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Abstract

Charged Higgs bosons are predicted in theories with a noirmal Higgs
sector like the Minimal Supersymmetric Extension of then8tad Model
(MSSM). At the LHC, light charged Higgs Bosons might be proetli in
on-shell top quark decayls — H*b, if my+ < my; — my. In most of the
MSSM parameter space, the deddy — 7v is the dominant decay channel
and suggests the possibility of using the unique signattifedronicr final
states to suppress the backgrounds.

The subject of this study is the estimation of the sensjtiot the ATLAS
detector for charged Higgs boson searchesgtievents. Leptons from the
decay chain of the second top quark allow for efficient triggge A search
strategy is developed and estimates of signal significaaces exclusion
limits in the MSSMm-max scenario are presented based on Monte Carlo
simulations. For an integrated luminosity of 10h the discovery of charged
Higgs bosons is possible faans > 32. Exclusion limits are given for
values oftan 3 > 17, significantly improving the current best limits from the
Tevatron.

The most important systematic uncertainties were found géathie errors
on the jet energy scale and the missing transverse energyiting in a
total systematic uncertainty of 40% on the signal. To rediheesystematic
uncertainty for the most important Standard Model backgdott production,
emphasis is put on estimating this background using dataadsof Monte
Carlo simulations. Thet background consists of two contributions, one with
a correctly identifiedr-jet in the final state, which is irreducible, and one
where the hadronie decay is faked by a light parton jet. For each background
a method has been developed to estimate its contributidm mihimal use
of Monte Carlo simulations. In this way, the systematic utasty on the
background can be significantly reduced.
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Chapter 1

Introduction

In the nineteen-sixties, the Standard Model of particlespds/was developed to describe the ele-
mentary constituents of matter and their interactionse@luof the four known interactions, namely
the electromagnetic, the weak and the strong interactamesgescribed by gauge theories requir-
ing invariance under transformations of the gauge symnuetypU (1) ® SU(2) ® SU(3). To
date, the predictions of the Standard Model are in exceligreement with experimental data.
However, one basic ingredient of the Standard Model hasewt bbserved so far. The Higgs bo-
son, associated with the generation of particle massesdtapeous gauge symmetry breaking,
remains elusive. Electroweak precision measurementsdtela rather light Higgs boson with a
mass below 186 GeV, which allows for either its discoveryt®exclusion at the LHC.

Even if the Higgs boson is found, there are doubts that thedata Model fully describes nature
up to the highest energies far beyond the electroweak staleoot 1 TeV since it cannot explain
why the Higgs boson should be light. Another argument forspts/beyond the Standard Model is
the unification of the couplings of the three gauge inteoaistiat high energies. Finally, the matter
in the universe is dominated by dark matter, not describetthé@ystandard Model.

These problems are solved by extending the Standard ModlelSupersymmetry, a symmetry
relating fermions and bosons. It postulates superparfoeesach Standard Model particle and at
least five Higgs bosons, three of them neutral and two char@e@ neutral Higgs boson is pre-
dicted to be naturally light and the three gauge couplingsurafy at high energies. Depending
on the choice of parameters, one of the new patrticles is adatedfor the observed dark matter
in the universe.

The Minimal Supersymmetric Extension of the Standard M@t SM) is the most simple and
best studied supersymmetric theory of elementary pasticieharged Higgs bosor{g/*)! are
produced in decays of the top quatk— H ™0, if they are light enough. Due to the high pro-
duction cross section d@f quark pairs in proton-proton collisions at a center of massgy of
14 TeV, light charged Higgs bosons are copiously producatdeat HC, if they exist. In most
of the MSSM parameter space, the deddy — 7 acquires a branching ratio of close to one,
allowing for searches it events with final states including leptons. In this thesis, a strat-
egy is developed to search for light charged Higgs bosonkansemi-leptonic decay channel

LIn the following, only one of the two charged Higgs bosonestd * is mentioned implying the corresponding
relation for the charged conjugated stéaie .
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tt — (HTb) (Wb) — (mawb) ((wb) with the ATLAS detector. Emphasis is put on the re-
duction of detector related systematic uncertainties iynasing the dominant Standard Model
background oft production without decays in charged Higgs bosons from. date background
consists of two contributions, one with a correctly identifr-jet and one where a light parton jet
is wrongly reconstructed asmajet. In each case, the accuracies of the proposed metheds-ar
vestigated using different-jet identification algorithms. Signal significances andlesgion limits
are calculated for the MSSM;,-max scenario.

This thesis is organized as follows: In Chapt2iend3 the Standard Model and its supersymmet-
ric extension are outlined. The phenomenology of chargegj$iboson production and decay at
the LHC is presented in Chaptérwhile the ATLAS experiment is described in ChapeChap-
ter 6 is dedicated to the investigation of the particle recomsion and identification performance
of the ATLAS detector using Monte Carlo simulation. The shastrategy for light charged Higgs
bosons is presented in Chaptérwhile in Chapters8 and9 the methods for estimating the
background from the data are described and their accuramesstimated. The resulting expec-
tations for the achievable signal significances and exatukiinits for light charged Higgs bosons
are summarized in Chapt#®.



Chapter 2

The Standard Model of Particle Physics

The StandardM odel of particle physics is a theoretical framework thaicdess three of the four
known fundamental interactions:

e the electromagnetic interaction,
¢ the weak interaction and
e the strong interaction.

Gravitation is not included in this framework. The energglsavhere quantum effects of gravita-
tion have to be taken into account in the description of plarinteractions is the reduced Planck
massMpianck = 2.4 x 10'® GeV. At this scale, at the latest, the Standard Model has tefilaced
by a more general theory.

In the sixties of the 20th century it was shown by Glashowa®ehnd Weinberg that the weak and
electro-magnetic interactions can be unified to the eledak interaction. Today the Standard
Model of particle physics is understood as a theory of ebaatak and strong interactions.

Both are described by quantum field theories governed by stmgrprinciples. In addition to the
transformations of the Poincaré group, these theories lmoey gauge symmetries determining
the fundamental interactions.

Over several decades, the Standard Model has been confiynmadriy measurements with im-
pressive precision. However, there are several open gusstind limitations indicating the need
for an extension of the theory.

After the introduction of the Lagrange formalism in Sectibf Quantum Electrodynamics (QED),
the electroweak theory (Glashow-Salam-Weinberg theoByMpand Quantum Chromodynamics
(QCD) will be shortly described in Sectidh2, 2.3and2.4. In Section2.5the Higgs mechanism
is introduced, which provides an elegant solution to on@@ibost important questions in particle
physics: the origin of the particle masses. Secfdhis dedicated to the new particle predicted
by this mechanism, the Higgs boson. In Sect®i the limitations of the Standard Model are
discussed.
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2.1 Lagrange Formalism

Classical mechanics is governed by the Lagrange fundtign, ¢°), a function of the particle
coordinates;’ and their time derivativeg = dq’/dt. Given the kinetic energy’ and the potential
energyU, the Lagrange function for systems with conserved energywen byL =T — U. A
particle with the mass: and coordinateg moving in a force field is described by the Lagrange
function L = ima? — U(%).
The equations of motion of a physical system are the Eulgrdrge equations

d OL 0

ORI &Y

which, in the above example, yield Newton's second laWz(t)) = —VU (z) = mi(t). The
Euler-Lagrange equations are derived from Hamilton'sqpile of least action. This fundamental

law states that the action .
1

Sd0) = [ L 0.0'0) d 2.2
to
has an extremum for the true trajectaiyt) [1].
These principles can be extended to field theories by remjabie coordinates and velocitigs
and¢‘(t) by the fieldsy!(x) and the associated momentz) = 9L/0y", respectively. The
Lagrange function is then given by the integral over the hage density or Lagrangia#’:

L= /8x“$ (¢',0"p") . (2.3)

For example, the Lagrange densities for a free spin-0 séialdry and a Dirac fermion field)
with the masses: are (withi = ¢ = 1)

Lscalar= 8;1‘;08“%0* - mQSO*QO and (2.4)
ZLermion = Z'E(x)"wauw(x) - WWJ; (2.5)
respectively, wheré@* = 9/0xz* and~* are the Dirac gamma matrice®][ Here and in the

following summation over equal indices is always impliecheTEuler-Lagrange equatio.()
yields the Dirac equation for the fermion field and the Kl&ordon equation for the scalar field.

2.2 Quantum Electrodynamics

The gauge interactions of the Standard Model are deterntiyeithe requirement that the La-
grangian is invariant under local phase transformationae €ample is thé/(1)g group, the
group of linear transformations of complex numbers leavimgr norm unchanged. The local
U(1)g gauge transformations (x) of a Dirac spinor field)(x), for example, are represented by
the local phase transformations:

P(z) — P (z) = Uz)ih(z) = e @y(x), (2.6)
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wheree is the elementary charge. Since the phasgepends orr, the derivatives of the field
in (2.5) transform differently than the field itself:

O (x) — (0"h(x)) = "M@ (9 +iQO"A) (). 2.7)

To construct a gauge invariant Lagrangian, the derivativis replaced by the covariant derivative
DH which transforms like the field:

Dty — (DHap) = U D). (2.8)
The covariant derivative is given by
DF = 0" +ieQA(x) (2.9)

introducing the gauge field” in order to cancel the terid)d, A in Equation R.7). This require-
ment completely fixes the transformation rule for the gaugje fl* [3]:

Al = AP éa*‘A. (2.10)

The Lorentz 4-vector fieldl# corresponds to a spin-1 field, the photon field. It fulfills Maxwell
equations, which are covariant under the gauge transfmnsa@.10. By substituting the deriva-
tives 0" in (2.5 by the new covariant derivative®*, a term containing the gauge fieldt is
added to the Lagrangian. It describes the electromagnetipliog of the Dirac fermion) to the
photon fieldA*.

The complete Lagrangian of quantum electrodynamics theatsre

1

1 o (@) (@) + i (27" 0pp () — mpp — eQ A ()P (w), (2.11)

LoD = —

including a kinetic term for the free photon field:

Zin = —EFHV(QJ)F”V(:E) (2.12)

with the electromagnetic field tensor
FH = 9grAY — 9" AX.

Consistent with all experimental results, no mass tém?A“AH for the photon field appears in
the Lagrangian. In fact, such a term would violate the ) gauge symmetry since

%m2A"Au — %mQ(A“ - éa“A)(Au — éauA) + %m2A"AM. (2.13)
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2.3 The Electroweak Interaction

The unified theory of electromagnetic and weak interactiotre@duced by Glashow, Salam and
Weinberg (GSW)4, 5, 6] is based on the gauge symmetry gratig(2);, ® U(1)y. It describes
the electroweak interactions between fermions by the exgdaf spin-1 gauge bosons. The
Lagrange densities for the gauge fields (bosons) and themfiettls (fermions) can be formulated
similarly as in Sectior2.2 The local weak isospin symmetry groS@/ (2) ;, implies the existence
of three gauge bosons corresponding to the three geneddttrs group, the components of the
weak isospin vector. The requirement(6fl)y gauge invariance results in a fourth gauge boson
corresponding to the conserved weak hypercharge

An important observable of the electroweak theory is cityralEach fermion field consists of
a right- and a left-handed component. In the case of masghlessles, these components are
identical with the helicity eigenstates. The right- (Ipftanded massless stateg ;) have positive
(negative) helicity implying (anti-) parallel orientatiaof spin and momentum. Experiments have
shown that only left-handed fermions take part in weak atgons. These are therefore arranged
in SU(2)., doublets¥¢ (d = e, u, 7,u, ¢, t)

t
(), (0, 00,0, 0,0, e
e ) \W )\ ) \d)\s) T\
The right handed charged fermiows, (s = e, 1, 7,u,d, ¢, s,t,b)

% = e;?’lLLIEL?T}g?uR?deCR78R7tR>bR (215)

are SU(2), singlet states and do not interact weakly. In addition, fachefermion fieldy> an
anti-fermions is included in the Standard Model. Right handed neutrinesnat listed because
they interact only gravitationally.

The LagrangianZssw of the electroweak theory consists of a term for the fermimh@ne for the
gauge fields:

iﬂGSW = fgauge‘F ﬁermions (2-16)
The first term in Equation,16) describes the free gauge fields:
1o o 1 L
ZLyauge = —ZFWFZ-“ = g S S with (2.17)
Fl, = 0,W. - 9,W} — ge"Wiw} and (2.18)
f;w = auBu - auB;r (2.19)

WZ (i = 1,2,3) denotes the three gauge fields of ti&(2);, group andB, the one of the

U(1)y group. The gauge couplings are givengogndy’, respectively. The generators 8¢/ (2),

andU(1)y are represented by the Pauli matriegsi = 1,2,3) and the weak hyperchargé,

respectively 2]. The quadratic term in Equatio2.(L8 is due to the non-Abelian nature of the

SU(2), group, leading to self-interactions of the weak gauge figlds

The charged mass eigenstal&s- of the weak gauge bosons are given by the linear combinations
Wy = % (W FiW}). (2.20)
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Table 2.1: Fermion and gauge boson content of the Standard Model. théahree fermion genera-
tions are given. The indexof the quarks denotes the color quantum numbers (ed, green, blue). In
(b) the fundamental interactions and the correspondinggaosons are listed. The strengths of the
interactions are given in relation to the strong for8g {Gravitation is added for comparison.

(@) (b)

iaenezratlogs Force Mediating Bosons Rel. Strength Range
é Ve v, v;  Strong Gluonsy,...,gs 1 107 m
& e p 7  Electromagnetic Photon 102 00
= owu; ¢ t;  Weak W+, Z 1075 107¥m
& d; s b,  Gravitation Graviton 1040 00

Similarly the fieldsB,, ande’ mix to give the physical neutrdd boson and the photoA:

Z —si 3
n\ _ C?S Ow sin Oy Wy ' (2.21)
A, sinfy  cos Oy B,
The mixing angle)yy, referred to as th&Veinbergangle, is determined by the two coupling con-
stantsg andg’ according to the relations

cosbw = g/\/ g%+ g% and (2.22)
sinfy = ¢ /\/ g% + g2 (2.23)

The Lagrangian for the fermions including their electrolwedieractions via gauge bosons is given
by
. —d , —
Ztermions = 1 Z wL'VHDmﬂﬂ% +1 Z ‘IJE’VHD“R\IJSR. (2.24)

doublets d singlets s
The covariant derivatives
N .g i .g/
D, 4 = |0, + Z§UiWu + zEYBM vy, and (2.25)

/
D, Vg = [au + z'%YBH} Uy (2.26)

ensure local gauge invariance undgr (2);, ® U(1)y transformations.

2.4 Quantum Chromodynamics

Also the strong interaction is described by a gauge theomethQuantum Chromodynamics
[7, 8]. The strong interaction takes place between particlayicgy color charges, namely quarks
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and gluons. The QCD Lagrangian

1 .
Zaco = = Fu 77+ (i, D = m)y

FMY = M GY — "G — g, fiGI'GY

(2.27)

is invariant under locabU (3)¢ transformations. Here the indéX: = 1, .., 8) denotes the eight
SU(3)¢ gauge boson fields, the gluon field4'. f;;; are the structure constants of the gauge
group andy, the coupling constant. The interactions between quarkglaas arise via covariant
derivatives

D, =09, + z’ESAZG{“ (2.28)

where); are the Gell-Mann matrices representing $ié(3) generators. Due to the non-Abelian
nature ofSU(3)¢, gluon self-interactions are introduced as in the eleataingauge theory.

No free color-charged particles have been observed. THgyappear bound in colorless mesons
and baryons. This phenomenon, called “confinement”, isodymred by QCD. In addition the
quarks and gluons behave almost as free particles at slsteihdes within the bound states, an
effect called “asymptotic freedom”. Indeed experimentaficm the QCD prediction that the
coupling constant;, depends on the momentum transfgt of a strong process, diverging for
Q? — 0 and decreasing fap? — oo [9, 10, 11].

The fermions and gauge bosons of the Standard Model are stmechan Table2.1

2.5 Spontaneous Electroweak Symmetry Breaking —
The Higgs Mechanism

The Lagrangian4.16 does not include mass terms for the weak gauge bosons &iegevould
violate the localSU (2), ® U(1)y gauge symmetry. However, experiments have proven that the
weak gauge bosons are heavy objects. Inspired by condereséer physick, spontaneous local
gauge symmetry breaking has been proposed by P. Higg4 3] and others 14, 15] to solve this
problem. An additional weak isospin doublet

T 1 [Pl —i®?
() -5 (S
is introduced with the electrically charged and neutral plax scalar fieldgb* and ®°, respec-
tively. The Lagrangian for the field is given by

Liggs = (D, @)1 (D'D) — V(®, ),  where (2.30)
V(®,07) = 2(0dT) + A(@DT)2. (2.31)

1Spontaneous symmetry breaking, for instance, occurs isudperconducting phase transition: Below the critical
temperature the electrons in superconductors form Co@ies gonstituting a scalar field and static magnetic fields ar
expelled from the superconductor. This effect can be utolgdsby the photon acquiring mass in the superconducting
phases.
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V(o)

Figure 2.1: One-dimensional analogon of the Standard Model scalanfiatén Equation 2.30) with
one complex scalar fieltf (¢) = pu|o|? + A ¢|* for (a) u2 > 0 and for (b)u? < 0. In the latter case
the set of degenerated ground states is visualized by tihedascle.

The covariant derivative2(25 are used to ensure for invariance under log&l(2);, ® U(1)y
transformations. The self-couplingand the mass paramefeof the scalar field are real parame-
ters describing the shape of the potentidib, ®1). In order to ensure ground states with positive
finite energy,\ has to be positive. Figur2.1shows the one-dimensional projection of the scalar
potential for positive and negatiye’. For positivei?, the potential has only the trivial minimum
at|®| = 0. If 12 is taken to be negative, a degenerated set of ground states wi

I Sl
w0l =\ 55 =75 (2.32)

occurs. In other words, the fiefbtl acquires a non-zero vacuum expectation vadeig.

By choosing a particular ground state, $% (2) ., @ U (1)y symmetry getspontaneousliproken
to the electromagnetic gauge gralipl)o. Owing to theSU (2), invariance of the Lagrangian the
phase factor can be eliminated by local gauge transformamd® becomes after spontaneous

symmetry breaking:
1 0
b =— . 2.33
7 (or 1) (2:33)

Only one real neutral scalar field(x) is left describing excitations from the ground state. Itiser
ing Equations2.33 and @.20, (2.2)) into the Lagrangian.30 one obtains:
2,,2

g-v

1 2,2
Lhiggs = SO, HOMH + T (W,SWH 4 WIW ) T 7,70 —V(d,01) (2.34)

8cos2 Oy
with mass terms for the weak gauge bosons

my = % and

. gu . mw
"~ 2cosby  cosOy

(2.35)

mz
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The Standard Model predicts masses foriieand Z gauge bosons which are relateddoy 0y .
The measured mass values of the weak gauge bosonkghre [

mw = 80.398 %+ 0.025GeV and (2.36)
myz = 91.1876 & 0.0021 GeV. (2.37)

SinceU (1) remains unbroken no photon mass term arises in agreememntheitexperiment.
Inserting EquationZ.33 into the potential Z.31) yields a Higgs boson mass term with

mu = /—p2 = Vw? (2.38)

as well as Higgs-gauge boson interactions proportionadigoandm ;. By measuring the lifetime
of the muon, the vacuum expectation value

v = 246 GeV (2.39)

has been determinech andmy are free parameters of the Higgs sector of the Standard Model
and have to be determined by the experiment.

Also fermion mass terms are introduced in the Standard Miogehe spontaneous breaking of
the electroweak symmetry. Adding mass terms explicitlyhefformma) would break the elec-
troweak gauge symmetry. The generation of fermion massesdsated by the Higgs field by the
Yukawa interactions with couplings with the fermion fielgs

Atcawa =~ (ye V1, (PUR) + 9,V (PW) + 3,V (2UF)) +h. c.

(2.40)
+ analog quark terms

These couplings are the most general renormalizable caysgpéllowed by the&SU (2);, @ U(1)y
group. Once one of the non-zero ground state® o chosen, Equatior2(40 leads to fermion
mass terms. The fermion masses are proportional to the Mukauplings, hence the Higgs boson
couples to fermions proportional to their masses.

2.6 Higgs Mass Bounds

The Higgs boson is the only particle of the Standard Modektviias not yet been directly ob-
served. Nevertheless limits can be obtained from thealetiguments, electroweak precision
measurements and the direct searches.

