the embedding on
the selected events and finally applying a modified embedsihertion on the embedded
events. In this modified embedding selection, the same suts the embedding selection
are applied but a high-energetitepton (ot > 20 GeV) is required instead of the muon. The
reference, not-embedded sample is collected by applymgibdified embedding selection
to att simulation sample.

The distributions of some variables are shown in Figure ABhough there are some
differences between embedded and reference samples,dral®hapes agree within 10-
20%, even for complex quantities such as the reconstrucaedverséV boson and top
quark masses.

Discrepancies in the transverse momentum distributiongesult from the embedding
step. From the reconstruction of the embeddddpton, slightly different momenta than
those of the original muon may result due to e.g. inexact om@as or smearing in the
reconstruction algorithm. Differences in tpe distributions will affect energy distributions
and thus small discrepancies between the embedded andnedesample are expected in
the missing transverse energy and transverse energy stribwtisns as well.

7.2.5 Comparison of embedded data and reference simulation

Embedded collision data is compared to a mixture of refexévionte Carlo simulation
samples.

In collision data, the lowest unprescaled muon trigger(ft) > 13 GeV) is required,
basic event cleaning cuts are applied and a Good Runs Lis¢d 0'he embedding selection
is then applied but due to too few events in data, only 3 inkstéddour jets are required.
The embedding is run on the selected events. After the ennogdal modified embedding
selection is applied to embedded data, requiringjet with pt > 20 GeV instead of the
muon. No trigger information is available after the embedgdihus no additional 4 E{Mss
trigger is added to the modified embedding selection on data.

The loosened embedding selection (requiring 3 instead efs} plus the muon trigger
Is also applied to different Monte Carlo simulation samptesalculate how many events
of what background process are to be expected. Since tlistiesl is the one that initially
filters out data events, it is thus possible to scale the iddat simulation samples according
to expectations in data.

The modified embedding selection requiring kepton instead of a muon is then applied
to Monte Carlo simulation samples. Additionally, a comloimret E%“isstrigger is required,
with the thresholds set tpr > 20 GeV andE!"SS > 25 GeV The individual background
contributions are scaled to the expectations extracted the preceding step (applying the
loosened embedding selection to different Monte Carlo ktan samples).

Additionally, the loosened embedding selection plus themuigger are required on
tt Monte Carlo simulation. The selected events are embedditharmodified embedding
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Figure 7.5: Comparison of several distributions in embedated referencét Monte Carlo
simulation. Errors are statistical only. Shown arer and |n| distributions, transverse
energy sum, missing transverse energy and reconstrueresl/ars&V boson mass.
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sample expected events

tt 171.2-1.4
single top 11.30.3
W + jets 16.8-2.1
QCD 12.4+3.2
Sum MC 2127
Data 219

Table 7.3: Expected events from Monte Carlo simulation alnseoved events from data
after embedding selection. Uncertainties are statistichl

selection requiring @ instead of a muon and o+ E%“isstrigger Is applied to the embedded
simulation events.

Distributions for some variables in embedded data anderésr Monte Carlo simulation
are shown in Figure 7.6. Expected events from simulatioer @ipplying the muon trigger
and embedding selection and observed events in embeddeaftatapplying the selections
as described above are summarized in Table 7.3.

As for the comparison of reference and embedded Monte Cimlolation (see preced-
ing paragraph), the overall shapes of reference simulatidrembedded collision data agree
mostly well within errors. Discrepancies in the pseudattapidistributions are expected for
low || because of a low muon detection efficiency in this region. differences between
the transverse momentum distributions is studied sepwrrdddferences between the em-
beddedt simulation and referendg simulations can be seen in all variable distributions.
However, they are not as large as for embedded data andnmeéesenulation. It could not
be finally explained where the discrepancies between enaloledillision data and reference
Monte Carlo simulation for low transverse momenta and pseaddity of ther lepton arise
from. It may be that the effect is at least part due to the l@atistics and in further studies
with more data it may be reduced.

For the transverse + EfsS mass shown in Figure 7.6, the shapes agree mostly within
large statistical errors. As the integrated luminositylexibd by ATLAS increases, the
distributions are expected to agree better as statistigetfhtions won't have such a large
impact on them.

7.2.6 Systematic uncertainties

To study systematic uncertainties of the embedding, diffeapproaches are made. The
studies are performed dh Monte Carlo simulation samples as well as on data taken by
ATLAS in 2010.

U — uembedding  Systematic uncertainties introduced by the embeddinlj ésestud-
ied by applying the embedding selection, running> u embedding on selected events, i.e.
replacing the selected muon with a simulated one and compdifferent variables of the
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Figure 7.6: Comparison of distributions of embedded dath keference Monte Carlo simu-
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7 Background estimation

embedded events to those of the initially selected evenisis Tincertainties in distribu-
tions such as the transverse momentum, pseudorapiditgviese energy sum and missing
transverse energy due to the embedding can be studied.