2.6.1 Theoretical Limits

The Higgs boson mass; can be constrained by requiring self consistency of thetreleeak
theory. The limits depend on the enerfjythe scale where new physics appears and the Standard
Model becomes invalid. The highest energy scale to be cereids given by the reduced Planck
massMpianck = 2.4 x 10'® GeV, where gravitational quantum effects become large.
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Figure 2.2: Theoretical bounds on the Higgs boson mass as a function of the scale up to which
the Standard Model is valid. The areas above and below tlo& bends are excluded, the width of the
bands represents the theoretical uncertainties. The nidiss top quark has been assumed tabe
=175GeV [L7].

e The Higgs self-coupling\ is not a constant, but depends an For small Higgs boson
masses\ becomes negative and the electroweak vacuum defined by tivetipbl” (&, dT)
in Equation 2.31) unstable. Lower bounds on the Higgs boson mass are obtasadunc-
tion of A, visualized in Figur.2
At lower energy scales the relatively loose limitiafy = 50 GeV can be set. It increases
up tomg = 160 GeV when approaching the Planck scale.

e The upper band in Figur22corresponds to Higgs masses for which the Higgs self-cogpli
A diverges. Using this argument a limit; < 600 GeV is set for a low scald = 1 TeV,
decreasing down tov; < 170 GeV for A equal to the Planck scale.

¢ In the Standard Model, the unitarity of the scattering pss¢&;, W ; — W Wy, of longitu-
dinally polarizedi’ bosons is violated if the Higgs boson is too heavy,n.g; = 800 GeV.

Given no new physics exists up to the Planck scale the Higgsrbmass is constrained by these

theoretical arguments to the range 160 GeViny < 170 GeV. Assuming the valué = 1 TeV

the limits are released to 50 Ge¥mpy < 600 GeV.

2.6.2 Experimental Limits

Direct Searches The combined results of direct Higgs boson searches caotiethy the four
LEP! experiments ALEPH, OPAL, L3 and DELPHI allow an exclusiontio¢ Standard Model

ILEP: Large Electron-Positron Collider, running from 198830 in the same tunnel as the LHC.
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Figure 2.3: Ax? = x? — x2,, of the global fit of the electroweak precision data from SLAEP
and Tevatron as a function of the Higgs boson mags The yellow shaded area indicates the region
excluded from direct searches, the blue band the theoreticartainties. The dotted line shows the
result when using the lo@? data p0).

Higgs boson masses below;; = 114.4 GeV at 95% confidence level§]. The combined results
of the Tevatrof experiments D@ and CDF currently exclude the mass range 882Gmy <
166 GeV [L9].

Indirect Indications Indications on the Higgs boson mass come also from electioywescision
measurements. Higher order corrections to electroweagredisles include Higgs boson loops.
Due to the high precision of the measurements of the LEP andigtatron experiments the Higgs
boson mass can be constrained by performing-dit of the Standard Model predictions to the
data. The minimum of thg? function corresponds to the preferred valueofi. In Figure2.3
the quantityAx? = x? — x2,, is shown as a function of the Higgs boson mass with the estmat
of the Higgs boson mass @ntgg GeV corresponding to an upper limitofy < 157 GeV at 95%
confidence levelZ0]. Taking into account the lower bound from the LEP searctiesupper limit
increases to 186 GeV. Hence the electroweak precision dabasfa rather light Higgs boson in

the framework of the Standard Model.

2Tevatron:pp collider at the Fermi National Accelerator Laboratory ie tHSA.
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2.7 Limitations of the Standard Model

Despite the success of the Standard Model in describing rmusexperimental observations of
high-energy experiments, there are several problems. &repf experimental and theoretical
nature. The most important ones are summarized in the fwltpw

e The number of free parameters of the Standard Model is rédtgg. 19 parameters have to
be determined experimentally:

o

o

o

o

o

(e]

twelve fermion masses (quarks and leptons),
three gauge couplings,
two parameters) andy, describing the Higgs potential,

three quark mixing angles in the Cabibbo-Kobayashi-Mask&@KM) matrix [21,
22,

one complex phase of the CKM matrix and
the QCD vacuum angle.

The values and hierarchy of the fermion masses is not exqaldy the Standard Model.
A quantum theory of gravitation is not included in the Staxddodel.

Astrophysical observations indicate that about 30% of thal energy density of the uni-

verse is non-baryonic dark matter which is not describechbyStandard ModePf].

In the previous section it was shown that in the Standard Mthde Higgs boson mass

has to be smaller than 1 TeV to be consistent. Theoretichltyis rather unnatural, be-
cause the mass of the Higgs field receives large quantumctions in the Standard Model
which drive the Higgs boson mass to the highest energy gcalbere the Standard Model
becomes invalid. IfA is the Planck scale, the correctionsrtg; are about 15 orders of
magnitude larger than the expected val4][ In order to keep the observable Higgs mass
near the electroweak scale unnaturally precise fine-tuméggto be performed. This prob-
lem, often referred to as theerarchy problemcan be solved by introducing the concept of
Supersymmetry.






Chapter 3

Supersymmetric Extensions of the
Standard Model

Although the Standard Model is a very successful theoryrit#ag high-energy physics up to en-
ergies of about 100 GeV, it has theoretical problems, inotyithe hierarchy problem, described in
the previous section. The hierarchy problem can be solvéatimducing a new symmetry, namely
SupersymmetryZ5]. After an introduction in Sectiol.1, an extensively studied supersymmet-
ric extension of the Standard Model is described in SecBédh the Minimal Supersymmetric
Extension of the Standard Model (MSSM).

3.1 General Concept of Supersymmetry

In supersymmetric theories, the constituents of matteradiétion, namely fermions and bosons,
are related by supersymmetry transformati@hehich turn fermionic into bosonic states and vice
versa:

@) |Bosor) = |Fermion ,
@ |Fermion = |Bosor) .

Supersymmetry is not an internal symmetry like the localggasymmetries of the Standard
Model. The superalgebra of the operat@lsand their hermitian conjugateg’ rather defines
a non-trivial extension of the space-time symmetries oRbmcaré algebra2p, 27].

A supersymmetric state, called supermultiplet, contaihesonic and a fermionic state. Two dif-
ferent kinds of supermultiplets exist: Chiral supermudip, consisting of a spin-1/2 and spin-0
field ¥(z) and¢(x), as well as gauge supermultiplets with a spin-1 and a s@rfidid A*(x)
and\(x), respectively. The members of a supermultiplet exhibieéquasses and gauge quantum
numbers. In a supersymmetric extension of the Standard Mdidenown fundamental particles
reside in separate supermultiplets together with a “sugyarer”. The scalar superpartners of the
fermions are named with a leading “s”, the names of the sapemgrs of the gauge and Higgs
bosons end with “ino”.

Due to the different spin-statistical nature of fermionitldosonic states, the radiative loop cor-
rections of fermions and bosons to the Higgs boson mass hgp@sibe sign. In Figurd.1the

15
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a) / b) B

Figure 3.1: Radiative corrections to the Higgs mass due to (a) fermfgriqops and (b) bosoni)
loops.

Table 3.1: Chiral supermultiplets of the MSSM. Each supermultiplattains a complex scalar and
a spin-1/2 field. The superpartners of the Standard Mod¢icpes are denoted with the tilde. The
indicesL /R of the superpartners denote the chirality of the corresipgnitandard Model particle.

i i Scalarp Fermiony)
Chiral Supermultiplets Spin 0 Spin 1/2
Squarks, Quarks 9 = (ud)L Q= (udp
(x3 families) UR UR

dr dg
Sleptons, Leptons L=Fo)yL L=(ve)
(x 3 families) er eR
— (H+ H%Y H, = (HT H°
Higgs, Higgsinos ~ Thw = (Hu ) I = (I, )

Hy=(HYHy) Hy=(HYHy)

s§

first-order contributions are shown. The correspondingeabions to the Higgs mass; are:
)‘3‘
Fermion Loops: Am?, = —2A% 4+ 6m ¢ In(A
p mi 162 [ + 6m ¢ In( /mf)], 3.1)

A
16?2 [—|—2A2 — 6mpIn(A/mp)] .

Since Supersymmetry ensures identical masses and thengpaphstants of fermions and bosons
are related,(?c = Ap), the corrections to the Higgs mass cancel. However, Sypengetry must
be a broken symmetry in nature because the superpartnetd naoee been already observed oth-
erwise. In order to keep Supersymmetry as a solution for igr@ichy problem, the cancellation
of the Higgs boson mass corrections has to be maintained réquires that the masses of the
lightest superpartners are of the order of 1 TeV or lighPd.|

Boson Loops: Am?%, =

3.2 The Minimal Supersymmetric Extension of the Standard Malel

The Minimal Supersymmetric Extension of the Standard M@&kSSM) is a supersymmetric the-
ory with minimal amount of additional particles. One sugetper is introduced for each Standard
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Table 3.2: Gauge supermultiplets of the MSSM. Each supermultipletaios a spin-1/2 and a spin-1
field. The superpartners of the Standard Model particled@aneted with the tilde.

Fermion\ BosonA#

Gauge Supermultiplets Spin 1/2 Spin 1

Gluinos, Gluons Jls---,08  Gls---,08
Winos, W Bosons wEwo  wE wo
Bino, B Boson B B

Model particle. Furthermore, the MSSM obeys the same gaymgengtriesSU (3)c ® SU(2);, ®
U(1)y as the Standard Model. In contrast to the Standard Modefatepbliggs doubletdd,,
andH for up- and down-type particles and the corresponding gaperers are required, because
terms including complex conjugate fields are forbidden bpeBsymmetry. The particle content
of the MSSM is summarized in Tab&1 and Table3.2 The MSSM makes the remarkable pre-
diction that the three gauge couplings = ¢2/4r (a = 1,2,3) unify at the Grand Unification
scaleMguT ~ 2 x 1016 GeV. In Figure3.2the effect of the superpartners on the running of the
gauge couplings is visible at energies above 1 TeV.

3.2.1 The Superpotential
The scalar and Yukawa interactions of a supersymmetriayiesm be expressed by the superpo-
tential W (¢;) which has the general forn24):
. 1 . 1 ..
W (i) = L'¢; + §M” bipj + gy”k%%‘@bk : (3.2)

The linear term is only allowed for gauge singlets. Since umchsparticles are included in the
MSSM this term is neglected in the followingZ* are the mass matrix elements for the fermion
fields andy™* couplings of the scalar fields;, to two fermion fieldsy;1;. The corresponding
Lagrangian is derived according to:

1 82w
Prukawa = —=—————;1); .C. 3.3
Yuk 25¢i5¢j¢¢g+00 (3.3)
The superpotential of the MSSM is given by:
Wissm = i (ya)” Qi Hu — di (ya)” QjHa — & (ye)” LjHy + nH,Ha, (3.4)

where the indices, j denote the three fermion generations. The last term giveslihgs boson
mass term.
3.2.2 R parity

More terms could be added to the superpotemtigksyw without violating Supersymmetry. Never-
theless these terms are excluded in the MSSM, because thag ®ither violate lepton or baryon
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Figure 3.2: Running inverse gauge couplings® = 47/92 (91 = \/5/3¢',92 = g,93 = gs) in the
Standard Model (dashed lines) and in the MSSM (solid linpspienergy scale§ of 1019 GeV [24)].

To reflect the theoretical uncertainties, the masses ofuperpartners are varied between 250 GeV
and 1 TeV andvs (mz) between 0.113 and 0.123, respectively. In the MSSM, thelowspunify at

~ 2 x 106 GeV, while in the Standard Model they do not.
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number conservation. The absence of such terms is formafilyeed by a new discrete symmetry
called “R parity”, with the quantum number

R = (—1)3B-L)+%  (s=gpin. (3.5)

Baryon numbeB = 1/3 (B = —1/3) is assigned to the left- (right-) handed quarks and squarks
andB = 0 to all others. Similarly, lepton numbér = 1 (L. = —1) is assigned to left- (right-)
handed leptons and sleptons. Thus Standard Model paréing$liggs bosons have even, their
superpartners odg parity.

Although conservation oR parity is not required from the theoretical point of viewisittavored

by the very long lifetime of the proton. An additional conseqce is that superpartners are only
produced in pairs and decay to the lightest superpartnezshwibistable. Given that this particle is
electrically neutral it provides a dark matter candidate.

3.2.3 Supersymmetry Breaking in the MSSM

In the MSSM so called “soft” Supersymmetry breaking termegehto be added to the MSSM
Lagrangian explicitly. They preserve the cancellation @ds$ mass corrections:

1 . — ~~
LM = — 2 (Mg + MWW + M BB + c.c.)

~ (1 AWQH, ~ dAuGH, — e ALH, +c.c) (3.6)
— Q'm3Q — L'miL — atm2il — dim3d! — etm2é!
(

—myy, HyHy, —mi; HiHg — (bH,Hy + c.C)
with the gluino, wino and bino mass termégs, M- and M, in the first line. The terms in the
second line contain scalar couplings in one-to-one coomdgnce with the Yukawa couplings
of the superpotential. The third line describes slepton smeark mass terms and the last line

supersymmetric contributions to the Higgs potential. 8gether the MSSM Lagrangian contains
in general 105 new parameters in addition to the StandarceMmtameters:

o five real parameters,

e 43 CP violating phases,

e 36 mixing angles and

e 21 mass parameters.
However, in certain models of the Supersymmetry breakinghaeism the number of free pa-
rameters is greatly reduced. An example is the “mSUGRA’ hodhkere only five additional

parameters are useg. In fact, experimental data set strong bounds on many paters) which
lead to flavor mixing or CP violation.
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3.2.4 The MSSM Higgs Sector and Gauge Symmetry Breaking

As in the Standard Model, the gauge symmetry is brok&i(2), @ U(1)y — U(1)qg [29. The
two vacuum expectation values of the Higgs doubléts= (H,', H)) andH, = (HJ, H; ) are

chosen to be . .
_ _ _~ (Y
(Hy) = 7 (vu> and (Hy) = 7 <0> . (3.7)

The breaking of gauge symmetry results in five physical Higgson mass eigenstates, two
charged ones,
H* = Hét simﬁ+Hui cos 3, (3.8)

one CP-odd scalar,
A =V2(ImHYsin 8 + ImH cos 3) (3.9)

and two CP-even scalars,

h=— <\/§ReHg — vd) sin av 4 (\/§ReH3 — vu) cos «,
(3.10)
H=+ (ﬁRer} - vd) cosa + (\/§ReH2 — vu) sin a,

with tan 3 given by the ratio of the vacuum expectation values,5 = v, /vg, andtan 2o =

tan 20 (%) Also the superpartners of the Standard Model particleswaitix each other

if they shefre eunaI guantum numbers. The neutral bino, wimbHiggsinos mix to neutralino
and the charged winos and higgsinos to chargino mass eggessSignificant mixing occurs also
among the third generation sfermions, see T&uBe

At tree level, the MSSM Higgs sector is determined by one Bliggson mass, chosen to e,

and the ratio of the vacuum expectation valt@ss. The other Higgs boson masses are given by
the expressions

m%[i = mi + m%V, and

1
My = B <m,24 +m% + \/(m?4 + m22)2 — 4m%m? cos? 26) .

(3.11)

From relation 8.11), the limith
2 2 2
my < mycos23 <my (3.12)

on the mass of the light Higgs boseéris obtained at tree level. Even after radiative correction a
least one Higgs boson of the MSSM is light.

The interactions of charged Higgs bosons to fermions aerm@ted by the superpotentied.4).

In the MSSM, the Yukawa coupling strengths for up- and doyygetfermions are:

My, mq

Yu = Yd =

2_ .2 .2
vsng (v* = v, +vj) - (3.13)

v cos 3

Hence the Yukawa coupling strengths are proportional tdetreion masses and also depend on
the angles. Since they are known to be sizable for particles of the thederation, the most
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Figure 3.3: Couplings of charged Higgs bosons to third generationgasti (a)tbH* (b) H+ — v

Table 3.3: Gauge eigenstates and mass eigenstates of Higgs bosansipsfg charginos and neu-
tralinos. Only third sfermion generation particles areelis the mixing for the first two generations is
assumed to be negligible. The gluino cannot mix with othetigas.

Name Gauge eigenstates Mass eigenstates
Higgs Bosons HY,HY, H} H; h,H, A H*
Squarks ziLaZiRabLabR 517?27b17b2

Sleptons TLy TR, Ur T, T2, Ur

Neutralinos B, W° Hy, Hy  X1,X3,X3, X4
Charginos W HF H; TG

important couplings of charged Higgs bosons to fermione Bgure3.3) are:

Gre = ﬁmw [m¢ cot 3 Pr + mytanB Pr]  and (3.14)

9H+rv = ﬂLmW [m-tan Pr], (3.15)

with the projection operators for left- and right-handedttiples P, = 1/2 (1 —+°) and Pr =
1/2 (1 + 75). From Equation 3.14) it follows that thetbH* coupling has a global minimum
aroundtan = 7. In addition the coupling te leptons 8.15 increases linearly withan j.






Chapter 4

Charged Higgs Bosons

In this Chapter important aspects of the phenomenology afged Higgs bosons are outlined.
In Section4.1the general formalism for calculating production crosgieas in proton-proton
collisions is described. The production and decay charofatharged Higgs bosons at the LHC
are explained in Sectioh2 Finally an overview of the current limits for charged Hidgssons is
given in Sectiorn0.2

4.1 Luminosity and Cross Sections

The event rate/N/dt of a certain physics process in collider experiments isrglwethe product
of the instantaneous luminosityyand the cross sectiar

dN
oL 4.1
= Lo (4.1)

At colliders, the luminosity depends only on the accelerptyameters:

NN,

L= be 5
ooy

(4.2)

with the circulation frequency and the numben, of circulating bunches per beamv; and Vo
denote the number of particles per bunch in each bearando, the transverse beam widths.
The generic structure of a hadronic scattering process auiiision of two hadronsA, B is de-
picted in Figured.1 The cross section of the hadronic processiB — X + Y') is obtained by
correlating the cross section of the partonic subproées® — X') with the parton distribution
functions f of the hadrons:

OAB-X4Y = /axaaﬂ?b faja (Tas 1) foy5 (2o, 1) Gapx- (4.3)

The cross section of the hard-scatteririg— X, characterized by a high momentum transfer, is
calculated perturbatively as a power serieadn

(3'[17{)_,)(:0'04-0[8 (N%{) o1 +... (44)

23
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Figure 4.1: Schematic structure of a hadronic scattering process.

The parton distribution functiong, 4 (z,,Q*) are the probability density distributions of the
momentum fraction:, of a partona in the hadrond at a momentum transfer 6§ which have to
be determined experimentally.

In the Equations4.3) and @.4) two unphysical scales show up. The factorization spalés the
scale which separates the short- and long-distance phygidie . is the renormalization scale
of which the running strong coupling is evaluated. If theca&dtion of the cross sectiah, . x
could be carried out to all orders of the perturbation thethry dependence on both scales would
disappear. However, for finite order calculations the tesd¢pend on the explicit choice pf;
and u%_{, reflecting the theoretical uncertainty due to the missiiggér order contributions.

Even though the probability density functions have beensueal by several experiments, they
are not precisely known in the entire parameter space co®réigh energyp collisions 1],
giving rise to further theoretical uncertainties.

The predictions for several Standard Model processespinollisions around 1.96 TeV at the
Tevatron and impp collisions around 14 TeV at the LHC are shown in Figdr2 The production
cross section for top quark pairs is roughly 800 pb at the Lid€igh energy of 14 TeV, leading
to a rate of eightt events per second at a luminosity 16f* cm~2s~!. The main challenge will
be to extract the top events out of the 8 orders of magnitugleenibackground of other Standard
Model processes.
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Figure 4.2: Predictions for Standard Model production cross sectionksexent rates at a luminosity
of 103*cm~2s~! as a function of the center-of-mass enexgy. The left part shows the values for
pp collisions around 1.96 TeV at the Tevatron and the right foarpp collisions around 14 TeV at the
LHC [30].
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4.2 Charged Higgs Boson Production and Decay at the LHC

4.2.1 Models with Charged Higgs Bosons

The most viable theories that predict charged Higgs bosetisei Standard Model with a non-
minimal Higgs sector including supersymmetric extensioGdarged Higgs bosons also appear
in the more exotic Higgs triplet modeB2)], the Little-Higgs model 33] or left-right symmetric
models B4], but these are out of the scope of this thesis.

The extension of the Standard Model with a second Higgs @bidkalled “Two Higgs-Doublet
Model” (2HDM). Depending on the couplings of the Higgs daiblto quarks and leptons three
different types of 2HDMs are distinguished:

o 2HDM(I)
In this 2HDM the fermions couple to only one Higgs doubletjle/lthe second contributes
only to thel” andZ masses. As a result, fermionic decays of the charged Higgsnbcan
be suppressed.

o 2HDM(IN)
Here the masses of the up-type fermions are provided by icggaio the first Higgs doublet
and the masses of the down-type fermions by the couplingsetedcond.

e 2HDM(III)
In this model the masses of up- and down-type fermions anddged by couplings to both
Higgs doublets, allowing for flavor changing neutral cutseat tree level.

The MSSM belongs to the 2HDM(II) class. However, due to ssygemetry it is more constrained
than the simple Standard Model extension with two Higgs tktab In most of the 2HDM(II)
parameter space, charged Higgs bosons decay to the heawiestatically allowed fermions,
namely torv and quark pairs. The two corresponding limiting cases dlecdcdauonic Modehnd
Leptophobic Modelrespectively.

Although the MSSM Higgs sector is at tree level determinedryandtan 3, additional param-
eters enter through higher order corrections. Thereforerakscenarios are investigated for the
MSSM [35]. In this thesis, the so-calleg.,-max scenario is studied.

Motivated by the low tree-level boun@®.(?), the parameters of the,-max scenario, shown in
Table4.1, are chosen such that the mass of the lightest Higgs bbssmaximal for alltan .
The masses of squarks and sleptons are set to the commono¥dldeV. For the stop-mixing
parameterX; = (A; — pcot 3), where A, denotes the Higgs-stop coupling, see EquaBdi
the value 2 TeV is chosen. The gaugino and gluino madgesnd M3 are set to 200 GeV and
800 GeV, respectively, while the bino mas§ is given by the relation\/; = 5/3 tan 6y M.

4.2.2 Mass Relations in then;-max Scenario

In Figure4.3the masses of the Higgs bosdnsH and H+ are shown as a function of the mass
of the Higgs bosomM for tan3 = 5 andtan3 = 40 taking into account higher order correc-
tions. For the lightest Higgs bosdn an upper limit maxs 130 GeV is reached exceeding the
tree-level bound (see Equatiéil? due to higher order corrections. The masses of the other
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Table 4.1: Parameters of the:;,-max scenario.

Name Parameter Value/ GeV
Sfermion masses Msusy 1000
Stop mixing Xy 2000
Higgs mass parameter  u 200
Gaugino masses Mo 200
Gluino mass M3 800

max
h

tanB=5
tanf = 40
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Figure 4.3: Masses of the light CP-evém:;, ), the heavy CP-evefm ) and charged Higgs bosons
(mg+) as a function of the mass of the CP-odd Higgs boson for two valuestans = 5 and
tan = 40. The numbers are evaluated for thg,-max scenario aneh, = 171.4 GeV using the
software EYNHIGGS[36, 37].
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Higgs bosons have no such limit in the MSSMand one of the other neutral Higgs bosons are
approximately degenerate in mass, provided is not too small. This id7 in the decoupling
regime (my4 > max) andh in the anti-decoupling regiménm 4 < max). Formy4 ~ max all
neutral Higgs bosons are quasi degenerate. The small mitagetweenA andh/H has a
large impact on the phenomenology of the Higgs sector of t&M. Finally, the charged Higgs
boson mass always exceeds, (see Equation3.11)). It should be noted that this picture changes
drastically in more complicated models than the MSSM. Ameple is the next-to-Minimal Su-
persymmetric Extension of the Standard Model (NMSSM) wlzgegauge singlet is added to the
MSSM [38].

4.2.3 Production of Charged Higgs Bosons

Depending on their mass charged Higgs bosons can be produtesLHC in two channels:

(1) Formy+ < my — my via top quark decays:
99,qq — tt,t — H™b.

(2) Formg+ = my — my via gluon-gluon and gluon-quark fusion:

gg — thH' and gb — tHT.

Channel (1) involves top quark pair production, accordimg tross section af,; = 8334100 pb

at the design energy of the LHC of 14 Te@9. The production of charged Higgs bosons is
possible through decays of on-shell top quatks; H b, since in this case the charged Higgs
boson is lighter than the top quark. Hence the charged Higgsris in this scenario are referred
to aslight charged Higgs bosons. The Feynman diagrams for this precesthe corresponding
Standard Modelt production and decay are shown in Figude$(a)and4.4(b) Atthe LHC, also
single top quarks will be produced, but with a lower crosgise@nd higher backgrounds.

The branching ratio for the decay— H b has been calculated in the,-max scenario using the
FEYNHIGGS program B7]. The total cross section for channel (1) MSS®t production,

c=2-04-B[t— H"| - (1-B[t—H"b]), (4.5)

is shown in Figurel.5(a)as a function ofan 3. Characteristic for alin ;;+ masses is the minimum
neartan3 ~ 7 caused by the minimum in théH ™ coupling (see Equatior8(14). Thistang
region is often referred to as the intermediate region aedp&rimentally difficult to investigate.
The cross section decreases here down to &beut0 pb for light charged Higgs bosons. Outside
this region at smaller and largein # charged Higgs bosons are produced at much higher rates.
The so callecheavycharged Higgs bosons withvy;+ = m; — m; are produced by the two
processes of channel (4(]. The production cross section has its lowest value of Oihghe
intermediate region fom g+ =~ 600 GeV and reaches up to 10 pb for higén 5 and my+ ~
170 GeV (see Figurel.5(a). Alternative production modes likg; —H ™+, H '+ jet production,
associatedd "W~ production or charged Higgs pair production have suppcesses and are
very difficult to detect at the LHCA].
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a)

b)

Figure 4.4: (a) Light charged Higgs boson production in decays of toprkgiat the LHC and (b)
Standard Modelt production and decay. The latter constitutes the irrededickground with th&l
decay into ar lepton and the reducible background with ffiedecay into quarks.

4.2.4 Decays of Charged Higgs Bosons

The decay modes of charged Higgs bosons includerv, Wh/H/A and sparticle final states.
Figure4.5(b)shows the branching ratios of the most important decay miote$Standard Model
particles as a function of the charged Higgs boson massédvi®SMm ,-max scenario according
to FEYNHIGGS.

Light Charged Higgs Bosons:

The decayHt — 7v is dominant fortan3 > 3 and therefore the favored search channel
below the threshold for decays into top quarks. The ddédy— cs has a not-negligible
branching ratio only fotan3 < 3, see Equation3.15, because thé/* — 7 coupling
decreases for lowan 5. In spite of the low branching ratio, this process may be oladxe

at the LHC due to the clear signature of the reconstructiblariant mass peak.

Due to the mass relatiorB(11), the decaysH™ — W*h/A/H are kinematically sup-
pressed. They can only proceed via off-shi&lt bosons and are negligible for the MSSM
charged Higgs boson searches. These channels are, hoiwvgyatant in the NMSSM due
to larger mass splittings. In this case the decay channél aviton-shellll’ boson opens
and becomes dominant for a large mass radgg [

Heavy Charged Higgs Bosons:

For heavy charged Higgs bosons, the deBay — tb has the highest branching ratio in the
MSSMmy,-max scenario. Especially at lown 5 the branching ratio is close to one. In this
decay channel a direct measurement of the mass of the chidiggsiboson is possible, but
the complex jet final state is difficult to reconstruct.

For highertan 3, the tauonic modé/ ™ — 7 becomes sizable due to the enhanéed —
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Figure 4.5: (a) Cross section for MSSM charged Higgs boson productiofi4d’eV pp collisions for
different H* masses42]. (b) Branching ratios of charged Higgs boson decays éatab, 7 in the
MSSM m;,-max scenario as calculated bg ¥WHIGGs for light and heavyd * [37].

T coupling. The distinct signature efjets in the final state allows for suppression of the
backgrounds.

The branching ratios of other decays involving lighter Hidgpsons and thB” boson are
very small. But again the situation changes for the NMSSMrettteese decays may be-
come dominant.

At higher masses also the decay channels into charginoatieot pairsH+ — ijg? in
the MSSM open up and the branching ratios into Standard Muaféicles decrease.

4.2.5 Final States withr Leptons

In the MSSM the decay of light charged Higgs bosons into agdwr lepton andr neutrino is
preferred for most of the parameter spécen 5 > 3). This decay mode is therefore of particular
interest for + searches. The selection of such final states is complicated sleptons are not
directly detectable. Instead they decay weakly with a lifieetof 7 = 290.6 x 10~!°s, corre-
sponding toer = 87 um, well before reaching the detector. The observation lefptons is only
possible by reconstruction of their visible decay produgt$arge variety of decay modes, listed
in Table4.2, has to be taken into account.

A fraction of 35.2% of ther lepton decays is into leptons while the remaining 64.8%uidel
hadrons. The hadronic decay products appear as a hadrarthetdetector called-jet. Depend-
ing on the number of charged particles in the final state, Hurdnic decay modes are divided
into one-prong, three-prong, etc. decays. Because mane98fa off all hadronic decays contain
one or three charged particles an important property-jets is low charged track multiplicity. In
addition, sincer leptons at the LHC are mainly produced in decay$lofind Z bosons and also
H=* bosons, the decay products are highly energetic and codsr@sulting in a distinct shower
shape in the calorimeters. In 72% of all hadronidecays the charged hadrons are accompanied
by 7% which have a very short life time @8.4 + 0.6) x 10~'7s and decay with a branching
ratio of 98.8% into two photons. These photons deposit exfdit energy in the electromagnetic
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Table 4.2: The most relevant decay modes and branching ratios af teeton in % [L6].

Leptonic Modes 35.2
€ Urle 17.9
TR 787 17.4
Hadronic Modes 64.8
o T U, 10.9
S 7 v 170 25.5
a 7 v, 2n° 9.3
L 7y, 30 1.0
O Kv,>0(x"K%y) 1.6
Rest one-prong 1.9
g' VT S 7 9.3
QO 7 atr v, w0 4.6
o K ntn v, 0.3
= Rest three-prong 0.3
Five Prong 0.1

calorimeter or convert in the material in front of the catogiter into electron-positron pairs, lead-
ing to additional tracks within the-jet.

A 7-jet is therefore characterized by narrow calorimeter telss low track multiplicity and a
displaced decay vertex which can be reconstructed withike getector.

4.3 Experimental Limits

4.3.1 Direct Searches

At eTe™ collider like LEP, charged Higgs bosons are pair producedraling toe™e~™ — HTH ™.
All four LEP experiments have reported limits on the charbéglys boson mass: ;+ within the
generic THDM(II), assuming that the decais™ — 7v and HT — ¢35 exhaust the entiré/*
decay width. Combining all results, the bound

mpe > 78.6GeV  (95% C.L.)

has been obtained, independent on the branching Btid™ — 7v/) [46].

The results of all experiments are summarized in TdbB{47, 48, 49, 50]. The DELPHI and
OPAL collaborations included the additional supersymioetnarged Higgs decays leading to fi-
nal stategW*A) (W*A) and(W*A) (Tv), as they are enhanced in the THDM(l). The limits were
determined assuming a neutral Higgs Bosons mass o> 12 GeV, such thatd decays mainly
into bb.

The experiments CDF and D@ at the Tevatppreollider at Fermilab performed searches for light
charged Higgs bosons in decays of top quarks. At CDF the deltaynelH+ — c5 has been



32 Chapter 4 — Charged Higgs Bosons 4.3

CDF Run Il Preliminary [2.2fb™]

B r

" 05 —@— Observed @ 95% C.L.
+I [ ——— SMexpected @ 95% C.L.
T [ 68% of SM @ 95% C.L.
S 04
s [ ] 95%ofsM@95%C.L.
= [
+ L
T o3

:
o

0.2

2

! L IR R R IR R R
60 80 100 120 140 160
M(H*) / GeV

0.1

LA B B L B B

Figure 4.6: Upper limits of the CDF experiment on the branching r&i@ — H*b) as a function of
the charged Higgs boson mass in the leptophobic mddgl The results correspond to the observed
limit and the thin line with systematic error bands to theextpd limit.

Table 4.3: Observed limits on the charged Higgs bosons of the expetsrarLEP. The limits for
the THDM(II) correspond to the decay modes, cs, while for the THDM(I) the additional decay
H* — W*A has been taken into account.

THDM(I) THDM(II)

ALEPH - 79.3GeV
DELPHI 76.7GeV  74.4GeV
OPAL 56.5GeV  76.6 GeV
L3 - 76.5GeV

investigated by searching for a second resonance next td'the ¢¢' invariant mass peak. Upper
limits were set on the branching rafio(¢t — H*b) in the mass rangé) GeV < mpy+ < 150 GeV,
except under th&)” peak between 70 GeV and 90 GeV for the leptophobic model.dBiag ratios
above the value8.08 — 0.32 are excluded, depending amy+ (see Figuret.6) [44].

The D@ collaboration combined single-lepton and dileptoalfstates. Upper limits @ (t — H'b) <
0.22 andB (t — H'b) < 0.19 were obtained, independent of the charged Higgs boson mass i
the rangeB0 GeV < mp+ < 150 GeV, for the leptophobic and the tauonic model, respegtivel
(see Figuredt.7(a)and4.7(b). For the MSSMm-max scenario, thean 3 values depicted in
Figure4.7(c)are excluded45).
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Figure 4.7: Exclusion limits for charged Higgs bosons by the D@ collabion. The blue lines
indicate the observed and the red lines the expected liniksyellow systematic uncertainty bands.
Figures (a) and (b) show the upper limits on the branchinig #{¢t — H*b) for the leptophobic
and the tauonic model, respectively. The excluded braigctdtios areB (t — H*b) > 0.22 and

B(t — HTb) > 0.19, respectively. In Figure (c) the exclusion limits for the BI8 m,-max scenario
in them g +-tan§ plane are presentedy.
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a) b) <)

Figure 4.8: (a) b — s+ transition process as expected by the Standard Modek (b}ontribution,
(c) x* contribution to this process.

4.3.2 Indirect Limits

The best indirect limits on the charged Higgs boson massestieen obtained by the BaBand
Belle? experiments at*e~ B meson factories. Large data samples and well understoedtdet
made it possible to search for deviations of the decay rdteare B meson decays from the
Standard Model predictions. In the following three impottarocesses are discussed:

¢ Radiative B Meson DecaysB — X v
The underlying process at quark lewel- s+ transition is a flavor changing neutral current
process and forbidden in the Standard Model at tree levellody level of perturbation
theory, this decay can proceed via penguin processes (gaechi8(a). If physics be-
yond the Standard Model is realized, the» s transition might proceed via new particles
like charged Higgs bosons in the virtual loops instead ofithéoson, as depicted in Fig-
ure4.8(b) In this case the branching ra(b — sv) is enhanced compared to the Standard
Model prediction. Contributions from chargino loops (Figd.8(c) are possible as well in
the case of the MSSM which can partially cancel the chargegy$icontribution possibly
hiding new Physics.
A limit my+ > 295 GeV is determined for a generic 2HDM without additional cdnt-
tions from SUSY particlesyl, 52].

e Rare Leptonic B Meson DecaysB — Tv
In the Standard Model, leptonic decays®fmesons are mediated by the exchang&lof
bosons. Charged Higgs bosons repladiignodify the branching rati#® (B — 7v) at tree
level by a correction factor:

2 2

Tyt = <1 — tan? ﬁ@) . (4.6)
mHi

According to this expression, deviations from the Standdodlel prediction are expected

at hightan g and lowm g+, except for the parameter space where the charged Higgs con-

tribution is not visible since; ~ 1 [53].

e Semi-leptonic B Meson DecaysB — Dtv
Semileptonic decays d8 mesons can also serve as a test of the Standard Model. Campare

!Experiment at the SLAC electron-positron collider PEP II.
2Experiment at the KEK electron-positron collider KEK-B.
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Figure 4.9: Indirect limits on the charged Higgs Bosons in theg;+, tanS-plane. The results are
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to the leptonic decays, the branching ratio is much highedbuiations from the Standard

Model are more difficult to detect.

The excluded parameter space for the 2HDM(II) without egtdSY particle contributions is

presented in Figurd.9. Theb — s+ process allows for the exclusion of charged Higgs bosons
up tompg= < 295 GeV for all tan 5. Leptonic and Semileptoni® meson decays constrain the

allowed region also at higher masses amdg.






Chapter 5

The ATLAS Experiment at the Large
Hadron Collider

In this chapter an overview of tHeargeHardonCollider (LHC) (Sections.1) and the ATLAS A
Toroidal LHC Apparats) experiment (Sectiob.2) at theConseilEuropéen pour l&echerche
Nucléaire, the European Laboratory for High Energy Phy$€ERN) is given.

5.1 The Large Hadron Collider

Near Geneva in Switzerland the LHC has been built in the 2616&ng former LEP tunneld4].
The tunnel is embedded between the Lac Léman and the Jurataimmuat a depth of 45m to
170 m.

After the decommissioning of LEP and its experiments, theClLiths been constructed with the
purpose to collide two counter-rotating beams of protonkad ions. The LHC is the world’s
highest energy particle collider, designed to acceleratdops up to 7 TeV and lead ions to
2.76 TeV per nucleon, respectively. Before injection irite tHC, the particles are accelerated
in several smaller machines up to 450 GeV. The injection digles into the LHC takes place in
bunches via two transfer lines. At four interaction regitimestwo beams are brought to collision as
depicted in Figuré.1L When the LHC is completely filled, the two beams contain 2B3bches
of 1.15 x 10" particles each. The bunches circulate in a vacuum beam pigdraquency of
40 MHz corresponding to a beam current of 0.56 A. During eanh the particles are accelerated
by RF cavities with an electric field gradient of 5.5 MV/m.

The particles are forced on a circular path by 1232 dipolermatsof 15 m length, each providing
a magnetic field of 8.33 T. Such high field strengths can onladigeved using superconducting
coils which are operated at a temperature of 1.9K. In orddo¢as the beams and to increase
the interaction rate the LHC is equipped with 392 quadrupadgnets ob — 7 m length. At the
ATLAS interaction point the bunches are squeezed to a siZzé5 cm in length and6.7 ym

in diameter. Once the LHC reaches its design luminositf of 10%* cm=2s~!, on average 23
proton-proton interactions per bunch crossing are exfert a beam lifetime will be about 14.9
hours after which the LHC has to be refilled.

At the four collision points of the LHC the following main espments are installed: ALICE

37
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Figure 5.1: Schematic picture of the Large Hadron Collider. The pagtidre pre-accelerated by the
Super-Proton-Synchrotron (SPS) and injected into the LiGhe transfer lines in sectors 12 and 81.

(A Largelon Collider Experiment) p5] is a detector designed to explore the physics of strong
interacting matter in high energetic collisions of leadsorEspecially the measurement a new
phase of matter, the quark-gluon plasma, is in the focuseoihCE collaboration. LHCb%6]

is dedicated to the measurement of ra&teneson decays in order to shed light on the origin of
CP-violation. ATLAS B7] and CMS CompactMuon Solenoid) B8] are multi-purpose detectors
designed to explore a wide range of particle physics at thes€ale. The most prominent physics
goals of the ATLAS experiment experiments are:

e Precise measurement of Standard Model parameters, icydartthe properties of the top
quark:
The expected high production rate W¥f and Z bosons as well as top quarks at the LHC
makes it possible to precisely measure the production cessons and masses as well as
the couplings and spin of the top quark.

e Exploration of the mechanism of electroweak symmetry birepk
ATLAS is designed to discover or to exclude the Standard NMbfiiggs boson associated
to the Higgs mechanism of the electroweak symmetry breakinig the maximum mass of
about 1 TeV.

e The search for supersymmetric particles:
Especially the discovery of the lightest supersymmetridiga as possible dark matter
candidate is of high interest.
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e Extra dimensions:
The hierarchy of the electroweak and of the Planck scale isriaus puzzle in particle
physics. Extra spatial dimensions provide an alternatbreti®n to the hierarchy problem
to Supersymmetry and can, for instance, lead to the pramtucti mini-black holes%9].

e Other new Physics:
Any new particles with masses at the TeV scale as well as newaiction scales up to
several 10 TeV can be explored by the ATLAS experiment. Fangte, many extensions
of the Standard Model predict the existence of heavy veadsob resonances, fourth family
quarks and leptons or rare decays of heavy quarks and leptons

5.2 The ATLAS Detector

Currently around 3000 physicists from 37 countries arelireain the ATLAS experiment. The
ATLAS detector is housed in between the two LHC injectiongd next to the main CERN com-
plex. Its construction and commissioning was completed0@82right before the first protons
circulated in the LHC on tha0" of September 2008. Measuring 44 m in length and 25m in
height, ATLAS is the largest collider detector ever buits dlesign covers the solid angle around
the interaction point as completely as possible (see Fi@eThe interaction point is surrounded
by several cylindrical detector systems in the barrel regiesigned to reconstruct and identify fi-
nal states containing electrons, photons, muons, taurie@od hadron jets. In the forward and
backward regions the barrel is closed by end-caps. The $mligeangle coverage of the detector
allows for the indirect detection of weakly interacting tiaes like the neutrino or hypothetical
neutralinos in supersymmetric extensions of the StandarddWia the measurement of missing
energy in the detector. Since the colliding protons have amantum component transverse to the
beam axis, the sum of the transverse momenta of all final géateles must be zero. A deviation
from zero due to undetected particles is thus called midsiangverse energgiss.