This procedure is applied separately to collision datataiMbnte Carlo simulation.

Figure 7.7 shows some variable distributions in data. Noadiewns in the distributions
due to the embedding can be observed. The systematic eaosed by the embedding
are almost negligible and always within the 10% error bamshim the plots of Figure 7.7.
Small deviations between the two samples are expecte@ sigcthe transverse momentum
of the initially selected muon and the embedded muon willakeays be exactly the same
due to e.g. reconstruction uncertainties. This of courfectf other variables such as the
missing transverse energy, the transverse energy summgand

In Figure 7.8, the same distributions as in Figure 7.7 arevahbut usingt simulation
and embeddett simulation instead of collision data and embedded data.ase of the
limited number of events in collision data compared to Mdd&lo simulation, the statis-
tical errors are much smaller in the latter one. Since syatienerrors introduced by the
embedding step can be studied on simulated data as wek, distsibutions are used in the
following to estimate uncertainties. The systematic utaiety due to the embedding itself
Is extracted from the ratio plots in Fig. 7.8. The error bdrthe embedded distributions
agree mostly within a 15% range with the values of the noteadbed distributions.

U — 1 embedding In a second study, some embedding settings are altered cedjoa
the default embedding selection. The embedding seletioompared to modified embed-
ding selections:

- a higher transverse momentum of the selected muon is rel@senstead of 20 GeV).

- atighter isolation of the selected muon is required (leas thGeV instead of 10 GeV
deposited in calorimeter cells in a hollow cone wifR < 0.3 around the selected
muon).

- the selected muon is not required to be isolated.

In Figure 7.9 muons are replaced Ipyleptons, with varying selection criteria on the
muon. The baseline curves correspond to the signal sate(dee chapter 6). The other
distributions correspond to the signal selection with opectic setting altered at a time.
For the 'loose’ distributions (red squares), no isolatiequirement on the muon before em-
bedding is imposed. Shown in blue (triangles) are the thstions when requiring a muon
with pt > 25GeV instead of 20 GeV. Finally, shown in green circlesgater isolation is
required on the muon before embedding with only 4 GeV instdalD GeV of calorime-
ter cell deposits in a hollow cone withR < 0.3 around the muon. The ’loose’ curves in
7.9 are especially interesting for estimating effects fiQ@D multi-jet events, e.qg. if they
are not well described in simulation their effect could beenestimated. It is thus impor-
tant to see that the loose selection, which mimics embeduknigrmed on QCD processes
where muons are expected not to be isolated, does not chaaghapes of the distribu-
tions significantly. The tighter selection shown in 7.9 igortant for future studies. With
worse pile-up conditions, constraints on selected objmoght have to get tighter. Shapes
of distributions are not altered or shifted very much coregddo the baseline selection.
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Figure 7.9: Comparison g — 7 embedded collision data with varying requirements on
the selected muon. 'Baseline’ means settings as in the esfiiggdelection (yellow boxes),
for ’loose’ no isolation cuts have been required for the &el@ muon (red squares), for one
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divided by the baseline distribution, drawn in the corregpog colors. The box indicates a
10 % error band.
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Because of large statistical uncertainties due to thedisize of the collision data sam-
ple, the corresponding distributions are also shownufer T embeddedt Monte Carlo
simulation in Figure 7.10. With a larger simulated data semapd thus smaller statistical
errors, it is easier to estimate systematic errors. Sinceuld be shown in Figure 7.9 that
looser isolation criteria do not cause an exceeding inereaQCD events, one can rely on
simulation.

Systematic errors i — 1T embedding orit Monte Carlo simulation due to different
selection criteria in the embedding selection concerriregkinematics and isolation of the
muon are extracted from the ratio plots in Figure 7.10. Therdrars of the varied selections
and the baseline values agree mostly within a 20% range.

T energy scale  The effect of varying the energy scale on the transvense E%“issmass
distribution is investigated on embedded data. An unaastaif +5% is assumed on the
energy scale [55]. Applying it causes a maximum modificatib.5% events that pass the
signal selection. The effect of varying theenergy scale on th@r shape in embedded data
is shown in Fig. 7.11.

7.2.7 Application

Because of limited statistics and software problems, theadiselection presented in the
previous chapter had to be loosened for the estimation dédlskground containing true
jets with the embedding method.

A minimum of three instead of four jets is required in the dgefurthermore, the recon-
struction of the hadronically decaying top quark is dropped

No trigger could be required in embedded data, because fibvenation is currently not
available after embedding. Due to a current software proltethe embedding package,
identification does not work properly. Therefore seleatgelt candidates are matched to a
truet instead of requiring identification. Since the is the only part in the embedded data
coming from simulation, truth information is available.

This loosening causes a bias in the shape ofhthealistribution, shown in Figure 7.12.
Themy distribution is shown for the baseline selection applied {donte Carlo simulation
as well as the loosened selection, for which no trigger, ta4noatchedr, only 3 jets and no
hadronically decaying top quark are required. Furtherptbeeloose selection is applied to
embeddedt simulation.