Coordinate System

The ATLAS experiment uses a right-handed coordinate syst&€he xz-axis pointing from the
interaction point towards the center of the LHC ring, thaxis pointing upwards and theaxis in

the direction of the counter-clock wise rotating beam. Taegverse momentupt of a particle is
defined as the momentum component perpendicular to the LId@ la&is. The azimuthal angle
is measured from the positiveaxis in clock direction when looking into the positizedirection.

The polar angl® is measured from the positiveaxis. The pseudorapidity is defined by

n=-—In (tan g) . (5.2)

Design Requirements

The general requirements for the ATLAS detector designmpased by the LHC collision energy
and the physics goals mentioned in Sectoh
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e Precise tracking and high momentum resolution for chargetigies and precise energy
measurement of electrons, photons and jets up to the Te¥.scal

e High detector granularity.

e Fast and radiation-hard detectors and read-out electonic

Detector Layout

The main detector layout is determined by the magnet sydtemnthe inner detector an axial mag-
netic field with a strength of 2 T is provided by a thin supediasting solenoid measuring 2.56 m
in diameter and 5.80 m in length. At larger radii from the bemfis follows the superconducting
air-core toroid magnet system of the ATLAS muon spectrometech generates magnetic field
strengths fron®.2 — 3.5 T. In the barrel region, the toroid magnet consists of eigliscoriented
radially symmetric around the beam pipe, with an inner borggf circumference) diameter of
9.4m (20.1 m) and a length of 25.3 m. The cylindrical barrebitb system is closed in the for-
ward regions by two end-cap toroid magnets each consisfileigbt superconducting coils in a
common cryostat.

The main sub-detectors of ATLAS are:

e The inner tracking detector using silicon strip and pixeékdeors and straw-tube layers, the
latter with integrated transition radiation detection ttoe identification of electrons.

e Electromagnetic and hadron sampling calorimeters of highwgarity and large solid angle
coverage to measure the energy of electrons, photons ngtsss,

e A stand-alone muon spectrometer with precision trackingalers combined with muon
trigger chambers.

5.2.1 Inner Detector

The Inner Detector of ATLAS is 7 m long and 2.30 m in diametee(5igures.3). It houses three
independent sub-detectors, namely the pixel detectorséh@conductor tracker (SCT) and the
transition radiation tracker (TRT). Their main purposehis track reconstruction and momentum
measurement for transverse momemta> 0.5 GeV within || < 2.5. In the early phase of LHC
operation, the trackr threshold has been lowered to 0.1 GeV. In the solenoidal etaygireld of
2T, a momentum resolution of

opr/pT = 0.05% & 1%

is achieved. For the identification @& meson and hadronic lepton decays also secondary ver-
tices have to be reconstructed with high precision. Theluésa of the track impact parameter
transverse to the beam direction for a perfectly alignedcatibrated inner detector is

og = 12 um(1 @ 20 GeV/pr),

for the n-regions with the largest amount of scattering materiah@ttacking detector.
Each sub-detector of the Inner Detector is divided intodhegions. In the barrel part, the detector
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Figure 5.2: Schematic view of the ATLAS detector. The tracking detegtoalorimeters and magnets

are indicated in the Figure.



42 Chapter 5 — The ATLAS Experiment at the Large Hadron Collider 5.2

modules are arranged in concentric cylindrical layers magdahe beam pipe. At each end it is ex-
tended by an end-cap. Each pixel and SCT end-cap consisteeefdnd nine discs perpendicular
to the beam axis, respectively, covering a pseudorapigitiolin| < 2.5.

The pixel and SCT detectors consist of silicon pixel andailistrip sensor modules, respectively.
Even though the silicon sensors suffer under the radiataised by the LHC collisions, the ma-
terial has proven to withstand the high radiation doses df - 103 protons/cm over 10 years
of LHC running. To control radiation damage, the siliconed#drs and read-out electronics are
operated at temperatures betweeh’C and—10 °C.

Pixel Detector

The pixel detector is closest to the interaction point. 13ddsor modules are mounted in three
layers in the barrel and each end-cap (see FiguBe The sensor dimensions até.4 mm x
60.8 mm x 250 um. Each sensor contains 46080 pixels with a nominal pixe eiz>0 um x
400 pm. The pixel detector ha).6 x 10° read out channels in total. A spatial resolutiorl ©f:m

is achieved in thek¢ bending plane in the solenoidal field ahth ym in the z(R) direction in
the barrel (end-caps). 12 read out chips are connected lhoseasor via bump bonds.

In order to meet the radiation hardness requirements tteosewere fabricated using oxygenated
n-type wafers with rfi-type pixel implants.

Semiconductor Tracker

The semiconductor tracker (SCT) consists of 4088 moduletagung 15912 silicon strip sensors
arranged in four cylindrical layers in the barrel and ningcdiin each end-cap. In the barrel each
module comprises two pairs of rectangular shaped n-typsosenvhich are glued back-to-back
on a carbon substrate with high thermal conductivity altapor efficient cooling. On the front-
and backside of the module the strips of the two adjacentosgerase connected by wire bonds
forming long strips. The sensors on opposite sides areetaith respect to each other by a
small stereo angle of 40 mrad to provide sensitivity to therdimate in strip direction. Each of
the 285 + 15 um thick sensors has 768 p-type strip implants with a pitcBgim and a length
of 6 cm. In the end-caps, four different types of trapezoidapshasensors with varying pitch and
strip length are used depending on the radial position. @gether the SCT detector comprises
6.2 x 10° read out channels and an active area of about®1 m

The spatial resolutions of the sensors Hreum in the bending plan&¢ and580 xm in thez(R)
direction in the barrel (end-caps).

Transition Radiation Tracker

The Transition Radiation Tracker (TRT) consists of 370.6@hdrical drift tubes, operated with

a gas mixture 70% xenon, 27% G@nd 3% oxygen. In the barrel, the 144 cm long straws are
aligned parallel to the beam axis. The gold-plated tungateude wires located in the center of
the straws are kept at 1530V high voltage with respect touhe talls. The latter are made of
Kapton with a conductive coating. To reduce the occupanewires are split into two parts with
equal lengths which are read out at opposite ends. In theapslthe straws are 37 cm long and
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Figure 5.3: Schematic view of the beam pipe and the barrel part of the A lldner Detector with
the pixel, SCT and TRT sub-detectors. The red line indicatdsarged particle withr = 10 GeV and
n = 0.3 traversing the beam pipe and the three sub-detectors.
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Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel

Figure 5.4: Cut-away view of the ATLAS calorimeter system consistingtted liquid argon Elec-
tromagnetic Calorimeter (barrel and end-cap), the sfatitily tile Hadron Calorimeter (barrel and
extended barrel), the liquid argon Hadron End-cap Caldemand the liquid argon Forward Calorime-
ters.

oriented radially.

The TRT provides on average 36 two-dimensional coordingasmrements along a track allowing
for good pattern recognition and track reconstruction iefficy at the high track densities at the
LHC. The spatial resolution in thB¢ plane is130 um.

In addition, polypropylene fibers and foils in the barrel amdhe end-caps, respectively, initiate
transition radiation when a charged particle crosses thecte. In this way traversing electrons
emit photons of about — 10 keV detected in the straw tubes, while the correspondingggrfer
pions is lower. Therefore the TRT also allows for discrintioa between electron and pion tracks.

5.2.2 The Calorimeters

The calorimeter system of ATLAS, depicted in Figlid, consists of several components. All
of them are sampling calorimeters, segmented in the lodigiéh and the lateral direction. As
the innermost part, the Electromagnetic Calorimeter nreasihe energies of electrons and pho-
tons which produce electromagnetic showers. It is followgdhe Hadron Calorimeter which
absorbs the hadrons traversing the Electromagnetic Gater. For both calorimeters different
technologies are used depending on the pseudorapidity.
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The Electromagnetic Calorimeter

The barrel part of the Electromagnetic Calorimeter coveesé€gion|n| < 1.475. Itis 6.4 m long
and has a inner (outer) radius of 1.4 m (2m). Liquid argon {Lisiused as active material ionized
by charged particles. It offers stable response over times#iss intrinsic radiation hardness. The
interleaved absorber platers are made of lead and arehlkeléctrodes in the LAr gaps, accor-
dion shaped. With this geometry, insensitive regions aogdad and uniformity inp is achieved.
As depicted in Figuré.5, the Electromagnetic Calorimeter is longitudinally deatinto three
segments. The first layer is highly segmented mith strip-shaped read-out cells. They enable a
spatial resolution high enough to disentangle two nearlmtgshshowers fromr® — ~~ decays.
In n direction, eight strips of the first layer correspond to oaadrout cell in the second layer.
The second layer is segmented into squared cells exterfuigrgegmentation in direction. Here
the main part of the electromagnetic cluster is measuree thind layer collects the tail of the
deposited energy and is segmented coarsgr in

The Electromagnetic Calorimeter is completed by the prepdar, a 11 mm thick liquid argon
calorimeter, which is mounted in front of the first layer. 3 dietector provides a first energy sam-
pling in order to estimate the energy loss by electrons amdopis in the material in front of the
calorimeter.

The Electromagnetic Calorimeter is extended upjto= 3.25 by two end-caps (EMEC) of sim-
ilar design. The very forward regiohl < |n| < 4.9 is covered by the electromagnetic liquid
argon Forward Calorimeter FCALL. It consists of copper asdier material with 12.260 holes
measuring 5.75 mm in diameter for the liquid argon.

The minimum radiation length of the Electromagnetic Catatier is 22X,. The energy resolution
has been estimated in test-beam measurements to be

o 10%

E~VE

where the unit fol is GeV. The first term corresponds to the statistical fluabmatin the shower
process while the constant contribution is due to mechanmauniformities and calibration un-
certainties.

@ 0.7%,

The Hadron Calorimeter

The barrel Hadron Calorimeter is a scintillating tile caloeter enlarging the ATLAS calorime-
ter system up to a radius of 4.25m. Plastic scintillatingstitead out by photomultipliers are
used as active medium and steel plates as absorber. Thetdesombined to cells of size
An x A¢ = 0.1 x 0.1 and0.2 x 0.1 in the first two and the third layer, respectively. The cdntra
part of the tile calorimeter measures 5.8 m in length andrsgwe < 1.0. It is supplemented up
to |n| = 1.7 by two 2.6 m long extensions on either end.

The pseudorapidity range5 < |n| < 3.2 is covered by the Hadronic End-cap Calorimeter (HEC).
The end-caps are placed inside the extensions of the tibgiwadter behind the Electromagnetic
End-cap Calorimeters. Like for the Electromagnetic Catetier liquid argon is used as active
medium and copper plates as absorber material. Each endeaafst of two cylindrical layers
which share the cryostat with the Electromagnetic End-calpr@neter. The Hadronic End-cap
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Figure 5.5: Sketch of a barrel module of the Electromagnetic Calorimetth the accordion shaped
absorber plates and electrodes consisting of three |laigalisegments with different cell sizessin
ando.
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Calorimeter is segmented into cells&f; x A¢ = 0.1 x 0.1 size for pseudorapiditielg)| < 2.5
andAn x A¢ = 0.2 x 0.2 for larger values ofn|.

In the extreme forward regighl < |n| < 4.9, the Hadron Calorimeter is completed by the hadron
Forward Calorimeters FCAL2 and FCAL3. Their design was ehdsy the high particle fluxes
expected in this region. Thus the absorber are made of emgstmaximize radiation length and
minimize lateral spread of the showers. Again liquid argonsed as active medium.

A total interaction length of at least 20s provided by the Electromagnetic and Hadron Calorime-
ters together as a requisite for good energyEli?Nfs resolution and minimized leakage of particles
out of the calorimeter and into the muon spectrometer.

The overall energy resolutions of the hadronic calorinsetee:

orile/HEC ~ 50% orcarL  100%
= 3 = 10
g vE e T o

where the unit folE is GeV.

5.2.3 The Muon Spectrometer

With an active area of 5500fthe muon spectrometer is the largest detector system of AILA
Its purpose is the triggering and reconstruction of muorib wansverse momenta above 3 GeV
which is the mean energy loss in the calorimeter. A desigrmefrbuon spectrometer has been
chosen which allows for stand-alone momentum measurenignawesolution of 10% for tracks
with pt =~ 1 TeV. The magnetic field is provided by a superconductinegcaiie toroid magnet
system which minimizes the multiple-scattering of the nmsiofhe high momentum resolution at
high energies puts stringent requirements on the mecHammaision and spatial resolution of the
muon spectrometers and on their calibration and alignmehé following detector systems are
operated in the muon spectrometer:

Precision Tracking Chambers

Precision measurements of muon tracks are carried out by Mahitored Drift Tube (MDT)
chambers. The MDT chambers are arranged in three detegtslan barrel and in the end-caps
covering the pseudorapidity rangg < 2.7. Each MDT chamber is composed of two multilayers
with three or four layers of drift tubes filled with a Ar:G@93:7) gas at an absolute pressure of
3bar. A radial electrical field is produced by a high voltaggween the tube wall and a thin,
accurately centered gold plated tungsten-rhenium anode Whe traversing muons create ions
and electrons which drift towards the tube wall and the wiespectively. Aboul50 xm in front

of the wire, the energy of the electrons is sufficient to iertize gas themselves, amplifying the
primary charge by a factdr - 10*. In this way enough ions are created to induce a measurable
signal. The time difference between the rising edge of theadiand the time of the bunch cross-
ing corrected for the muon flight time is a measure of dné time of the ionization electrons
to the anode wire. The corresponding drift radiy®btained via the:(¢)-relationship, is used to
reconstruct the muon track.

Ther(t)-relationship depends on the properties of the gas mixtuosen as well as the environ-
mental conditions like the magnetic field strength, temjpeeaand background rate. To account
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Figure 5.6: Schematic view of a Monitored Drift Tube chamber. Indicated the two multilayers
containing three or four drift tube layers mounted on thessfplates. In addition the light paths used
for the optical monitoring are indicated.

for the varying conditions, the calibratedt)-relationship is calibrated regularly taking into ac-
count data from 1800 Hall probes and 12.220 temperaturesenan average drift-tube resolu-
tion of 80 xm and a chamber resolution 8% yum are achieved with this gas mixture which was
chosen to prevent aging of the drift tubes.

In the very forward regior2.0 < |n| < 2.7 of the inner end-cap layers the background particle
flux is too high for the operation of MDT chambers. Cathodpsthambers (CSC) are used there
instead which are characterized by a higher granularity siraiter response time. Each CSC
chamber consists of four individual planes equipped withally oriented wires in combination
with two orthogonally segmented cathodes. Charged pestionize the gas mixture in the cham-
bers (80% argon, 20% GQinducing signals in the cathode strips. The average s$pasalution

of a CSC chamber in the bending plan&(s.m.

To reach the desired momentum resolution, the precisiarkitrg chambers of the muon spec-
trometer have to be accurately aligned with respect to etdwdr.oTherefore 12.000 optical sen-
sors monitor the internal deformations of the MDT chambeus their relative positions with an
accuracy of typicallyp0 pm.

The Trigger Chambers

Two different trigger chamber types have been chosen fob#neel and for the end-cap regions
(Figure5.7). Resistive Plate Chambers (RPC) are employed in the b@rrek 1.05). They
are mounted on top and bottom of the middle MDT chambers laper on top or bottom of
the outermost MDT barrel chambers layer. These detectersnade of two parallel resistive
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Figure 5.7: Schematic view of the muon trigger system.

Bakelite plates forming a 2 mm gas gap filled with gH3F,, Iso-CH,H;o and Sk (94.7:5:0.3)
gas mixture. The charge avalanche induced by the crossimmgnsnia the high electric field of
4.9 kvV/mm between the parallel plates is detected via twaciéige coupled orthogonal layers of
metallic strips on the outer surface of the plates.

The remaining pseudorapidity range in the end-¢aps< 2.4) is covered by Thin Gap Chambers
(TGC). One TGC layer is located in front and two behind thedi@dDT wheel. A fourth layer
is located in front of the innermost tracking layer of the @ags. The TGCs are multi-wire
proportional chambers with wire-cathode distance (1.4 remaller than the wire-wire distance
(1.8 mm). As gas mixture C£and n-pentane (55:45) is used.

The muon trigger chambers provide fast signals with few rnseeonds time resolution and are
therefore capable to identify the bunch crossing to whigiuon belongs. Muon tracks are
triggered by coincidences between hits in the various érighamber layers which are compatible
with tracks originating from the interaction point. Thegtyger chambers also complete the track
coordinate measurement providing the second coordin&emation in the direction along the
MDT tubes.

5.2.4 Trigger System

The overwhelming majority of inelastic interactions at tdC produces events which are not
interesting for the physics program. In order to be able doesthe interesting data, the data rate
must be greatly reduced from the very high interaction rétgbout 1 GHz. At the same time it
must be ensured that the interesting rare events are not lost
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The trigger system selects events according to the follgwiiteria:

e Events with highpt leptons, jetsb-jets,E’TniSS and)_ Er.
e Background rejection by a factor 6.

e Flexible and easily adaptable in order to deal with changlata taking conditions like
collision energy and luminosity as well as background rates

To achieve these goals, a three-level trigger system hasd@sen minimizing both the data flow
and the latencies of the trigger decisions:

1. The Level-l trigger is a hardware trigger examining thergs for every bunch crossing.

To cope with the high event rates, reduced granularity isl iigecombining for instance
calorimeter cells to trigger towers. The trigger towersehawseparate electronics path and
are used to trigger electromagnetic clusters, jets, hazhliyydecayingr leptons andE?“SS.
The muon system uses the information from RPC and TGC chambairing the trigger
latency of 2.5us the complete detector information is saved in pipeline oréms in the
front-end electronics. If an event is selected, the dateaissfered to the Level-Il central
processor and regions of interest are defined around thgetiigy object. The maximum
acceptable event rate is currently 75 kHz and can be upgitadHaD kHz.

2. The Level-1l software trigger has access to the regionstefest provided by the Level-I

trigger. Within a time window of about 10 ms the full detecgoanularity within the regions
of interest is used to refine the reconstruction and to dlaslse event with the help of
dedicated fast algorithms. At this stage also Inner Detdcacks are incorporated into the
trigger decision. The Level-1l trigger reduces the data tatabout 3.5 kHz.

3. The final trigger decision is carried out by the Event Filtt this stage the standard off-

line reconstruction software is used to process the complata from all detector systems.
The events are fully reconstructed using up-to-date aliiam and alignment constants and
optimized thresholds. The events are finally written to nmsesage devices at a rate of
about 200 Hz. The available time for the event filter to taleettigger decision amounts to
1 — 2seconds.



Chapter 6

ATLAS Detector Performance

In this chapter the ATLAS detector performance is discusgkith was studied with simulated
events. The Monte Carlo simulation is performed using the &S software package A{ENA
[60]. In the first step, the physics processes at the interagt@nt are simulated using event
generators described in Secti@rl After the detailed simulation of the detector responsé ttie
GEANT4 package®1], the different observable objects in the final state, lilee®ons, muons or
jets, are reconstructed. In Secti6r2 the particle reconstruction and identification algorithens
explained and their performance is studied. The resulte/siveere obtained with the BHENA
software releases 12.0.6 and 14.2.25 for events at ceinteass energies of 14 TeV and 10 TeV,
respectively. Release 12.0.6 has been used for the changgd Hoson search in this thesis
which is part of ATLAS Higgs studies published 7). In the following releases major changes
have been implemented especially affectingitkjet reconstruction and identification algorithms.
Release 14.2.25 incorporates all important software dpweénts and is therefore used for the
subsequent studies related to the background estimatondata.

6.1 Monte Carlo Event Generators

A large variety of Monte Carlo generators is available towgate physics processes as input for
the ATLAS detector simulation. These programs generat®titgoing particles produced in the
interactions of the colliding protons.

The following generators have been used for this study:

e PYTHIA
PyTHIA is a flexible multi-purpose event generat®2] using leading order matrix ele-
ment calculations for a wide class of electroweak and stgingics processes. While the
hard scattering part of this event generator is optimize®fe- 1 and2 — 2 processes,
additional hadronic activity is implemented by means of plagton shower model. This
algorithm adds splittings of one into two or more partonsvjaing a good description of
soft jets. Spin correlations for top quark pairs, for insgrare not taken into account.

51
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e ALPGEN

For the generation of events with high multiplicity of haetg the parton shower model
does not always provide an accurate description. TheGkN generator employs lead-
ing order matrix-element calculations for processes watresal hard jets in the final state
like Z/W+]jets production §3]. The HERwWIG program is employed for the hadronization
process of the colored particles via parton showéd. [ To avoid double counting, the
jet generation according to the matrix elements and the mma the parton shower are
matched following the MLM matching schem@q. The simulation of the beam remnants,
the underlying event, is done by thea#1y package 66].

e MC@NLO
The MC@NLO package is a matrix element generator also cadbivith the HERwIG
parton showerg7]. It allows the incorporation 02 — 2 next-to-leading-order QCD matrix
elements.

e ACERMC
This program 8] provides a library for the generation of processes not Vvédy the
multi-purpose event generators f4IA and HERwIG. For the parton showering and hadroniza-
tion as well as for the simulation of the underlying eventiterwIG package is used.

e TAUOLA/PHOTOS
The TAUOLA program is dedicated to the description of hadronic decéylseor leptons
[69] taking into account the effects of the polarization of tHeptons. Radiative corrections
are provided by the iPoTOSs package T0].

6.2 Particle Reconstruction and Identification

To quantify the reconstruction and particle (electron, muolepton orb quark) identification
performance of the ATLAS detector in the Monte Carlo simuolatthree quantities- efficiency,
misidentification rate and background rejection are defased

Ncorrectly identifed

Efficiency = ,
Ngenerated signal
Misidentification rate= —usidentified (6.1)
identified

Rejection— Ngenerated background

generated and misidentifed backgrou’nd

where Ngenerated signaBNd Ngenerated backgroundleénote the number of generated signal and back-
ground particles Norrectly identifediS the number of reconstructed and identified particlestaabe
matched to a generated signal particle of the correct typle \WhisidentifiediS the number of recon-
structed and identified particles where this is not possibileally, Ngenerated and misidentifed background
denotes the number of generated background particles \@hécmisidentified.

The efficiency is the probability that a generated partigeetis reconstructed and correctly iden-
tified. Similarly, the misidentification rate is the problilithat an identified particle does not
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correspond to the original generated particle of the sape. tyhe rejection is the inverse proba-
bility that a generated particle of a certain type is mistified, for instance as &jet or ar-jet.

For the matching of generated and reconstructed partities, momentum vectors are required
to have a small angular separatid? = \/An? + A¢?. For electrons and muons the condition
AR < 0.1 has to be fulfilled, for the association of jets to partonsrgdaseparatiol\ R < 0.25

is allowed. The performance is evaluated for Standard Madetoduction events since it is the
most relevant background process for light charged Higgsches. The events were generated
with the MC@NLO generator where th& boson from one of the top quark decays was forced
to decay into an electron, muon oitepton.

6.2.1 Muon Reconstruction

For the reconstruction of muons, two algorithmsa&o [71] and MuID [72], are available in the
ATHENA framework. Both combine information from the inner detectbe calorimeter and the
muon spectrometer with similar performance. The followdngrussion is restricted to tha&co
package which was used for all analysis results.

Three classes of reconstructed muons are provided:

e Stand-alone Muons

The reconstruction of tracks in the muon spectrometer alemealled stand-alone muons,
starts with track segments in the individual chambers plediby a pattern finding algo-
rithm. Tracks are fitted to the segments taking into accdumtiihomogeneous magnetic
field and the material traversed by the muons. Due to the gress of muons in the
calorimeter (on average 3 GeV) and the small bending radilmwopt muon tracks, only
muons withpt = 5 GeV can be reconstructed by the stand-alone algorithm. gbengtrical
acceptance of the muon spectrometer covers the pseudtyapgion up to|n| < 2.7.

e Combined Muons
Within |n| < 2.5 the stand-alone muons are extrapolated to the inner detagiog into
account the energy loss in the calorimeter. The latter isrdehed by means of a param-
eterization table. In case a corresponding track is rengeted also in the inner detector,
the muon trajectory is re-fitted using track segments fronh lietectors. In this way the
momentum resolution is improved fpr < 100 GeV. Also the backgrounds from in-flight
pion or kaon decays as well as from particles escaping tloeicedter are suppressed.

e Low-pt Muons
Muons withpt < 5GeV loose a large part of their energy in the calorimeter amhot be
reconstructed in the muon spectrometer. The reconstrucficguch muons starts from an
inner detector track. This track is subsequently extrapdl&o the inner layer of the muon
spectrometer. The middle and outer layers of the muon spaeter are not reached by the
tracks due to the small bending radius in the magnetic field.

An overview of the performance of the combined muon recarstn is given in Figuré.1 On
the generator level muons froi¥ decays are selected. Muons originating from semi-leptonic
decays ofB mesons are less suitable for this study due to their loweswerse momenta and
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Figure 6.1: Performance of the combined reconstruction of isolatedmaun releases 12.0.6 and
14.2.25. Thepr dependence of (a) efficiency and (b) misidentification ratghiown forin| < 2.5, (c)
and (d) show the) dependence fopr > 20 GeV. For they dependence (e,f) both cuts are applied.

The red triangles indicate the results forHENA release 12.0.6, the black circles the ones for release

14.2.25.
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the neighboring hadronic activity. In Athena release B).8olated muons are selected requiring
the transverse energy depositi6°" in the calorimeter in a conAR = 0.4 around the muon
direction to be smaller than 9 GeV. In release 14.2.25, theggnEs°"® in a cone of the same
size divided by ther of the muon track is required to be smaller than 0.2. Fhdependence of
the muon reconstruction efficiency and misidentificatice ia shown in Figure§.1(a)and6.1(b)
for muons within|n| < 2.5. Then dependence is shown for the muons with > 20 GeV in
Figures6.1(c)and6.1(d) For the¢ dependence, shown in Figuréd (e)and6.1(f), both cuts are
applied.

The differences in thet dependence between the two reconstruction software eslezn be
explained by the different isolation requirements. Thatre¢ isolation requirement in release
14.2.25 is more effective for the selection of highmuons. For both releases, the muon efficiency
is degraded aty ~ 0 due to a gap in the muon detector coverage for calorimetgicesrand at
In| ~ 1.5 in the transition regions from the barrel to the end-capse 3d¢attering material in the
feet region of the detector is responsible for the efficietiops atp ~ —2.1° and¢ ~ —1.0°.

The transverse momentum resolution of combined muons with<a 100 GeV is2 — 3% in the
simulated data.

6.2.2 Electron Reconstruction

The standard AHENA software package for the reconstruction and identificatioigolated high-

pt electrons and photons isdAMMA [73]. The reconstruction of electron candidates is per-
formed by the so-callegliding windowalgorithm. The calorimeter cells of the pre-sampler
and the three layers of the electromagnetic calorimeteccangined in depth, forming towers
of the sizeAn x A¢ = 0.025 x 0.025. The calorimeter is scanned with a search window of
An x A¢p = 0.125 x 0.125 size. For each window position a cluster seed is defined ifrtres-
verse energy in the window exceeds 3 GeV. Starting from thstet seed, cluster formation and
energy calibration is performed4]. Finally, an inner detector track not associated to a recon
structed photon conversion and with a momentum compatilitetive cluster energy is searched
for and matched with the cluster in a winday x A¢ = 0.05 x 0.1.

The efficiency of the electron reconstruction is very high90%) and mainly limited by the en-
ergy loss and scattering in the material of the inner dete¢iowever, at the LHC backgrounds
of jets from QCD processes are large. Hence, additionaltifdetion of the electron candidates
is performed by exploiting several variables which disaniaite between electrons and jets. These
are calculated based on information from the calorimetdriamer detector:

e Calorimeter Information
Unlike jets, electrons deposit most of their energy in tleeebmagnetic calorimeter. There-
fore the ratio of the energies deposited in the hadronicrtttki electromagnetic calorimeter
is smaller for electrons than for jets. In addition, the hgghnularity of the electromagnetic
calorimeter enables a precise measurement of the lateddbagitudinal shower shapes.
The showers of QCD jets are more stretched compared to @lestrowers of the same
energy. Large part of the jets can be rejected by requiringalshower length.
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Figure 6.2: Performance of the combined reconstruction and identifioatf isolated electrons in
releases 12.0.6 and 14.2.25. Thedependence of (a) efficiency and (b) misidentification rate i
shown for|n| < 2.5, (c) and (d) shown the dependence fopr > 20 GeV. For thep dependence
(e,f) both cuts are applied. The red triangles indicate ¢iselts for AHENA release 12.0.6, the black
circles the ones for release 14.2.25.
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e Inner Detector Information
Tracks belonging to electron candidates are demanded tbHighoquality with maximum
numbers of hits in the pixel, SCT and TRT detectors. The itiansradiation information
is used to explicitly reject pions.

e Combined Track-Shower Information

The extrapolation of an electron track into the ElectronsdignCalorimeter has to match
with the barycenter of the corresponding shower. For jassishusually not the case since
additional charged particles and photons shift the showsitipn. The ratioF /p of the
shower is usually close to unity for electrons if they do mumide a significant part of their
energy by bremsstrahlung in the Inner Detector. For jetgelaF’/p values are expected
since several tracks can belong to one jet and there is additenergy from neutral particles
in the calorimeter.

Inrelease 14.2.25 there are three pre-defined sets of dhitglifferent jet rejection power available
corresponding to loose, medium and tight electron quatitgria. The medium selection is used
as it approximately corresponds to the selection criterizlease 12.0.6.

In addition, as for the muons, an isolation requirement basetfulfilled. In release 12.0.6 the
scalar sumes°"® of the transverse momenta of tracks in a cone with radlius 0.3 around the
electron direction is calculated where the electron trésdfiis excluded from the sum. Electron
candidates with &7°"® < 6 GeV are accepted. A calorimeter based isolation critersinsed in
release 14.2.25 with cone sizeR = 0.4 and E$°"®/pt < 0.2.

In Figure6.2the performance of the combined electron reconstructidndentification is shown.
As for the muons, the isolation requirement in release 28.2ads to lower efficiency for loyr
and higher efficiency for hight (see Figureés.2(a)and6.2(b). The efficiencies in the transition
region1.37 < |n| < 1.52 between barrel and end-cap calorimeters is recovereddasel14.2.25
as be seen in Figurg.2(c)and6.2(d) Due to thep symmetry of the calorimeter, the efficiency
and misidentification rate is uniform in this direction ($&gure6.2(e)and6.2(f)).

The pt resolution of electrons with a transverse momeniuim> 20 GeV is better than 5% for
both ATHENA releases.

6.2.3 Jet Reconstruction

The first step of the jet reconstruction is the clustering aibimeter cells. In the topological
cluster algorithm T4] calorimeter cells with high signal-to-noise ratio act &sster seeds. The
noise in the calorimeter cells, mainly from electronics aild-up, can be measured during data
taking. A cell is considered as a cluster seed only if its gnex greater thandhgise Whereoneiseis
the root mean square of the energy fluctuations in the cehceléhe formation of fake clusters is
suppressed. The cluster seed is extended by successillelstiog neighboring cells with energy
above Znoise These cells act as seeds themselves and the cluster islexidfainther by adding the
next neighboring cells which satisfy the threshotg,&e Consequently, the number of cells per
cluster is not fixed as opposed to the fixed-size clustersyseatiby the sliding window algorithm.
The decreasing threshold ensures that the tails of the sh@re not discarded.

In the second step of the jet reconstruction the clustergemeped together by a seeded cone
algorithm [75] forming jets within a cone of radiuR = 0.4. Finally the jet energies are calibrated
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Figure 6.3: Performance of the reconstruction of jets in releases @20d 14.2.25. Thet depen-
dence of (a) efficiency and (b) misidentification rate is shdar |n| < 5, (¢) and (d) shown the
dependence fopr > 20GeV. For thep dependence (e,f) both cuts are applied. The red triangles
indicate the results for {HENA release 12.0.6, the black circles the ones for release?b4.2.
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by applying cell weights following the method developed g H1 experiment76)].

The performance of the jet reconstruction is shown in FiguBe In both ATHENA releases the
reconstruction efficiency for jets wiflyr > 20 GeV is close to one. Due to major changes in the jet
reconstruction and calibration packages, slightly moi® gee reconstructed at lowt in release
14.2.25 compared to release 12.0.6 resulting in highereiity but also higher misidentification
rate at lowpr (see Figure$.3(a)and6.3(b). Then and ¢ dependence is very similar in both
ATHENA releases.

6.2.4 E™ssReconstruction

At hadron colliders the total sum of the transverse enéfgyanishes because of momentum con-
servation if no particles escape the detector undetecteekefore a deviation from zero indicates
the production of neutrinos or other weakly interactingtiptes like the lightest SUSY particle.

The missing transverse energif''ss = \/ (Eiss)? 4 (E{,“iss)2 is calculated according to:

Cells Muons

The muonpt is measured by the stand-alone reconstruction in the muectrspneter. In this
way the energy deposit of the muons in the calorimeter is nabl® counted. To suppress the
contribution from misidentified muons, the stand-alone nsuare also required to match with a
combined muon track. The third term corrects for energy diesbin the inactive material, mainly
the cryostat walls of the liquid-argon calorimeter. Figaih the last step the algorithm searches for
reconstructed physics objects (e.g. photons, electretssrijets, unused topoclusters and muons)
matching the selected calorimeter cells. The energy of medtcells is then refined according to
the dedicated energy calibration for the reconstructetigiar

In Figure6.4the EMsSresolution is shown as a function of the scalar sujir of the transverse
cell energies in the calorimete4]. The resolution deteriorates with the square roo} 0for as
expected from the energy resolution of the calorimeter vhicminates thE?‘SS resolution. For
the search for light charged Higgs bosaensvents are of largest interest. For these evewﬂ%‘étS
resolution ofl0% — 15% is expected from the ATLAS detector simulation.

6.2.5 Reconstruction and Identification of HadronicT Lepton Decays
Reconstruction of Hadronic = Lepton Decays

7 leptons decay into a large variety of final states (listedabl&4.2) of which hadronic final states
are the largest fraction. Because of the boost ofrtleptons in decays of heavy particles like top
quarks or Higgs bosons, the hadronitinal states form jets.

The reconstruction of hadronicjets suffers from the very large gluon and quark jet backgds

at the LHC. Additionalr-jet identification requirements are needed for the sugmef these
backgrounds.

In release 12.0.6 the reconstruction 7efet candidates starts with calorimeter clusters recon-
structed by the sliding window algorithm fulfilling/r > 15GeV. The cells withimAR < 0.4
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Figure 6.4: Resolution of theEZ™ss as a function of the scalar sum of the transverse cell ereigie
the calorimeted | E. The curve is a fit of a square root functiag/) ~ Er yielding the parameter
a = 0.57 [57).

around the barycenter are calibrated with dedicated cefiviefollowing the H1 method77].
The reconstruction of-jet candidates in release 14.2.25 is performed by a cortibimaf calorime-
ter and track based algorithms:

e The calorimeter based algorithm is seeded by reconstrijeteds described in SectiérP.3
All jets within the geometrical acceptance of the track retnuction|n| < 2.5 and with a
transverse energfr > 10GeV are referred to as “calorimeter seeds”. The jets are re-
calibrated with dedicated cell weights following the H1 treed. For the subsequentjet
identification step tracks are associated to the jet. Tholdrare required to fulfill the loose
quality criteria in Table6.1 and are collected in a cone with sizZeR = 0.3 around the
Er-weighted barycenter of the cluster. The momentum vectthef-jet candidate is de-
termined by the energy of the calibrated cluster and by thection of the Er-weighted
barycenter of its cells.

e The second algorithm starts with a well reconstructed twaith pt > 6 GeV and fulfilling
the “first track” requirements listed in Tabl Additional tracks reconstructed in a cone
of size AR = 0.2 around the “track seed” are associated if they pass a reketeaf cuts.
In case only two tracks are found in total, a third track isreead for by dropping the
requirements on thg? of the track fit as well as on the ratigHi; / Nk, of hits exceeding
high and low TRT threshold&VH; /Nty ). For all7-jet candidates with three tracks a total
charge of ), Q;| = 1 is demanded. Candidates with more than eight tracks arardisd.
Using the selected set of tracks the barycenter oftlet candidate is determined and
calorimeter cells fulfillingEr > 20nise @re associated to it within a cone of radii®2 =
0.4 around the barycenter. The energy of track seedjed candidates is calculated using an
energy flow algorithmT8]. This method employs the accurate tracking resolutioowel
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Table 6.1: Track quality cuts used far-jet reconstruction. The cuts for the highest momentunktrac
of track-seeded candidates are given in the first column. obree set of cuts is used to associate
additional tracks to the track seed as listed in the secoharo The cuts in the third column are
imposed for tracks matched to calorimeter seedgt candidates.

Track Criteria First Track Associated Track Loose Track
pr / GeV > 6 1 1

I < 2.5 2.5 25

do /mm < 1 1 15

No. Silicon Hits > 8 8 6

No. TRT Hits > 10 - -

x? / dof < 1.7 1.7 35

No. Pixel Hits > - 1 1

No. B-layer Hits > - 1 -
NiRr/Ntkr < - 0.2 -

energies where the energy resolution of the calorimetemiseld. Therefore the tracks are
associated to calorimeter clusters and the energy measntéon charged particles is taken
from the tracking, for neutral particles from the calorigret=inally ambiguities are resolved
by discardingr-jet candidates, which have a match with a higher energetididate within

a cone with the radiug = 0.1.

Discriminating Variables for -Jet Identification

To reject the large background from parton jets, discritmgavariables are constructed which
exploit the typical signatures otjets:

e Narrow shower shape in the calorimeter,
e low track multiplicity and
e adisplaced secondary vertex.

In the following all discriminating variables used for théfekent 7-jet identification methods are
listed. The association of the variables to the differeantiication methods is given in Tabée2
1. Electromagnetic RadiusRen

The electromagnetic radius is the transverse energy veglgiverage distance between the
jet axis of ther-jet candidate and the associated calorimeter cells:

2o E‘IC'(?Z'” \/(772 - 77c|uster)2 — (¢ — ¢C|U5ter)2

Rom —
. = B

(6.3)
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The average extends over all cells of the pre-sampler anfirthend second layer of the
electromagnetic calorimeter within a cone of radiis= 0.4 around the cluster of the-jet
candidate. This variable is used to quantify the showerlwidt

. Isolation Fraction A E1?

The isolation fraction is the transverse energy in the lotione corresponding to distances

in the n¢-plane of0.1 < AR < 0.2 to ther-jet candidate axis, normalized to the total
energy within a cone of radiug = 0.4:

E_Ic_elll

2

AE%Q _ 0.1<AR<0.2 ’ ‘ 6.4)
> B
AR<0.4

All layers of the calorimeter are taken into account. Thigalze exploits the fact that the
7 lepton is usually boosted and its decay products appear@braated jet without nearby
activity in the calorimeter.

. Number Ntacks Of Associated Tracks

Hadronic decays of leptons almost always result in one or three charged pestidne- or
three-prongr-jet candidates). A higher number of reconstructed track8) can be caused
by five prongr decays, photon conversions, the underlying event or gle@n the other
hand, for parton jets the number of tracks is correlated Whigir energy. Therefore, track
counting provides high discrimination power, especiatiigherpr.

In release 12.0.6, all tracks within a coAsR < 0.3 and withpt > 2 GeV are associated to
ther-jet candidate. A set of track quality cuts is applied as diesd in [77]. In the case that
no associated track is found or the number of tracks is larger three, the-jet candidate
is rejected.

In release 14.2.25 the numh¥#,,5cks Of associated tracks is counted within in a hollow cone
with 0.2 < AR < 0.4 for track seeded-jet candidates. If the-jet candidate is seeded
only by a calorimeter cluster, this variable is not consder

. Charge of the-Jet

The charge of the-jet candidate is calculated as the sum of the charges ofiagso tracks.
For realr-jets the absolute value of the total charge is mostly ctigreletermined to be one
while also different values are obtained for jets origingtirom partons.