To estimate the bias, the loose distribution in Figure 7sl@drmalized to the baseline
distribution in themy range of 30-70 GeV, since embedded data will be normalizedto
lision data in this range and thus differences between ttelgitions in a highemy range
resulting from the loosening of the selection can be esgthafThe normalization factor
is then applied to the higher mass range of the loose disimiband the variation to the
baseline distribution in this range is calculated.

The systematic error due to the bias is estimated to be apbhfb.

The overall systematic error is calculated by taking theasguoot of the sum of the
squared uncertaintiest15% due to the embedding;20% from the embedding settings,
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Figure 7.10: Comparison gf — 1T embeddedt Monte Carlo simulation with varying re-
quirements on the selected muon. 'Baseline’ means seiisigs the signal selection (yel-
low boxes), for ’loose’ no isolation cuts have been requife@dthe selected muon (red
squares), for one sample tlpg cut on the muon was set to 25 instead of 20 GeV (blue
triangles) and in green circles the distributions are shfiwm tighter isolation cut on the
selected muon (less than 4 GeV instead of 10 GeV in a hollow eath AR < 0.3 around
the muon). Uncertainties are statistical only. The ratmgbkhow each varied distribution
divided by the baseline distribution, drawn in the corregpog colors. The box indicates a
10% error band.
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Figure 7.13: Comparison of they distribution of collision data with contributions from
fake 1 jets subtracted and embedded data. The full baseline melésapplied to collision
data, the loosened signal selection to embedded data. Emdaethta are normalized to
collision data in the range of 30 to 70GeV (first bin). Uncettias are systematic and
statistical.

—6.5% because of the uncertainty of thenergy scale and20% due to the loosening of
the signal selection.

To estimate the background contribution with tmugets, the shape of thar distribution
is taken from embedded data. The normalization is takerttirecom collision data. The
full signal selection is applied to collision data, wheratidutions from other backgrounds
have already been subtracted using results from the otlgh@und estimation methods
(see subsequent sections). After applying the loose sggiattion to embedded data, the
embeddednr distribution is normalized to that of collision data in agarof 30 to 70 GeV
and the resulting normalization factor is applied to emleeddata formy > 70 GeV. In
the region from 30 to 70 GeV, the signal contribution is expddo be low and the events
in collision data are expected to be from background pr@&ses$he two distributions are
shown in Figure 7.13.

Between 70 and 210 GeV, 6t32.5 events are seen in collision data, with backgrounds
from fake rates and QCD estimations subtracted (see subsesgctions). From embedded
data, even with the loosened selection onlyién.Ys(stat.ﬂ:‘z‘(syst.) events with true jets
are retained in this range. As can be seen from Figure 7.&83dbkground estimation is
still limited by statistical errors because of low event rinars in the control sample used for
embedding. But within large statistical uncertaintiesKggound estimation and data agree
well.

69



7 Background estimation

%0.09?H‘\HH|"'4‘\HH|""|'H‘l""l"‘% %0_0452_\“"\ 71‘|‘Hw"" _;
@ gosf JLdt=37pb 4 Data 3 @ 004F JLdt=37pb 4 aa =
« E 3 T c J
L 0.07C E ~0.085 - E
é 0.06E . MC Z(— ee)+jets 3 é 0_0327 . MC Z(— ee)+jets ,;
§‘ 0.0sF E éo.ozs? E
g oot ERE Rakid p——
“ 0.03F = “0.015F + 3
= = E ) 4

0.02f, # | = 0.01F =
0.01F “+ 1 E 0.005F + =

e [P I B I 1 1 0?\ | 1 I R B I

%o 30 40 50 60 70 80 1.

[$)]
no
!\34
(&3]

051

o

T
90 100
Py [GeV]

ol

=

Figure 7.14: Fake rate of probe electrons that gal§¥, electron veto and overlap removal
with electrons, binned in the transverse momentum and psapidlity. Errors are statistical
only [56].

7.3 Background with electrons faking 1 leptons

The background contribution with electrons mis-identifsd leptons are estimated with a
fake rate. These events can result frdijets and single top processes as well as ftom
decays. The electron-tpfake rate is estimated using a tag-and-probe method [55, 56]

A clean and unbiased electron sample is collected from datseiz — eechannel. One
of the electrons, the tag electron, has to pass a tight etestflection. The other electron is
used as the probe if it is reconstructed ascandidate. As the rate of electrons fakingpts
with three associated tracks is negligible compared tovithtexactly one associated track,
only the latter are taken into account for this study. Theltesof the fake rate measured
in data and that modeled in simulation, shown in Figure 7ab#ee mostly within errors.
Relevant systematic uncertainties taken into account are

- the contamination of the sample with QCD multi-jet event80%

- the choice of the mass window around thdoson mass applied to tag-and-probe
objects:~13%

- the uncertainty on the electron energy scal2%

The number of events with electrons fakindeptons is estimated by labeling each true
electron from Monte Carlo simulation passing asa@ndidate as jet and weighting it with
the probability of the fake rate measured before. Quastitieh as e.gEr, EMSSandmy
are recalculated assuming the electron 1sjat. Finally, the baseline cuts (see chapter 6)
without the T identification are applied and the events passing the saheate counted.
The results are shown in Table 7.4. For data, both statigtité systematic uncertainties
are given, while for Monte Carlo simulation only statistioacertainties are given. Results
from the fake rate and from Monte Carlo simulation agree willirge uncertainties.
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7.4 Background with muons fakingleptons

Sample Fake rate prediction Monte Carlo simulation preahict
tt 1.08+0.01+0.38 1.56:0.09

Table 7.4: Predicted number of events after baseline setefrom the fake rate from a
Z — eesample and Monte Carlo simulation, applied t aample. For simulation events,
statistical errors only are given. The expected event nusnibem simulation are normal-
ized to 36 pb! [55].

7.4 Background with muons faking 1 leptons

To estimate the muon-tofake rate, aZ — pu control sample is studied with a method
similar to that for the electron-to-fake rate [55, 56]. Data and simulation agree well.
With the Monte Carlo simulation expectations on this fake faeing much smaller than
the uncertainties of the other backgrounds, it is found pinatesses in which muons are
misidentified ag jets are negligible.

7.5 Background with jets faking 1 leptons

As for the estimation of the background with mis-identifiéelcerons, the background con-
tribution of jets fakingr leptons is measured using a fake rate [55, 56]. Mis-idedtjgés
result mostly frontt decays, single top anif+jets events.

A y + jet control sample is selected from data. Jets in thesetewa dominantly of
quark origin, as it is the case especially in the domiaibtickgrounds, but also in single
top andW + jets processes. Events are required to pagsrger and the photon must
pass a tight isolation selection. Additionally, a jet fuilfi certain criteria must be present.
An object enters the numerator of this fake rate if it passespieter identification. The
denominator is made up of objects passingt candidate reconstruction and lepton vetoes.
This procedure is applied to Monte Carlo simulation as w&ltedictions from data and
simulation agree well within uncertainties as shown in Fégr.15.

Relevant systematic uncertainties taken into account are

- the contamination of the sample with QCD multi-jet event40%
- uncertainties of the control sample selectier1:5%
- correlations of the tag and probe objects3%

A jet is labeled ag jet if it passes the denominator requirements of the fale(raton-
structed ag jet candidate and surviving lepton vetoes) and weightet Wié calculated
fake rate. It is removed from the event to avoid double-cognt The event selection is
then applied and the weights of all events passing the cetstanmed. The prediction from
Monte Carlo simulation agrees well with observation in daiae results are shown in Table
7.5.
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Figure 7.15: Jet-ta-fake rate, determined fromyarjet sample. The fake rate is measured
separately forr jets with 1 or 3 tracks. For data, statistical uncertainfiesgiven and for
MC statistical and systematic uncertainties [56].

Sample Fake rate prediction Monte Carlo simulation preatict
tt 1.7+0.2+0.3 1.9+0.2

Table 7.5: Predicted number of events after baseline sefefrom the fake rate from a
y+jets sample antt Monte Carlo simulation. For simulation, statistical esr@nly are
given. The event numbers are normalized to 36'B5)].

7.6 QCD background

The QCD multi-jet background to the+ jets channel is estimated using an inverted selec-
tion [55, 56]. This is identical to the + jets selection but requires loosefet identification
and rejects events with tigltidentification. The inverted selection is applied to datéeA
subtracting contributions from other non-QCD backgrouestamated from simulation, the
EMss distribution is used to model the QCD background. Using tregs from this model
and that for the distribution of the sum of non-QCD eventsnfreimulation, a fit is per-
formed on the distribution of the missing transverse energyata after the + jets signal
selection is applied to extract the number of QCD multi-jetres. The result is shown in
Figure 7.16, separately farjets with one associated track and formjéts. The assumption
here is that th&MSSdistribution for QCD has the same shape for the signal anohtieeted
selection, respectively. It can be shown that this assumitijustified and the distributions
of missing transverse energy after the two different selastagree within statistical errors.
Relevant systematic uncertainties taken into account are

- in the shape and relative normalizationtbindW processes which are taken from
Monte Carlo simulations 15%
- differences in th&"SSshape in control and signal regiorns5%

The contribution from QCD multi-jet processes after allastestimated to be 18t86.2+3.0
events.
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Figure 7.16: Fit to the missing transverse energy distiomufter all cuts. Two shapes are
used, one fott andW+jets backgrounds and one for QCD. The fit is shown separtdely
1-prongr jets and allr jets. Errors are statistical only [55]

e— 1 fakes jeto 1 fakes QCD data

1.140.0+0.4 1.70.2+0.3 18.8:6.2+3.0 10.83.1717 32+9+7 33

trua jets all

Table 7.6: Expected events from different contributionthtobackground in charged Higgs
boson searches whelfe" — Tv = 1 is assumed. Errors are statistical and systematic.