. Shower Width An in the n-Strip Layer

The shape of the-jet candidate shower can be estimated already in the fiyst laf the
electromagnetic calorimeter, thyestrip layer. In release 12.0.6 the shower width is defined
as the transverse energy weighted root mean square of-dmstances of the cells to the
barycenter of the-jet candidate cluster:

> E%i'” (ni — 77c|uster)2
Il
2. BY

(An)? = (6.5)
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This value is normalized by the total energy within a cang < 0.4.
In release 14.2.25 the definition of the; variable is changed:

2
> E'Cr?z'" (1 — Neluster)* > E'Cr?zu (1 — eluster

= 57 = B

The variableAn exploits the lower number of’ mesons in hadroni¢ decays and their
subsequent higher boosts compared to parton jets of the exaengy.

(An)* =

(6.6)

. Number Nsyip of Hits in the n Strip Layer

The numbetVsyip of hits in the first layer of the electromagnetic barrel cah@ter can also
be used as a discriminating variable. Energy depositiormglis of then-strip layer within

AR = 0.4 around the cluster axis are counted if the deposited enewgeds 200 MeV.
The variableNsyip provides particular discrimination for the decay channel: 7 where

it is considerably smaller for-jets than for parton jets. In particular at high, the parton
jets tend to deposit more energy in thstrip layer than the-jets.

. Ratio Et/pr; of Total Transverse Energy andpr of the Leading Track

For hadronicr decays a large fraction of thejet energy is expected to be carried by the
leading track whereas the energy is more uniformly disteétdor parton jets.

. Signed Transverse Flight Path Significancer,t:rIight Path

For multi-prong track-seeded jet candidates the decay vertex can be reconstructed. De-
spite the relatively short life time of thelepton,cr = 87 um, the mean flight path length
(I) = Pyer is increased to several mm by the boost of thiepton. However, since the
opening angle of the decay products scales wjth, the resolution of the flight path length
measurement decreases with increasing boost. The sigwi@ad the transverse flight path

is defined as

OBight Path = SIgN([rsv — rpvly - T7) %, (6.7)
whererpy andrsy are the vectors of the primary and the secondary vertexgctisply,
ando is the uncertainty of the vertex fit. The sign is positive & tiistance vector between
primary and secondary vertex and the directignof the 7-jet axis in the transverse plane
enclose an angle of less thaor, i.e. the decay happens in flight direction (see FiguB
Forr-jets this variable has a tail towards positive values wihikesymmetrically distributed
around zero for the parton jets.

. Transverse Impact Parameter Significancer(;

The transverse impact parametgris the distance of closest approach of a track to the
primary vertex in the transverse plane (see Figh®. Sincer leptons have finite life
time, a non-zero impact parameter provides discrimingtiower against the light parton
(u, d, s quark and gluon) jets. In release 12.0.6 a two dimensisigaledtransverse impact
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Figure 6.5: Sketch of the hadronic decay of a particle with finite lifedim

parameter is calculated for the leading track using thexest defined by the calorimeter
cluster. The sign is defined to be positive for tracks cragie jet axis inr-jet direction and
negative otherwise. This variable tends to be larger-fgts compared to the background.
In release 14.2.25 no sign is used since the jet axis is @uatdnom the tracks themselves
for track seeded-jet candidates.

To evaluate the impact parameter for a given track, the pyiartex is re-fitted excluding
this track. Finally the impact parametéy is divided by the uncertainty (dy) to account
for the uncertainty of the vertex fits. The transverse impacameter significance is given

by
d .
olb -0 sign (sin (gjet — drack)) release 12.0.6
o (do)
p (6.8)
ofh :T(;JO) release 14.2.25

10. Longitudinal Impact Parameter Significance o,
The impact parameter significance 4rdirection of; is used only for the identification of
single-prong track seededjet candidates:

o2 — 2o sin (Dyrack)
P 5 (20 sin (Byack))

(6.9)

11. Ratio EEM /pIracks of Electromagnetic Energy and Transverse Momenta of Leadig
Tracks

Due to the low track multiplicity ofr-jets, the ratio of the transverse energy deposited in
the electromagnetic calorimeter and the scalar sum of émswerse momenta of up to three
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leading tracks,
3
ERV pprece—= B/ S (6.10)
=1
is expected to be smaller farjets than for other jets of the same energy.

12. Ratio EHAD /pIracks of Hadronic Energy and Transverse Momenta of Leading Tracks
Similarly as the previous variable, this ratio is calcuthtssing the energy deposited in the
hadronic calorimeter:

3
wracki
EHAD /pTracks _ pHAD / Z D Track(Z)‘ (6.11)
=1

13. Ratio p?ac"S/ET of Leading Track Momenta and the Total Energy
Also the inverse ratio of the total transverse energy anddla¢ar sum of the three leading
tracks is used:

3
pFees By = 3 pP /B (6.12)
=1

14. Fraction EEM / Er of Electromagnetic Energy
About two thirds of allr-jets are accompanied by photons (see Tdli# Hence they are
expected to deposit a large fraction of their energy in teetebmagnetic calorimeter. This
is exploited by the ratio:

EM EM
BM/Br = — s (6.13)
EEM 1 EHAD
where EEM and EHAP are the cluster energies of theget candidate in the electromagnetic
and the hadronic calorimeter, respectively.

15. Visible Invariant Mass mn,facks
The visible invariant mass.|[2%of track seeded multi-prongtjet candidates is calculated
from the track four-momenta. In hadronicdecays this variable has an upper limit de-
fined by ther massm, = 1.777 GeV, while it can be higher correlated with the transverse
momentum for parton jets. Therefore increasing discritionapower is expected against
parton jets at higher momenta.

16. Visible Energy Flow Invariant Mass mEfiow

For track seeded-jet candidates, the invariant mass is calculated comditiack and

calorimeter (energy flow) information. The four-momentacaforimeter cells in the first
two layers of the electromagnetic calorimeter associatélaer-jet shower but not to tracks
are used.

This variable is strongly correlated to the previous oneweleer, it allows for calculating
the visible mass also for single-promget candidates.
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17. Minimal Distance A Rmin

For multi-prongr-jet candidates this variable is defined as the minimal sejoar between
the seed position and the associated tracks within a corsdafsR = 0.2. For7-jets this
distance is expected to be smaller than for parton jets. Métguequirements are used for
the selection of the tracks.

18. Maximal Distance A Ryax

Similar asA Rmin also the maximal separation between the seed position arastociated
tracks provides discrimination against parton jets. Esflgat higher transverse momen-
tum this variable exploits the strong collimation of thecks in 7-jets. Again it is only
considered for multi-prong-jet candidates.

19. Shower Width Anracks from Tracks

Similarly as in Equatior®.6, the track transverse momentum weighted jet WitltfyacksiS
determined for track seeded multi-pronget candidates:

) >ipri (An)®  [XpriAm)
Anfracks = - ) (6.14)
Zz‘ P1i Zz PT,i
whereAr; = rifack — plack. is calculated with respect to the track jet axis.

T-Jet ldentification

In the following two 7-jet identification methods are described. One is based s applied

on the discriminating variables while the other uses ailikeld-based combination of the dis-
criminating variables to identify the-jet. Since the discriminating variables depend on the jet
kinematics,pr-dependent identification criteria are used in bottHANA releases. Thet bins
chosen are summarized in Tale3. In release 14.2.25 thejet candidates are further classified
as single-prong and multi-prong decays. In addition, tkelihiood-based identification method
distinguishes between the single-prong track seedjed candidates with and without neutral pi-
ons. The single-prong calorimeter seedept candidates are always considered to contain no
neutral pions.

The choice of track seeded or calorimeter seedget reconstruction algorithm has a large im-
pact on ther-jet identification. For all track seeded candidatesithet axis is calculated as the
direction from the primary vertex to the--weighted barycenter of the tracks. If there is no track
seed available, the barycenter of the calorimeter clusteséd. As described in the Sect®2.5
certain discriminating variables are only defined for traekded--jet candidates.

In the following the twor-jet identification methods are explained in more detail.

Likelihood-Based 7-Jet Identification This method uses probability density functions given
by the distributions of the discriminating variables fojets and parton jets/[7, 79]. The 7-jet
distributions are obtained frotd — 77 andA — 77 events while parton jets are taken from QCD
dijet events. At the LHC, QCD dijet events are produced ay ¥egh rates allowing for an early
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Table 6.2: Variables used for the identification efjets in releases 12.0.6 and 14.2.25. Filled circles
indicate the variables used by the different algorithmse iambering of the variables corresponds to
the one in the text.

Rel. 12.0.6 Rel. 14.2.25
Variable
Likelihood Likelihood Cut-based
1 ° ° °
2 ° ° °
3 ° ° )
4 ° o o
5 ° ° °
6 ° ° o
7 ° o °
8 o ° o
9 ° ° o
10 o ° )
11 o ° °
12 o ° °
13 o ° °
14 o ) °
15 o ° o
16 o ° )
17 o ° )
18 o ° o
19 o ° °

Table 6.3: pt intervals (in GeV) used for the-jet identification methods. In the first row the intervals
for release 12.0.6, in the second and third row the ones fease 14.2.25 are given. “LLH” denotes
the likelihood-based and “Cuts” the cut-based identifaratilgorithms.

LLH (12) 15-28 28-44 44-62 62-88 88-134 134-218 218-334 @G6a- >600
LLH (14) 10-20 20-30 45-70 70-100 100-150 150-220 220-500500
Cuts (14) 10-25 25-45 45-70 70-100>100
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measurement of their probability density functions rathan relying on Monte Carlo predictions.
The likelihoodsPs and P for the 7-jet and the QCD jet hypotheses are calculated for eajet
candidate, as

Pspy(x = x1,...,7p) = Hpg(B)(:rk) (6.15)
k=1

neglecting correlations between the variablg’s(z) denotes the value of the probability density
functionk of the variabler;. Correlations between the discriminating variables cdn ba taken
into account using multi-dimensional probability dendiiyctions. However, due to the limited
statistics of the Monte Carlo samples multi-dimensionabpbility density functions have not
been used.

The likelihood discriminan®(x) is defined by the expression:

Ps(x)

P(x) = . 6.16
(@) Pgp(x) 4+ Ps(x) ( )
For an easier numerical treatment the equivalent logarithikelihood discriminant
k
P'(z) = ~In(1/P(z) - 1) = > In ps (@) (6.17)

— Pilax)

is used. In release 14.2.25 the likelihood-based methoddee quality flags of the-jet can-
didates (loose, medium and tight) which correspond to fixgtdvalues on the discriminarf’
chosen such that 70%, 50% and 30% of thets inZ — 77 events are accepted for the loose,
medium and tight selections, respectively.

In Figure6.6the performance of likelihood-basedjet reconstruction and identification is shown
depending omt. Then and¢ dependences can be found in the ApperlibAll 7-jet candidates
overlapping with identified muons and electrons are remokrettlease 12.0.6, first electrons are
rejected by the requiremetitHAP /plead- tack ()1 pefore ther-jet candidates are further identi-
fied by requiring the logarithmic likelihood discriminamt be greater than six. In release 14.2.25,
after the rejection of electron8(), the 7-jet identification is performed using the medium quality
cut of the likelihood-based method.

Comparing the likelihood based identification methods iease 12.0.6 and 14.2.25, better perfor-
mance is achieved in the newer release. The topologicakcing allows for a lowepr threshold

as can be seen in Figu6e6(a)and Figure6.6(b) Higher efficiency and lower misidentification
rate are achieved for aflr. Comparing ther-jet efficiency with the rejection of the dominant
background of light parton jets (see Fig@#(c), reveals the improved performance of the new
identification especially in the rang® < pt < 50 GeV. At higherpr the old identification re-
jects more jets, but at the expense of lower efficiency. luiE§.7the overall efficiency is plotted
against the rejection of light parton jets. The working p®iof the two correspondingT™ENA re-
leases are indicated. As can be seen a better performarnd@esed in release 14.2.25 compared
the release 12.0.6 for efficiencies 30%. The reduction of the misidentification rate in release
14.2.25 also stems from the new electron veto (see FigL6(gl).

The rejections ot- andb-jets (Figure6.6(e)and6.6(f)) are comparable in both releases. Espe-
cially for b-jets, because of the high track multiplicity and broad shioshape, a high and constant
rejection of about 1000 is achieved.
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Figure 6.6: Performance of the likelihood-baseeet identification methods in releases 12.0.6 and
14.2.25. Therr dependence of (a) efficiency and (b) misidentification raghown forin| < 2.5, (c),

(d), (e) and (f) show the rejections of theget identification of light parton«, d, s quark and gluon)
jets, electrons;-jets andb-jets as a function ghr. The red triangles indicate the results for the release
12.0.6, the black circles the ones for release 14.2.25.
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Figure 6.7: Rejection versus-jet identification efficiency for the likelihood-based rhetls in releases
12.0.6 and 14.2.25 for ait-jets withpr > 20GeV and|n| < 2.5. In both cases the corresponding
working points are indicated.

Cut-Based r-Jet Identification For the early data taking of ATLAS an alternativget iden-
tification method has been implemented in release 14.5.¢hndunsiders only variables that are
supposed to be well under control at an early stage of detealibration. The cut-based identifi-
cation is performed using a selection of the discriminatiagables (“safe cuts”) from Tablé.2
[81]. As for the likelihood-based identification method threguality flags are defined corre-
sponding to different sets of cuts. These cuts have beemiazgti to obtain the highest possible
rejection at fixedr-jet identification efficiencies of 70%, 50% and 30%. Again— 77 and
A — 71 events as well as QCD dijet events were used for the cut agion procedure. The cut
values B1] are defined in fiveor bins summarized in Tablé.3 separately for single- and multi-
prongr lepton decays.

The performance of the cut-based identification methodtrnBsically inferior to the likelihood
discriminant. In addition, the cut-based method uses alsmalmber of discriminating variables
in larger pr bins which also decreases the discrimination power. Thipeance degradation
can be seen in Figui®@8where the two identification methods are compared. The stepe pt
dependence of the efficiency and misidentification rate efcilt-based method in Figuée8(a)
and6.8(b)are due to the separate cut optimization in phebins of Table6.3. The striking im-
provement of the efficiency at loyy is compensated by high misidentification rate and very low
rejection against lighth- and c-jets, shown in Figur&.8(b) 6.8(c) 6.8(e)and6.8(f). At higher
pt, the performance of the cut-based method improves, butmutegach the performance of the
likelihood-based method. The rejection against electinrisigure 6.8(d) is comparable for the
two methods because the same electron veto is used.



6.2 Particle Reconstruction and ldentification 71

[y

» g I
S 0.9 —e— Likelihood-based E e 0.9 3
E 0.8? —— Safe Cuts é _S 0'8?4 AA“A é
o 07E E 7 07Em E
0.6F ‘ #ﬁ S 060 I
0.5 N{M ) W +++*+'|+4] S 050 &t M *h
0.4F " f,‘w‘uﬁ““ Sk b *4 i 8 04f A‘Am b s *AM* + *A\‘
03 4 AV H S 03 v o ‘Mﬂ * gt
020 [ "3 bt 5
0.1 3 0.1 3
13) = < ! E ) N I R I L
6" "20" 20 60 80 100 120 140 o 2020 60 80 100 120 140
a) ./ Gev b) p,/ GeV
1000

B 900 3 3
= E E E
e 3 E F E
s 7008 ¢ E E =
o E + E £ ]
£ 600 E i E
2 5005 4 ¢ = - =
S 4008 5 ; §
S 300 = . + + } ]
S 200F o = ]
2 E 4 " Fi X ++' |
i Sl A*MMAMm )
o) S O et e R R R B ot~

0 20 40 60 80 100 120 140 60 80 100 120 140
c) ./ Gev d) p,/ GeV
. ©5000¢ .
1 Zasoo- 3
B §4ooo§ E
B =3500E E
1 23000 - 3
- D2500F E
4 (O] E -0 B
] 0’ 2000F =
E 1500 - E
] 1000 -+ 5

= -——0—0—_o 0o "'-0—..._.__._4—

50058 e

e s = o et SR 0+ T el

40 60 80 100 120 140 o 2070 60 80 100 120 140
pT/GeV f) pT/GeV

Figure 6.8: Performance of the cut-based and the likelihood-basgd identification methods in
release 14.2.25. The dependence of (a) efficiency and (b) misidentification ratghiown forjn| <
2.5, (c), (d), (e) and (f) show the rejections of thget identification of light parton«, d, s quark and
gluon) jets, electronsg;jets andb-jets as a function gft. The red triangles indicate the results for the
cut-based, the black circles the ones for the likelihoosedadentification method.
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6.2.6 b-Jet Identification

The signature of jets originating fromquarks differs from the signature of jets stemming from
lighter quarks and gluons due to the production and decgyepties of heavy hadrons. These
differences are exploited to discrimingigets from other jets. The average life time of weakly
decaying hadrons is 1.5 ps. Fortgjet with transverse momentum of 50 GeV the mean flight path
length is(¢) = Byer =~ 3mm. In addition, due to the hard fragmentation functior gfuarks,b
hadrons carry a large fraction of thequark energy leading to high transverse momentum and a
relatively large opening angle of the fragmentation hadrand their decay products with respect
to theb-jet axis.

Three methods can be used to identifiets (-tagging):

e The tracks from a decayddhadron are incompatible with originating from the primary
vertex. As forr-jet identification a signed impact parameter is used{@t identification.

e Algorithms for the reconstruction of secondary vertices ased to determine the weak
decay vertex of thé hadron in the)-jet. Track pairs compatible with photon conversions or
K9 decays are removed for this purpose. Three vertex propentéeeused for the-tagging:

o The invariant mass of all tracks associated to the seconasitgx,

o the ratio of the sum of the track transverse momenta asedciatthe vertex and the
sum of transverse momenta of all tracks in the jet and

o the number of two-track vertices inside the jet.

¢ Additional soft leptorb-tagging algorithms make use of the leptons originatingnfsemi-
leptonic decays ob hadrons. Due to the relatively small semi-leptonic branghiatio of
20% forb-decays into electrons and muons the efficiency of this nekihibmited and will
not be used in this analysis.

Using the probability density functions of the impact pae#®n and the secondary vertex displace-
ment a likelihood-based discriminant is used to separ@es from other jets.

In Figure6.9theb-tagging performance is shown as a functioppf Then and¢ dependence can
be found in AppendixB. After removing muons, electrons ameiets overlapping with theé-jet
candidate, thé-jet candidates are identified by requiring théagging discriminant to be larger
than three. It can be seen that the efficiency is generallgehnign release 14.2.25 compared to
release 12.0.6. However, also the misidentification rakégiser and the rejection of light parton
jets andc-jets lower.
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Figure 6.9: Performance of thé-jet identification algorithm in releases 12.0.6 and 1462 Phepr
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Chapter 7

The Search for Light Charged Higgs
Bosons

As described in SectioA.2 two Higgs doublets are needed in the MSSM to give masses-to up
and down-type quarks and leptons. They result in five physieges, the neutral Higgs bosons
h, H, A and the charged Higgs bosoRs". At the LHC, charged Higgs bosons can be copiously
produced in on-shell top quark decays- bH ™, if their massm =+ is smaller thanm; — my,. In

the 2HDM(II) the subsequent decdy™ — v is favored and proceeds even exclusively in the
MSSMmy,-max scenario, given thaan 3 > 3. In this chapter, the strategy for the search for light
charged Higgs bosons tin events with one semi-leptonic top decay and hadrenapton decays

is discussed.

The signal and background processes, introduced in Settlphave been simulated for a center
of mass energy of 14 TeV using thaAeENA release 12. Section2 covers the event selection and
cut optimization. Finally, in Sectior.3the systematic uncertainties are discussed.

7.1 Signal and Background Simulation

The signal and background Monte Carlo samples considerstissed in Table7.1 The cross
sections were calculated at next-to-leading order in peation theory and have been validated
by the ATLAS collaboration42]. The integrated luminosities to which the Monte Carlo sksp
correspond vary between 100pband 10fb!. For the most important background @fevents
aboutl fb~! was available.

e Signal Production
For the generation of the signal events the generatoHR has been used. They are inclu-
sivett events where one top quark decays into a charged Higgs basamaaccompanying
b quark while the other top quark decays intdlaboson and & quark. Thell’ boson
is required to decay leptonically}) — ev, uv, to provide a clean trigger signal. Since
this analysis concentrates on the MSSM, the charged Higgsrbis forced to decay into
a7 lepton and its neutrino. The leading order Feynman graplhisfdrocess is depicted

75



Table 7.1: Datasets used for the charged Higgs analysis. Only the gemdor the hard process is shown. Other subsequently u§dal Q
generators are discussed in Sec#oh The cross sections are all calculated at next-to-leadidgrerturbation theory and are multiplied by
the branching ratios of the top quarks to the final statesatdd taken from16] and, if applicable, by the pre-selection filter efficiendyhe

cross sections of the signal events are given for the M&gMmnax scenario withan 3 = 20.