7.7 Final results

Combining the estimates of different background contrdng, 32£t9+7 events are ex-
pected and 33 are observed in collision data. The numbebhsstatistical and systematic
uncertainties from the different background contribusidor the wholemr range are sum-
marized in Table 7.6. Figure 7.17 shows the distribution in 2010 collision data com-
pared to the data-driven background estimation. The agreeir®s reasonably good within
the large uncertainties.
The transverse mass distribution is used in chapter 8 toalarlimit on the branching

ratiot — H*bassumingH™ — tv = 1.
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Figure 7.17: Result of data-driven background estimati8hown is ther + E%“iss trans-
verse mass distribution as observed in collision data aftptying the full signal selection
and estimates for different background contributions.oEbars on data indicate statis-
tical uncertainties. A hypothetical charged Higgs bosaitritiution formy+ = 130 GeV
and tarB = 35, corresponding to a branching ratio BR~ bH') ~ 6% and assuming
BR(H™ — tv) = 1 is superimposed. Standard Modfetlecays would be reduced accord-

ingly.
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8 Exclusion limit

8.1 Theoretical basis

A preliminary goal in particle physics can be to set uppeiltBnon hypothesized signal
processes. Since the requirements to set a limit are noglasas those for discoveries
from a statistical point of view, it is possible to exclude.iNew Physics processes already
without much data.

In the following chapter, the method to calculate uppertss explained based on refer-
ences [62, 63].

Since no excess of data over the background estimation rdfouchapter 7, an up-
per limit on the branching ratib— H*b assumingH™ — tv = 1 is extracted from data
collected by ATLAS in 2010.

8.1.1 Statistical tests

The common procedure to search for New Physics based on @efrast statistical test
consists of testing a hypothesig against another hypothesilg. To claim a discovery, the
background-only model of known processes can be definét) agich is tested against a
model containing background and a signal playing the roldoffFor setting upper limits,
these roles are reversadp is then the model that consists of background and signalewhi
H, is the background-only hypothesis. The outcome of suchtactasbe quantified by
specifying ap-value or significanc&. The p-value is defined as the probability to find
data that is equally or less compatible with the predictiohthe assumed hypothedis
A hypothesis is regarded as excluded if frgalue is less than a certain value. To convert
the p-value into a significanc&, the quantiled— of a standard Gaussian distribution is
needed:

Z=0o"11-p). (8.1)

The relation between thp-value andZ is illustrated in Figure 8.1. Standard values in
particle physics to claim a discovery or set an exclusioiitliequireZ > 5 (corresponding
to p=2.87-10" ) andZ = 1.64 (p=0.05), respectively.

An often applied method for setting an exclusion limit is equentist significance test
based on a likelihood ratio. Nuisance parameters, i.eesyaic uncertainties, in signal and
background models whose values are unknown can be fitteddadawith this method.

As an example, one may assume that a varialdeneasured in a sample and a histogram
is filled with the measured valueg. Then

Eln = - sc+bx (8.2)
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Figure 8.1: Relation betweeprvalue andZ. ¢(x) shows a standard normal distribution
[62].

is the expectation value of, wheres, andby are the mean number of entries in #ik bin
of the histogram.

=St 1o Be)x (8.3)
bin k

m:uqémmm%Mx (8.4)

The parameteu defines the strength of the signai=1 corresponds to the signal hypothe-
sis whileu=0 describes the background-only hypothe&ignd f, represent the probability
density functions (pdfs) of for signal and background events, respectively, \Wigand 6,
characterizing their shapes. The normalization fagtpiis fixed to a certain value depend-
ing on and given by the signal model. If other measuremeetswade to constrain nuisance
parameters, i.e. systematic uncertainties, that yieldesabfm, their expectation values
can be written as

E[m] = u(6). (8.5)
Here, theu; depend or@ and can be calculated.

The likelihood functiori is given by the Poisson probabilities for all bins:

N (Ilsi +bi)ni _ M um
L(u,0) =[]+ g (ustb) 1 _g-u 8.6
(#,6) ill ni! |D1m! 69

The profile likelihood ratioA is built to test a hypothesized value of

Au) = (8.7)

Here,é is the 8 value maximizingL for a specifiedu. f[1 and 8 are maximum likelihood
estimators. With nuisance parameters present, the prig@léhood is broadened relative to
a profile likelihood with fixed values fo.
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8.1 Theoretical basis

Figure 8.2: Relation between an observed value of the tassttt, and thep-value ob-
tained from it [62].

For reasons of convenience, one often uses
ty=—-2InA(u) (8.8)

as test statistic. Increasing disagreement betweamd the data is then represented by
higher values ofy,. This incompatibility can be quantified by calculating {ealue:

Pu :/°° f(ty|p)dt,. (8.9)

ty,obs

The lower integral limitt, ons is the value of the test statistic observed in dafét,|u)
represents the conditional probability density distridoassuming the hypothegisfor the
test statistid,;, which tests the hypothesized valuerofin Figure 8.2, the relation between
an observed value of the test statisti@nd thep-value obtained from it is illustrated.

8.1.2 Test statistic for upper limits

To set an upper limit op, the test statistiqy, is defined as

[ —2inA() p<p
Oy = { 0 ok (8.10)

whereA (u) is the likelihood ratio as in Equation 8.4, is set to zero fofl > u because
this case would not be interpreted as being less compatiitiepmthan the data acquired
and it is hence not included in the rejection region. The weeytest statistic is defined,
the incompatibility between data and assumed valugs iotreases witly,. To quantify
the disagreement between the hypothesizezhd data, one may calculate tpesalue in
analogy to equation 8.9 usinp as test statistic and integrating framp ops to infinity.

Pu = / f (0 |p)day (8.11)
Ou,0bs
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8 Exclusion limit

Hereqy obsis the observed value of the test statistic diidy |p) is the pdf ofg, under the
assumption ofu.

8.1.3 Alternative test statistic for upper limits

If only non-negative values of the strength paramgtere to be regarded as physical mod-
els, an alternative test varlabléu) can be defined as

,6(0))
5 (8.12)

6(0) and6(u) are the conditional maximum likelihood estimatorsfafor different values
of the strength parametegr,and 0. The test statistag, Corresponding to the alternative test
variable is given by

nLEOw) § g
L(0.6(0))
B(

—21In L(H, (8.13)

< _ [ —2Ind(w) p<p _
“=10 f>up

) o
L(.0) oO<u<u

0 o> pu

While g, implies some important simplifications, one may want to ggdof smaller
samples as the two test statistics become equivalent imthe sample limit [62].

8.1.4 Approximations on distributions

If testing to find an upper limit, the distributiorf§q,,|) and f (qyu|u’) or the equivalents
using the alternative test statistyg are needed. Here, as before, the subscrig dé-
fines the hypothesis that is tested, while the second arguafeinrefers to the values of
the strength parameter assumed in data. The pdf with a eliffestrength parameter is
needed to calculate what significance can be expected itaedistribution does not corre-
spond to the values qf that is tested. Usually the significanpe/alue of an experiment is
described by using the median significance under assumgpit@icertain signal model and
accordingly distributed data, with which the= 0 hypothesis can be excluded. For upper
limits, normally the median upper limit on the strength paeter at a confidence level of
95% is calculated, given by the-value for which the median of thevalue is 0.05. If the
sample is large enough, some approximations one the préiéhlood ratio can be made.
But even for smaller sample sizes, the approximation ugyalds accurate results [64].
For one parameter of interest, it can be shown that

_2InA () = K= ﬂ) +O(1/VN) (8.14)

02

where[l is Gaussian distributed with’ as the mean value;, is the standard deviation and
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8.1 Theoretical basis

N the sample size. In the following, it is assumed thatdt{é/+/N) term in equation 8.14
can be neglected. Then it can be shown that —2InA is x? distributed for one degree of
freedom with a noncentrality paramefee= (u — u’)?/0?, which is equal to zero ift = p’
[65].

The test statistic for upper limits can then be rewritten as

(O
O = { 7k SH (8.15)
o>

with the same requirements @nas before. The pdf(qy|u’) can then be found using the
results of Wilks.

I _ Tl 2
f(qu|u’>=¢<“0“)5(qu 2\/—exp< 1( qu—“0“>> (8.16)

The corresponding cumulative function is

F(qulK) :cD(\/@— “_U“ ) (8.17)
andifu=p’
F(Ou|1) = @(y/ay) (8.18)

The p-value is then found to be

pu=1-®(,/dy) (8.19)

The upper limit (UL) onu, i.e. the largest for which p;, < a, wherea is 0.05 to exclude
values ofu at a confidence level of 95%, is calculated using equatiod$)j&nd (8.19):

puL = i +od (1-a) (8.20)

Employing a so-called\simov data sef62] the standard deviatioa can be estimated.
The Asimov data set always returns the true values of paemigit is used to evaluate the
estimates for these.

To find an upper limit, it can be shown that
2
2= 1 (8.21)
Au,A

whereqy a is the test statistic using the Asimov data set [62].

The same procedure can be executed using the alternativaagsticd, instead ofq,.
The pdf does not follow &2 distribution in this case [62]. The corresponding cumuiati
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med[q, ju]
f(g, )

¢ p-value

Figure 8.3: Relation between tipevalue and the median @f, under assumption of a dif-
ferent strength parametgf [62].

distribution fordy, is given by

) q:(«/qu) 0 < Gy < u?/0?
F(OulH) = Gutit)o?\ o (8.22)
The corresponding significance is given by
, yquz , 0< Gy < u?/o? (8.23)
s q“;ﬁ/éa qu > I«lZ/O'2 .
The upper limit ornu usingdy, and the corresponding error bands are given by
HuLin = 0(® Y (1—a)+N) (8.24)

The median exclusion significance assuming a strength mdeap’ = 0, medZ,|0] is
given by

medZ,|0] = \/Tu.A (8.25)
For the alternative test statistig,"an analogous relation holds:
medZ,[0] = /GuA- (8.26)

The relation between thp-value and the median af, under assumption of a different
strength parameter’ is illustrated in Figure 8.3.