Dataset Id Generator Channel Nevents o x B/pb
6399 (90GeV)  RTHIA tt — (HTb) (Wb) — (hawb) ({b) 9950 12.1
6800 (110 GeV) PRTHIA tt — (H*b) (Wb) — (Thaab) (£b) 7500 8.6
6562 (120 GeV) RTHIA tt — (H*b) (Wb) — (mhaab) (¢vb) 9500 6.7
6398 (130 GeV) RTHIA tt — (H"b) (Wb) — (mhaab) ({wb) 9500 5.0
6566 (150 GeV) RTHIA tt — (H*b) (Wb) — (mhaab) (¢vb) 8000 1.9
5200 MC@NLO tt — (Wb) (Wb) — (Xb) ({wb) 436k 452
5500 ACERMC Single Top (Wt channelyy — (e, u, 7) v, Wo — q7’) 15200 29
5501 ACERMC Single Top (s channely — (e, u, 7) v) 9750 3.5
5502 ACERMC Single Top (t channely — (e, u, 7) v) 18500 80
8240 ALPGEN W — ev+2p, Njets> 3 130661 246.1
8241 ALPGEN W — ev+3p, Njets> 3 69006 142.5
8242 ALPGEN W — ev+4p, Njets > 3 28633 61.7
8243 ALPGEN W — ev+5p, Njets> 3 3700 25.7
8244 ALPGEN W — uv+2p, Njes> 3 4750 18.8
8245 ALPGEN W — uv+3p, Njets> 3 12500 74.4
8246 ALPGEN W — uv+4p, Nyeis> 3 19323 41.4
8247 ALPGEN W — uv+5p, Nyets> 3 3500 23.2
8248 ALPGEN W — 17v+2p, Njets> 3 19950 100.9
8249 ALPGEN W — 1v+3p, Njets > 3 13000 100.2
8250 ALPGEN W — 7v+4p, Njets> 3 5750 52.8
8251 ALPGEN W — 7v+5p, Njets> 3 9000 23.9

9.
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Table 7.2: Standard Model parameters used in the charged Higgs se@hehbranching ratios are
taken from [L6].

Parameter Value
top quark mass 175 GeV
W boson mass 80.42 GeV
B(t — bW) (SM) 1
B(W — qq) 0.6760
B(W — ev) 0.1075
B(W — uv) 0.1057
B(W — 1v) 0.1125
B(t — hadrons/) 0.6480
B(t — ev) 0.1784
B(t — uv) 0.1736

in Figure4.4(a) Subsequently, inclusive hadronicdecays formigr-jets are considered
because they have a high branching ratio of 64.8% (see #a®ler-jets can be identified
by the ATLAS detector (see previous chapter). In additianpainted out in$2], angular
momentum conservation leads to significant energy enhaeeof r-jets in H+ — 7v
with respect tdlV — 7 decays which is implemented in thedoLA generator used for
the generation of the hadronicdecays.

The kinematic properties af-jets also depend on the mass of the charged Higgs boson.
Higher masses lead to stronger boosts which affect the steivape and energy. Therefore
five datasets witff+ masses of 90, 110, 120, 130 and 150 GeV are investigatedicgver
the mass range between the LEP limit and the threshol# foproduction in top decays. At
and above the threshold mass;+ ~ m; — m;, other charged Higgs production processes,
gg — thH™, gb — tH™, have to be considered which are not included in this study.

¢ Standard Model t¢ Background

The most important background for light charged Higgs basearches, namely events
with two Standard Model decays b bosons is generated with MC@NLO (see Ta-
ble 7.1). Since these events contain only Standard Model particieseferred to as Stan-
dard Modeltt background. Only events with at least one leptonical decglii boson are
considered (see Figue4(b). The events with an additionatjet originating from the sec-
ond W boson decay are referred to as the irreducibleackground because the final state
is the same as for the signal. In addition, because neutappear in both top quark decay
chains, it is impossible to reconstruct a top quark &7@oson. An enrichment of signal
events is only possible by exploiting the fact thaf;; < m g+ and the spin correlation ef-
fects mentioned above. No signal peak can be observed avé&attkground. Therefore a
signal is only observed as an excess §ét events over the Standard Model expectation.
Another important, but reducible background is the Stashdidndel ¢z production with the
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Figure 7.2: Main single top backgrounds:channel (ap — 2, (b) 2 — 3 process.

first W boson decaying into a lepton and the second one into quasisg ther-jet identi-
fication, these events are significantly suppressed. Hawewe to the high branching ratio
B (tt events withiV — ¢q’) this mode has to be taken into account. Similarly, aisevents
with W — ev decays contribute to the background if electrons are mmiitkd asr-jets.

Weak Single top Production

At tree level the weak production of single top quarks takesevia three different produc-
tion modes, namely th&/t-channel, thes-channel and the-channel (see Figuré.1 and
7.2). As can be seen in Tablel, the total cross section of all single top quark production
channels with oné?” boson decaying leptonically is expected to be roughly orertqu

of the ¢t production cross section with one leptoii¢ decay. All three modes have been
generated with AERMC.

In theWt-channel twdV bosons are present which can lead to events containing lateido
lepton and ar-jet. However, since ledsjets are present than in the signal, such events can
be rejected using a requirement on the number of taggets. Single top events produced
via the s-channel or theé-channel contain only ond” boson and can be suppressed by the
lepton andr-jet identification.

W+ Jets Production

The W+jets background with at least three jets (see an examplégurd-7.3) has been
generated with APGEN. The production cross section @f bosons with at least three ac-
companying jets is expected to be much higher thart#tlveoss section (see Tablel). In



7.2 Event Selection 79

Figure 7.3: W+3 jets production.

addition, the calculate@l’+jets cross section has large uncertainties and may beesider
mated. Hence, even if the amount of these events is stronglyressed by-jet, -jet and
lepton identification, it may still contribute to the bac&gnd.

e QCD Jet Production
Another possible background is QCD jet production with twonmre jets in the final state.
It is expected to be negligible compared to the backgroumdribuitions mentioned above.
Due to the very high cross section at the LHC, not enough MQado events could be
produced in order to give a definite answer. The backgroundbeasuppressed by jet,
b-jet, electron and muon identification together with a regmient of highE{ss,
A dangerous contribution are multi-jet events with heavarguets. With semi-leptonic
decays ofB or D mesons they give rise to lepton+jets final states which demtfze signal.
Since these leptons are close to the jets such events aotetejgy employing isolation
requirements for the leptons.

7.2 Event Selection

The signal is selected by several trigger signatures arglautiscriminating variables. In this
section the trigger signatures are described and theldistns of the discriminating variables are
discussed. A cut optimization is performed which takes atoount systematic uncertainties.

7.2.1 Selection Criteria
Trigger Conditions

Due to its clean signature in the detector, the isolatedbtetriginating from the leptonié’
decay allows for the efficient triggering of events. In order to keep the trigger rate within the
ATLAS event filter bandwidth of 200 Hz, trigger thresholdsaf > 25 GeV for electrons and
pr > 20GeV for muons are employed. Even so, already for a luminasity032 cm—2s~! the
single lepton triggers consume a rather large fraction@btmdwidth. Although such estimations
are currently subject to large uncertainties and have toebermhined from the data, it is for this
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Table 7.3: Plateau efficiencies of electron, muon and botjet trigger criteria (see text) before and
after applying the selection cuts. The right two coloumrtidate the combined electron and muon
trigger efficiency as well as the overall trigger The uppet pathe table shows the efficiencies of
the combined trigger witi{"'ss requirements while in the bottom part the correspondinglsitepton
and singler-jet trigger efficiencies alone are given for comparisor.values are evaluated for signal
events with the charged Higgs boson massigfs = 130 GeV.

Electron Muon t-jet Lepton Overall

€ Beforecuts  0.22 0.24 027 0.46 0.54
3 After cuts 0.48 041 085 0.87 1.00
%» Before cuts  0.28 0.32 051 0.58 0.76
@ After cuts 0.48 041 091 0.87 1.00

analysis possible to choose a more conservative triggeurbgncombining the single lepton
trigger signatures with an addition&{"s® requirement:

e Electron +ETSS p¢ > 25GeV (|| < 2.5), ETSS > 30 GeV,
e Muon +EMSS pt > 20GeV (|n| < 2.5), EMSS > 30 GeV.

For the above luminosity, these trigger rates are expeotbé vtn the order of 10 Hz, well within
of the bandwidth of the ATLAS event filtedp].

For searches of light charged Higgs bosons in fully hadrenéecays ar-jet trigger is available.
This trigger, even with the relatively high threshold of 35 GeV, would exhaust the bandwidth of
the event filter due to the large jet backgrounds at the LH@rdfore it has to be combined with
rather tightE'sS and multi-jet requirements:

o T-jet + EMSS pT > 35GeV (|| < 2.5), EMSS > 50 GeV,

o T-jet + EP'SS+jets: pT > 35GeV, (|n| < 2.5), EP'SS > 40 GeV + 3 jets
(with: ' > 20 GeV (|| < 5)).

In Table 7.3 the plateau trigger efficiencies are given with respect ltgialulated events which
contain a highpt electron or muon before and after the remaining selectits (see below). The
T-jet trigger efficiencies are given for both combineget trigger criteria above simultaneously.
Finally, the lepton trigger (overall) efficiency is evaledtby applying the electron and muon (and
T-jet) trigger conditions together.

As can be seen, about 87% of all offline selected signal eeeatsiggered by the electron or muon
trigger. By adding the-jet trigger, the remaining events are triggered as welleWtiropping the
EMssand multi-jet requirements, the trigger efficiency doesimgirove significantly because the
corresponding cuts are also applied in the offline eventseledescribed in the next section.
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Figure 7.4: (a) Efficiencies for isolated vs. non-isolated electronsatheling on the cone energy cut in
tt events using track- and calorimeter based isolation @igard various cone sizes (in parenthesis).
(b) Efficiency for track based isolated electrons using seaufrthe sizeA R < 0.3 as a function of the
cutony_; pfin the cone. The efficiencies for the chosen Etitp§2™ < 6 GeV are indicated.

Lepton Selection

The events selected by the electron or the muon triggerseapgred to contain an offline re-
constructed lepton with transverse momentuite> 10 GeV within the inner detector acceptance
range|n| < 2.5. If the event is triggered only because of thget signature these requirements are
tightened tgt > 25 GeV for electrons angy > 20 GeV for muons.

To reject events with leptonic decays of heavy quarks, tpeole are required to be isolated.
In Figure7.4(a)the selection efficiencies for isolated and non-isolatettebns are shown as a
function of the cut on the energy in the cone around the epatihere the energy of the electron
itself was subtracted. Several cone sizes as well as tratkalarimeter based isolation are com-
pared. The highest efficiency is obtained with the track th&s@ation requirement and a cone size
AR < 0.3. In order to stay well within the plateau region of the effiag for this requirement
(see Figurer.4(b), a cut value on the sum of all transverse track momnentagimstiiation cone
of ), ptTrf"fk < 6 GeV has been chosen as indicated in Figudga)and7.4(b)

For muon isolation the calorimeter based method is used. n& sze ofAR < 0.4 and a cone
energy of less than 9 GeV is required.

Jet Selection

To reduce théV+jets and QCD dijet backgrounds, the dMjes > 3 is applied in view of the

two b-jets and ther-jet in the signal events. In Figurg5(a)the multiplicity of reconstructed

jets with transverse momentupy > 20 GeV within || < 5 is shown for signal samples with
mg+ = 90 GeV and 150 GeV and for the Standard Motidbackground. In thet background on

average a higher number of jets is observed due to the additiv — ¢¢’ decay.

Further suppression of the backgrounds is achieved by gmplthe identification algorithms for
T-jets andb-jets:
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Figure 7.5: (a) Jet multiplicity, (b) jetpr, (c) 7-jet candidate multiplicity, (d)-jet candidateyr, (€)
b-jet multiplicity, (f) 7-jet pr, (g) leptons-jet charge sum and (h) missing transverse enétgys for
jets withpr > 20 GeV. All distributions are shown for signal samples with finveest (red circles) and
highest (blue triangles) charged Higgs boson mass and édr thackground (shaded histogram) and
are normalized to one. The cuts on the discriminating véegbre indicated.
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e 7-Jet Identification
The 7-jet identification is performed using the likelihood dissinant method as described
in Section6.2.5 After removing overlapping electron and muon candidatesikelihood
discriminant (see Figuré.9) of the 7-jet candidates is required to be greater than six. A
further rejection of unidentified electrons is obtained by tut on the ratio of transverse
energy in the hadron calorimeter and of fheof the leading track of the-jet candidate
of Fhad/plead rack, 0.1, This requirement makes use of the fact that the energysiteof
electrons in the hadron calorimeter is much smaller thamtieeof-jets.
The multiplicity of identifiedr-jet candidates with a7 > 20 GeV and| < 2.5 is shown
in Figure 7.5(c) By demanding at least one identifiedjet candidate in the event, the
reducible part of theét background is significantly reduced. The small deviatiotwien
the two signal samples is caused by differences ipttaistributions of ther-jet candidates.
With increasing mass of the parent particle of théhepr spectra are shifted towards higher
values (see Figureé.5(d). For H* bosons the-jet transverse momentum is increased due
to spin correlation compared to the Standard Madealvents. Therefore a suppression of
the irreducibletit mode is obtained by requiringrg of the identifiedr-jet candidate greater
than 40 GeV. _
The exact cut values op;’®" and the likelihood discriminant are determined by the cut
optimization procedure described in Sectibg.2

e b-Jet Identification

To reduce théV+jets, QCD and single top backgrounds, thiagging technique is used as
described in Sectiof.2.6 Two b-jets are present both in the signal and thbackground.
But since the charged Higgs boson is heavier thariithboson, the-jets in signal events
tend to be softer than thejets in Standard Modelt events. In Figure?.6 the pt spectra
of reconstructed-jets and generategquarks originating from the processes> H*b and

t — Wb are compared. The relative shift is marginal fof;+~ = 90 GeV, but becomes in-
creasingly pronounced wheny+ approaches the top mass. Since#fiagging efficiency
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Table 7.4: Summary of the cut-based selection requirements used Bnthlgsis

Cut Requirements

Trigger lepton£11ss or 7-jet +EMISS

1 Lepton pr >10GeV, n <25

3 Jets pr >20GeV, 7 <5.0

17-jet pr > 40GeV, n <25, discr> 6
1b-jet pr > 20GeV, n <25, discr> 3
Charge balance ¢, + gjep = 0

Efiss ET'SS> 175 GeV

in the rangqﬁ'jet ~ 20 GeV is poor, the multiplicity of reconstructedjets decreases with

increasing mass of theparent as shown in Figuig5(e) Therefore, only one taggedjet
is required and no further cut g4’ is applied.

Additional Cuts

Additional rejection of the backgrounds is achieved by wiogl the following two cuts:

e Charge Balance
Sincett quark pairs are electrically neutral, the charges of thensitucted lepton ancjet
candidates are required to be opposite. In Figub€g)the distributions of the sum of the
charges)_ ¢ of the two charges are shown. As can be seen, a small redutftitire ¢¢
background is achieved by this cut.

o EMSSRequirement
The neutrinos from charged Higgs boson and subsequelgcay are expected to be of
higher energy than those from leptortic boson decay, like the lepton itself. Therefore
the distribution of the missing transverse energy in siguehts is slightly shifted compared
to Standard Modelt events (see Figuré.5(h). Of course also other backgrounds, espe-
cially QCD dijet production, are rejected. To optimize tignsl significance, the cut value
EMIss > 175 GeV is chosen. For this cut optimization the systematic taigies have to
be taken into account.

The selection requirements are summarized in Tabkle

7.2.2 Cut Optimization

The cuts on the likelihood discriminant, the transverse mioim of ther-jet and the missing
transverse energy are optimized such that

SM MSSM
_ Nyt — (Vgack — Veack )

\/Nga’\{l:k + (0sys Ngag)?

S (7.1)




Table 7.5: Cut evolution for the signal and background processes. Th#ers are normalized to the production cross sectionshEdviISSM
signal,tang is set to 20 and the remaining parameters according terihenax benchmark scenario. Below the cross sections, thivestaut

efficiencies are given.

Process Ngenerated Trigger >leyu >3jets > 1r-jet >1b pii® S q EmMiss
H*(90GeV) [fb] 12098 6219 4972 4248 1092 929 586 582 44
0.51 0.80 0.85 0.26 085 0.63 099 0.08
H* (110GeV)  [fb] 8570 4510 3534 2986 772 650 439 431 30
0.53 0.78 0.84 0.26 084 0.67 098 0.07
H* (120GeV)  [fb] 6737 3611 2868 2440 654 535 360 354 23
0.54 0.79 0.85 0.27 0.82 0.67 0.98 0.06
HT (130GeV) [fb] 4954 2670 2112 1730 512 399 270 265 20
0.54 0.79 0.82 0.30 0.78 0.67 0.98 0.07
HT (150GeV) [fb] 1853 1048 836 626 177 130 94 94 7
0.57 0.80 0.75 0.28 0.74 0.72 100 0.07
tt (> 1) [fb] 452000 169612 137928 122547 4760 4006 1915 1730 78
0.37 0.81 0.89 0.04 084 048 090 0.04
single top [fb] 112500 30180 25065 18081 271 168 47 38 -
0.27 0.83 0.72 0.02 061 0.28 0.81 -
W — lv+jets  [fb] 769547 216556 166598 101473 1549 180 92 58 —
0.28 0.77 0.61 0.02 0.12 051 0.63 -

Ay
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is maximized. The signaNy+ is the excess of events above the expected Standard Model bac
ground. Since in the MSSM the branching rai¢¢ — Wb) is reduced by3 (t — H*b) thett
background rate is lower than in the Standard Model and gatteosignal is lost in this case.
Therefore, the number of signal events is corrected by terence NgM, — NMSSM. A relative
systematic errosrsyson the background of 10% is taken into account, assumingratall under-
stood detector performance corresponding to an integhateithosity of about = 10fb~!. The
estimation of the systematic uncertainty from data is tHges of the following two chapter8
and9.

To avoid mass dependent cut values, only one signal sample- = 130GeV) is used for the
cut optimization. As start valugs;™® > 40 GeV and E'sS > 70 GeV are chosen. As shown
in Figure7.5(d)and7.5(h) these values correspond roughly to the crossing pointseosignal
andtt background distributions. In Figuig7(a)the signal significance is shown as a function of
the likelihood discriminant cut. In addition, the signattackground ratio (multiplied by ten) is
shown. The values of the signal significance and the fractff@ignal-to-background ratio times
ten are similar, indicating the dominant systematic errothe background (see Equationl)).
The significance rises with the cut value until a plateauashed at about a cut value of six which
is used in the analysis and the remaining cut optimizatiogurie 7.7(b)shows the signal signifi-
cance as a function of thEIss cut after the above likelihood cut. The maximum is reachedfo
cut value of E'SS > 175 GeV. For values above 200 GeV the significance rises agais bubject

to large statistical uncertainty.

Applying the optimized likelihood discriminant arfdl"'sS requirements, the cut on thejet pr is
varied. As shown in Figur&.7(c)two maxima at 40 GeV and 65 GeV are observed. For lower
statistical error the first value is chosen.

7.2.3 Cut Evolution

In Table7.5the cut evolution is given for all investigated signal saasphnd backgrounds. The
signal is normalized to the MSSM,-max cross sections faan( = 20, the background ex-
pectations are normalized to the Standard Model crosssectClearly, onlyt events contribute

to the background after the cuts. The remaining backgroanel®liminated mainly by the-jet
identification.

Figure 7.8 shows theE™"ss distribution after all cuts for the signal samples with tbaést and
highest charged Higgs boson mdssy+ = 90 GeV and150 GeV), the Standard Modek back-
ground and the corresponding MSSKbackgrounds, respectively. The excess of signal events
above the Standard Mod#l background is smaller for high than for low+, because the sig-
nal cross section decreases for higheg+ (see Figuret.5(a). For an integrated luminosity of
10fb~!, 780 Standard Modef events are expected while in the MSSM,-max model 440 (70)
signal events on top of 691.4 (766.8)events are expected for a charged Higgs boson mass of
90 GeV (150 GeV) andan 5 = 20.