8.1.5 The CLg procedure

If the pdfs assuming background only or signal and backgtane very similar and the
distributions overlap mostly, the sensitivity of an expsnt is very low. To avoid excluding
values of the parameter of interest falsely (hgjevhen the sensitivity is too low, the so-
calledCLs method can be used [66]. If e.g. the result from an experiragrees with the
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8.2 Exclusion limit on the branching ratio— H"b

background-only hypothesis, even a signal strength of wélte excluded 5% of the time
for a confidence level of 95%. However, this result does npinsach about the existence
of a signal but more about the probability of finding at leaségually strong limit at future
experiments.

Using theCLs method, a hypothesis is excludegg< 1— 0.95, where ®5 is the confi-
dence level angbs is defined as

Ps+b
Ps 1-pg (8.27)
andCLs = 1— ps. Here,ps.p, is the 'usual’p-value andpy, is the p-value of the background-
only hypothesisy{ = 0). Thus the 'effectivep-value is reduced if the two distributions of
background only and signal plus background are much alikendJhe Asimov data set,
this ps value can be written as [70]

o L/
T O(/uA— /)

The median upper limit op using theCLs method and the corresponding errors bands
are given by [70]

(8.28)

HuLen = O(®H(1—a®(N) +N) (8.29)

whereN = 0 for the median limit andN = 1, 2 for the corresponding one- and two-sigma
bands. The limits calculated in the following are based @t procedure.

8.2 Exclusion limit on the branchingratio t—H™'b

Since no excess of data over the background estimates cewdderved in Chapter 7, the
my distribution from collision data and background estimadessed to derive a limit on the
branching ratid — H*b for my+ = 130 GeV assuminglt — 1v = 1.

The test statistics described above have been implementte&00oStats [68], a project
to create statistical tools built on top of RooFit [69].

In the case at hand, it has to be taken into account that treckground will be reduced
with respect to the Standard Model background in the casa éf‘asignal. With thett
cross section staying the same as for Standard Model pexesdy, the branching ratio
t — bW is reduced compared to the Standard Model only branchinyifat light charged
Higgs boson exists. This affects the background estimdtmm e — 7 and jet— 1 fake
rates. The QCD background is not affected because it censisinly nontt processes
and the existence of a light charged Higgs boson has no effettte abundance of QCD
events. Background events with troéeptons are not affected because here the background
estimate is taken from collision data. If a light charged g$idposon exists, the rate of
Standard Model events used as input for the background &sbimwith truet leptons will
already be reduced accordingly.

The systematic uncertainties that are considered are stiradan Table 8.1. For the
background with true leptons, the uncertainty on theenergy scale is evaluated as de-
scribed in chapter 7. The uncertainty on thelentification is not evaluated for this back-
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8 Exclusion limit

ground as na ID is used in the analysis but rathefets are identified using truth-matching
and it is shown that the result does not depend ot illentification efficiency. The system-
atic uncertainties given in Table 7.6 in chapter 7 are takmaccount for the fake-rates and
QCD background. For the signal, uncertainties as evalimatéidssamples are assumed [56].
An uncertainty of 11% is assumed on the integrated lumip@SH]. Limits are calculated
for my+ = 130 GeV and a branching ratio BR™ — 1v) = 1 is assumed.

The following Likelihood function is used [67]:

L(B,a) = |_| Pois(nj|vi) |_| N(aj) (8.30)
i i

whereB is the branching ratio — H*b and the parameter of interest, the number of
events in bin of the transverse mass distributignpnumbers sources of systematic uncer-
tainties while thea;j contain their effects.Poisis the poissonian pdf anN the normal
distribution.v; gives the number of expected events in each bin:

vi = 2B(1-B)A 'nfoy (a) + (1 - B)*nfl oz (1) + oz (a) (8.31)

Here,Ais a normalization factor needed to normalize the signalt@the branching ratio,
the different; are the expected numbers of evengdpr signal,nit for tt background events
and nib for nontt background events. Thay and a include the systematic uncertainties
from Table 8.1, witha being defined in a way that-al standard deviation corresponds to
a = +1 for each individual systematic uncertainty. Tdg are defined as

omi(a) = []1(aj: O Ormi ) (8.32)
j
with
1+ax" ifa>0
l(a;xtx)=< 1 ifa =0 (8.33)
l-ax™ ifa<O
Here, the(J,;ij andoy;; describe the fractional effect of a systematic uncertajrtybin i

for the processn. Thus asymmetric uncertainties can be included in the tlon. The
systematics itself are considered as uncorrelated, biat ®stematic is considered corre-
lated between signal and background.

Observed limit  The observed limit is calculated using Equation 8.28. Thaupater
of interest BRt — H"b) is scanned from 0.0 to 0.5 in steps of 0.01. For each valyg of
the p-value according to equation 8.28 is calculated. The bragctatio and correspond-
ing 1— ps-values are filled into a histogram. A fit is performed and tha@nhing ratio
corresponding to the confidence level 089 is extracted, yielding the upper limit on the
branching ratid — H™b that is compatible with data.

An observed upper limit on the branching ratio R+ H*b) for my+ = 130GeV as-
suming BRH* — 1tv) = 1 of 0.17 results, corresponding to a cross section of abbpb4

82



8.2 Exclusion limit on the branching ratio— H"b

uncertainty on signal uncertainty on background with trdeptons

T energy scale +0.0, -2.7 +0.0, -6.5
T identification +7.4 -
jet energy scale +21,-18 -

embedding - +15
embedding settings - +20
loose selection - +15,-0.0
luminosity +11 +11

Table 8.1: Systematic uncertainties on the signal and vaakgl contribution with true
leptons. Numbers are given in % [56].

+20 +10 median - -20
044 0.33 024 0.17 0.13

Table 8.2: Expecte@Ls limits on the branching ratibo— H*b at a 95% confidence level
assumingny+ = 130 GeV, extracted from ATLAS data taken in 2010.

Expected limit  The expected upper limit and its errors are calculated usqation
8.29.

The observed and expected upper limit on the branching agtiee within I. In Figure
8.4, the limits are illustrated depending on farAssuming a charged Higgs boson mass of
130 GeV, tarl values greater than 74 (96), where the solid black line esoHse observed
(expected) limit line are excluded. The observed limit cales with the—10 value of the
expected limit. Values for tgh corresponding to branching ratios foy,+ have been calcu-
lated with FeynHiggs [72] in then"® scenario. One should note that the regiornzan65
is theoretically not well controlled [71].
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Figure 8.4: lllustration of expected and observed limita BR(t — H*b)-tanf-plane. As-
suming a charged Higgs boson mass of 130 Ge\taalues greater than those where the
solid black line crosses the expected and observed linatdne excluded.
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O Conclusions

In this thesis, a search for a charged Higgs boson mith decaying to a and a neutrino
has been performed with 35.5pbof data taken by ATLAS in 2010 ays= 7TeV.

The discovery of charged Higgs bosons would be a definitefsigphysics beyond the
Standard Model. The LHC at CERN offers unique opportunttbessearch for these particles,
with a promising topology for charged Higgs bosonsnif: < m, beingtt — H*bggband
H* — tv. But to search for New Physics, an accurate understandigjasfdard Model
background processes is indispensable.

The signal selection for light charged Higgs bosons in thandeltt — WbH*b —
ggbrvb has been optimized using the TMVA toolkit.

Furthermore, the Standard Model background to these cthdtigggs boson searches
has been estimated. The Standard Model background precessede split up into four
contributions: processes with traéeptons, electrons fakingleptons, jets faking leptons
and QCD multi-jet processes.

Background processes containing truéeptons decaying hadronically have been esti-
mated using an embedding method. Events with a similar égyaio that of signal events
but a different final state that is expected to be almost sfgeaare collected from collision
data. The unwanted final state particle is then removed gridaed by the corresponding
particle from signal final states. Thus everything, inchggdpile-up and underlying event, for
background estimation but this one simulated particleksnalirectly from collision data.
The embedding selection, i.e. the sequence of cuts to deleeiu + jets events applied
to data before the embedding is run, has been optimized anlaion samples. Embed-
ded Monte Carlo simulation have been compared to referamudation. Also, embedded
collision data have been compared to reference Monte Ciamlalation. Event yields and
distributions after the embedding selection and embedgdingedure applied to collision
data and expectations from simulation agree well. Systematertainties due to the em-
bedding procedure and variations in the embedding setetttat affect the embedding step
have been studied.

The other background contributions have been estimatedhgy ATLAS members and
have been quoted here for completeness.

Combining all background contributions and comparing thieroollision data taken by
ATLAS in 2010, no excess of collision data over the Standaati®& expectations could be
observed.

Using the results from the background estimations, uppetdion the branching ratio
t —H"bassuming BRH™ — tv) = 1 formy+ = 130 GeV could be set. At 95% confidence
level, the observed limit is extracted to be 0.17 and the egoe0.24. Both limits agree
within 10. These limits could be reinterpreted as limits onfdor my+ = 130 GeV. For
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9 Conclusions

the observed (expected) limit a value of far-74 (96) results for then"® scenario of the
MSSM.

As this thesis is written, more than 2fb of data have been collected by the ATLAS
detector. This allows to tighten the event selection andudysthe embedding procedure in
more detail. In case no hint for charged Higgs boson produoatiill be found, large parts
of the MSSM parameter space may be excludedrigr < m.
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