7.2.4 Composition of thett Background

In Figure7.9the likelihood discriminant of alt-jet candidates in signal artd background events
is shown. The contributions of genuimgets, other jets and electrons are also indicated. While a
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Table 7.6: Contributions to the selectedjet candidates before and after the signal event selection

Contribution 7-jets W —ev W — qf Other jets

Before cuts 0.48 0.32 0.14 0.06
After cuts 0.44 0.28 0.23 0.05

clean separation of-jets and other objects is possible for the signal evengssithation is difficult
for the t¢ background. Using the cut value of six, half of the identifieet candidates are gen-
uine 7-jets. The other half consists in equal fractions of eletras well as jets, mainly initiated
by quarks from the decal)/ — ¢q¢’. The 7-jet candidate contributions before and after signal
event selection are listed in Tableb. Because the-jet identification does not provide rejection
power against electrons (see SectiB.5, a large part of the misidentifiettjets originate from
the proces$V — ev. However, since release 14 an explicit veto against elesti®implemented
such that the fraction of misidentified electrons can beidenably reduced. Considerable back-
ground of misidentified light quark and gluon jets remainsause of the large branching ratio
B(t — Wb, W — qq') and the high jet multiplicity int¢ events. Data based estimation of this
background is discussed in Chap@er

7.3 Systematic Uncertainties

The discovery potential and exclusion limits for chargedddibosons are affected by the system-
atic uncertainties related to the detector as well as tohberetical predictions mainly caused by
missing higher order corrections in the calculation of picithn cross sections.

7.3.1 Experimental Uncertainties

Experimental systematic uncertainties on the followingrgities have been considered:
e Energy scales of electrons, photons, muons, jetsrajets.
e Energy resolutions of electrons, photons, muons, jetsrajets.
e Electron, muonb-jet, 7-jet identification efficiencies and misidentification site
e EMSsscale and resolution.
e Luminosity measurement.

The systematic uncertainties listed in TaBl& correspond to an integrated luminosityldffb —!

for which the above quantities are determined using theda&ial. The impact of the uncertainties
on the analysis is evaluated by smearing the 4-momenta oétmnstructed objects. The energy
scale uncertainties lead to shifts of the of electrons and photongy of muons and the energies
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Table 7.7: Detector-related systematic uncertainties expectedrfantegrated luminosity of about
10fb~!. For the determination of the muon energy resolution a ems$ added in quadrature.

Source Value [GeV]
T energy resolution o =045 xVE
T energy scale —5%
+5%
T-tagging efficiency +5%

Jet energy resolution

Jet energy scale

o =0.45 x VE for || < 3.2
o = 0.63 x VE for |n| > 3.2

+7% for |n| < 3.2
+15% for |n| > 3.2
—7% for |n| < 3.2
—15% for |n| > 3.2

b-tagging efficiency +5%
. . . . —10%
b-tagging light jet rejection +10%
1 energy resolution o =0.011/pt @ 0.00017
1 energy scale —1%
+1%
w efficiency +1%
e energy resolution o =0.0073 x Et
e energy scale —0B7
+0.5%
e efficiency +0.2%

Correction to missing energy

Indirect via the other undeties

Luminosity

+3%
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of jets. The uncertainties of the resolutions are takenactmunt by smearing diy of electrons
and photons, of the jet energies and gft16f muons according to Gaussian distributions. The
uncertainties on the identification efficiencies is accedrior by randomly removing a fraction of
the identified objects. Finally, the rejection rate of ligiuark and gluon jets by thietagging al-
gorithm is varied by changing the cut on théagging discriminant. For each systematic variation
the resulting shift inE"sS is also calculated.

7.3.2 Theoretical Uncertainties

For thett production cross section the predictiof = 833 4= 100 pb~! is used B9]. This cross
section has been calculated at next-to-leading ordernpation theory and includes also further
radiative corrections related to the emission of soft-giio

The uncertainties on the expected signal cross sectionuaréochigher order loop corrections to
thetbH* vertex and the running efands quark masses. The uncertainties of the branching ratios
of the decays — H*bandH™ — 7v are smaller than 10% and 5%, respectiveg|]

7.3.3 Effect of Systematic Uncertainties

The effect for the experimental uncertainties on signal laackground expectations are given in
Table7.8. The dominant experimental error of 35% is due to the uniceytan the jet energy
scale in combination with the effect on the missing trarme}mergyE?“iss measurement. Other
systematic uncertainties like the ones in the energy scaleesolution ofr-jets are smaller than
10%. Systematic effects related to the reconstruction asmawand electrons are negligible. For
the signal a total systematic uncertainty of 40% is obtaimed used later for the calculation of
the search limits.

In principle a similar value is expected for the systematicartainty of the Standard Modél
background. However, such a high value makes a discovetyanfied Higgs bosons with ATLAS
nearly impossible. Therefore, in order to gain better krealgke of the level of théf background,
methods are developed to measure it directly from the dsgé#.itin a first study 42] an accu-
racy in the determination of th& background from data of 10% has been estimated which is
used as systematic background uncertainty when calcglétandiscovery and exclusion limits in
Chapterl0. It is confirmed by a more thorough study of titebackground estimation from data
presented in Chapte&and9.



92 Chapter 7 — The Search for Light Charged Higgs Bosons 7.3

Table 7.8: Effect of systematic uncertainties in Table7 on the expected signa and combined
backgroundB cross sections including the effects @if"ss. The total uncertainty is calculated by
adding up the single uncertainties in quadrature.

Systematic uncertainty AS[%] AB|[%)]

T energy resolution +8 -3
T energy scale 0 -
. 48 41
T-tagging efficiency -8 -1
Jet energy resolution +8 +3
+35 +19

Jet energy scale 19 17
b-tagging efficiency 0 -3
b-tagging rejection 8 _[1)
4 energy resolution 0 +1
energy scale B !
H gy 0 0
1 efficiency 0 0
e energy resolution 0 -1
energy scale 0 !
¢ energy +4 1
e efficiency 0 0
. -3 —3
Luminosity 43 43

Total ~40 ~40




Chapter 8

Estimation of the Irreducible tt
Background from Data

In the Standard Model nearly 100% of the top quarks decay via bW [16]. Therefore,tt
events with both top quarks decaying irid” constitute the main background for light charged
Higgs boson searches in the chanttel> (H*b) (Wb) — (mawb) (¢b). However, as shown
in Chapter7, the determination of this background is subject to highesyatic uncertainties if
one only relies on the available Monte Carlo simulationghla case the experimental sensitivity
suffers considerably.

In this chapter a data-driven method for the estimation efitteducible backgrountt — (Wb)
(Wb)— (mhaavb)(¢0b) is presented. Generally such a background estimation ferpeed by se-
lecting acontrol event sampl&om the collision data with similar event topology as thegjiee
background and low contamination with signal events. Ia tidiy many systematic uncertainties
discussed in Chaptérare greatly reduced.

For the estimation of the irreduciblé background the “embedding technique” is used. This
method was originally developed for top quark searcheseatfTdvatron 84] and has been im-
plemented in AHENA release 14 as welBp|. In Section8.1the method is described while in
Section8.2the control sample distributions are compared to the divesite Carlo simulation of
the background and the systematic uncertainty of the baadkgk estimation is determined. The
results are summarized in Secti®r3.

8.1 Description of the Method

In the following, the embedding method, shown schemayi¢alFigure8.1, is described in detail:

e Events with a similar topology as the genuittebackground are dileptonit — ppu+X
events with bothi’’ bosons decaying into a muon and the corresponding neutiiings
particular final state has the advantage of high selectificiezicy and purity. In principle
final states with electrons can be used as well if the backgr@ontimination is small.

The events are selected by requiring two combined muonsnsgticted with the 8\co
package as described in Sect®2.1 To reject muons originating from meson decays, the

93
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- scalefename - ((Single tau)
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Figure 8.1: The embedding scheme used to estimate the irredutitlackground mode witht —
(Wb) (Wb) — (Thaab) (¢i). In the first step (top leftyf — (Wb) (Wb) — (uvb) (uib) events
are selected. One muon is randomly removed from each evaiitsarescaled 4-momentum is used to
generate, simulate and reconstruetgt. Ther-jet is embedded in the remnant of the event and the
event reconstruction is run again on the merged event.
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energyE£°"®in a cone of the radiuA R = 0.4 around the muon momentum vector divided
by its pt is required to be smaller than 0.2. A further rejection offsowuons is achieved
by requiring a high transverse momentum, > 10 GeV, and opposite charges of the two
muon tracks.

In the second step, one of the two muons is chosen randontigrwidrds the 4-momentum
p,, Of this muon is scaled to be consistent with Epton of massn, and energy,,:
EZ —m2

7 (8.1)

Pr = Pu

The new 4-momenturp, is then together with the reconstructed vertex of the cpoeding
muon track used inAUOLA (see ChapteB) to generate the hadronic decay of thiepton.
The decay products are used as an input for the ATLAS detsutarlation and the event
reconstruction. In this way-jets are obtained which have very similgrandn distributions
as the genuine-jets intt — (Wb) (Wb) — (mawb) ((vb) events.

In the following embedding step the muon is replaced by thmegsedr-jet. For the imple-
mentation of the embedding several possibilities exist® Most simple choice is to replace
the reconstructed higher-level physics object and cotheatnissing transverse ener@?‘iSS
accordingly. This strategy has been followed for chargegiklisearches published 2]
and has been shown to reproduce the releyarandE’T“iSSdistributions of the irreducible
tt background with an uncertainty of only 10%.

However, for a realistic determination of thdet identification efficiency the replacement
of the muon has to be performed at the level of the constisuehthe physics objects. In
this study calorimeter cells and inner detector trackgyassl to ther-jets are investigated:

o First, one of the reconstructed muons itva— pu+X event is selected by searching
for a simulated single-jet within a cone of radiu&\ R = 0.1. If no matchingr-jet is
not found, the event is discarded.

o The energy deposition and timing information of the calatien cells in a cone with
radiusAR = 0.5 around the combined muon track are replaced by the infoomaif
the corresponding cells of the singtget event.

o Afterwards all track segments in a cone with radiu® = 0.1 around the muon track
in the muon spectrometer are deleted from¢thevent.

o Similarly the inner detector and muon spectrometer tracknformation associated
with the selected muon is removed and the tracks belongirigeingler-jet are
added to thet event.

Finally, all reconstruction algorithms except the trackamstruction are run on the merged
tt events and the reconstruction of higher-level physicsabjis repeated. The track recon-
struction could not be re-run since this requires the embgdof inner detector hits which
is technically challenging and not yet implement86][
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probe muon T
Figure 8.2: The tag-and-probe method: one muon (the tag-muon frdfn-a pu decay) is used to

select the event while the muon reconstruction efficien@bisined independently from the second
muon (probe-muong7].

8.2 \Validation of the Embedding Method

8.2.1 Distributions of Variables for H* Searches

In order to provide an accurate description of the irredecilb background for light charged
Higgs boson searches, the distributions of relevant viasafor the irreducibletz background

tt — (Wb) (Wb) — (mawb) (fwb) have to be well reproduced by the control sample. In the
following these distributions are compared between thectlibackground sample and the control
sample by calculating their ratio. The events of both sampte required to contain one recon-
structed isolated muon with transverse momenggm- 10 GeV.

The measurement of the efficiency of the muon trigger ancheffinuon reconstruction is possible
from data by employing théag-and-probemethod, illustrated in Figur8.2 This method uses
events withZ — uu decays with a well reconstructed muon track of high qualibjolr tags the
event. A second track, reconstructed in the inner deteistselected if the invariant mass of the
two tracks is compatible with th& boson mass. The corresponding track in the muon spectrome-
ter, called probe-muon, is known to correspond to a genuimemand can be used to measure the
trigger and offline reconstruction efficienciesih— uu events. It has been shown that the effi-
ciencies obtained can be appliedito— uu+X events with high jet multiplicity by re-weighting
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Figure 8.3: Ratios of the normalizegh andr distributions of reconstructed muons, jets angts in
the control sample and the dirg¢tbackground simulation.
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Figure 8.4: Ratios of the likelihood discriminants for (a)jet and (b)-jet identification for the control
sample with respect to the dire¢tbackground simulation

the pt andn distributions of the probe-muoBT].

To compare the shapes of the relevant distributions fronditteet /¢ background simulation (ref-
erence) and the control sample generated with the embedugtigod, all distributions are nor-
malized to one. Except for ther cut for the muon no cuts are applied.

The pt andn distributions of muons and jets are in good agreement (sper¢s8.3(a) 8.3(b)
and8.3(c) 8.3(d). A higher number of--jets is observed in the control sample at low transverse
momenta compared to the reference sample (see FiguBé=and8.3(f)) which is due tor-jets
originating from from replaced secondary muons from theeessW — v — uvv. When
selecting the control sample, only direct muons from the@ssV — pv correctly emulate
W — tv. However, an unambiguous identification of leptonidecays is impossible and such
secondary muons cannot be rejected.

In Figure 8.4(a)the distributions of the likelihood discriminants of the leeddedr-jets and the
referencer-jets from the genuiné background events are compared (see Fig84&). A shift
towards higher values is observed in the control sample thaihthe efficiency is systematically
overestimated (see Figu86(a). A similar effect is seen when the “safe cuts” method is iggpl
for 7-jet identification (see Figurg.6(c)).

One reason for this deviation is the missing re-reconstmcif the tracks after the embedding of
the 7-jets in thett events. Especially int events with high jet multiplicity a deterioration of the
tracking performance is expected. In addition, since trergndeposits in the calorimeter cells
around the original muon are replaced by the correspondahges from the single-jet events,
contributions from the underlying event and other hadr@utvity are not taken into account.
Therefore the efficiency af-jet identification is biased to higher values in the consanhple. The
misidentification rates are in good agreement for both ifleation methods (see Figur&s6(b)
and8.6(d).

No deviations between control and reference sample areauséor theb-tagging discriminant
(Figure8.4(b), and also the distributions of the sum of the charges of themand of ther-jet
(Figure8.5(a) and of the missing transverse enetfgy's® (Figure8.5(b) are well reproduced by
the control sample within the statistical uncertainty.
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8.3

Table 8.1: Fractions of events in the control and the reference sanfi@eapplying the signal selec-

tion cuts given in the text. In the last column the ratio oftbfvactions is given for each cut.

Cut Control sample Reference sample Control / Reference
1 Muon 0.980 + 0.023 1.000 £ 0.006 0.980 4+ 0.023
3 Jets 0.783 +0.020 0.809 £ 0.005 0.968 £+ 0.025
17-jet 0.316 £0.011 0.276 +0.003 1.146 + 0.040
1b-jet 0.258 4+ 0.009 0.223 £+ 0.002 1.154 4+ 0.044
T-jet pr 0.195 £ 0.008 0.171 £ 0.002 1.145 4+ 0.049
Charge sum 0.191 £ 0.008 0.166 £ 0.002 1.150 4+ 0.049
Emiss 0.146 £+ 0.007 0.126 £ 0.002 1.154 £ 0.056

8.2.2 Cut Evolution

To determine the accuracy of the background estimationghlaeged Higgs signal selection cuts
are applied to the control and to the reference sample. Beaaitthe limited Monte Carlo statis-
tics, the requirements on the transverse momentum of{je¢s and on the missing transverse
energy are reduced tor > 30 GeV andEMsS > 40 GeV, respectively. Furthermore thejet
candidates are identified using the loose likelihood disicrant criterium. The remaining cuts are
the same as the ones in Chapter

In Table8.1the fractions of events in the control and in the referencepa left after applying
each cut are given. In the last column, the ratios of theifrastfor both samples are given.

After applying all cuts the background is systematicallemstimated by about 15% with the
control sample, mainly due to the biased efficiency oftfet identification.

8.3 Conclusions

In this chapter it has been shown that the embedding methagpaverful tool to estimate the
contribution of the irreducible backgrourid — (Wb) (Wb) — (mad@b) (¢b). The distribu-
tions of all discriminating variables except for thget identification likelihood discriminant are
described with high precision. The efficiencies of the ewsahéction reproduced by the control
sample are within the statistical uncertainties. Room rigpriovement is in the modeling of the
T-jets in the control sample. Since the embedded singkds are lacking the hadronic environ-
ment oftt events and their tracks are not again re-reconstructedthfieembedding, the current
procedure overestimates the background by about 15%.

The accuracy of the embedding method can be increased wyrménf the embedding already at
the level of the inner detector hits. Then the track recocitn can be performed again after the
embedding and a more realistic description of the trackiedopmance in't events is obtained.
For the calorimeter information a more sophisticated pilace is to consider those calorimeter
cells belonging to the topological cluster of thget, instead of using a cone. In this way the tails
of the calorimeter shower are taken into account and the eumibmanipulated cells is kept as
low as possible. A third possible improvement is to add trergnin the calorimeter cells associ-
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ated to the embeddedjet to the energies of the corresponding cells in the oalgavent instead
of replacing them. For this approach the noise has to belsedgtoff in the simulation of the single
T-jets and the energy deposit of the muon has to be subtrabitgtlis way the energy from the
underlying event and other activity in the vicinity of thget is taken into account as well. With
these improvements a systematic uncertainty of 10% candtieed which has been assumed for
the cut optimization in Chaptétas well as for the calculation of the charged Higgs searctidim
in Sectionl10.






Chapter 9

Estimation of the ¢t¢ Background
Containing Misidentified 7-Jets

Due to the high jet multiplicity int¢ events a considerable part of the Standard Medéack-
ground is expected to be caused by light partend(s quark and gluon) jets misidentified as
T-jets. To estimate this background from the data, the falgwmethod is used: First the effi-
ciency and light parton jet rejection of thejet identification algorithm are measured foevents
which are then used to weight all reconstructed jetge( candidates) according to the probability
that they would be correctly or falsely identified. For theasierement of the light parton jet re-
jection Z+jets events withZ decays tquu or ee and QCD dijet events are used as unambiguous
sources of jets.

In Section9.1the Monte Carlo samples used in this study are describednmiBasurement of the
rejection of light parton jets is discussed in Sect®h@ Finally, the results for the background
estimation from data are given in Sectig:B.

9.1 Monte Carlo Samples

In Table9.1the Monte Carlo data samples used in this study are sumrdarideey have been
generated with a center of mass energy of 10 TeV. ZhgtsW+jets events have been generated
with ALPGEN [63], corresponding to an integrated luminosity of ab2s@ pb—!. To estimate the
purity of the Z+jets selection the following backgrounds have been takEnaccount.WW+jets
andZ — 77 events have been generated usingPBeN as well with comparable statistics as the
signal. The HERwIG generator §4] was used for diboso&Z and WZ production while theit
background has been generated with MC@NI83].[ For the generation of QCD dijet arid
events RTHIA was used§?2)].

The tree-level Feynman diagrams for the jets, W+jets and diboson production processes are
shown in Figure®.1and9.2

103
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Table 9.1: Monte Carlo samples af +jets, Z — /¢, relevant background processes and QCD dijet
events (p=partons). For the+jets samples a filter requires an invariant mass larger 8@aBeV, in

the samples generated with. AGEN the transverse momentum of the outgoing partons is reqtored
be larger than 20 GeV. In the diboson sample a lepton filtebleas applied requiringr > 10 GeV
within || < 2.8. In thebb sample therr of oneb quark must be larger than 7 GeV and withii < 4.5,

in addition thepr of the two muons must be larger than 6 GeV and 4.5 GeV, respéctand within

|n| < 2.5. Finally, in the QCD dijet samplgr > 17 GeV and|n| < 2.5 was required for one of the
outgoing partons.

Dataset Ild Generator Channel NEvents/1000 fﬁ/pb‘1

Z+]ets signal

107650 A PGEN Z — eet+0p 269 246
107651 ALPGEN Z — eetlp 62 245
107652 APGEN 7 — eet2p 214 2422
107653 ALPGEN 7Z — eet3p 63 2463
107654 APGEN 7 — eetdp 18 2502
107655 ALPGEN Z — eetbp 6 2651
107660 ALPGEN 7 — pu+0p 270 246
107661 ALPGEN Z — pptlp 62 246
107662 APGEN Z — pu+2p 198 2331
107663 ALPGEN Z — pu+3p 46 1764
107664 ALPGEN 7 — putap 18 2480
107665 ALPGEN Z — pptsp 5 2637
Z+]jets backgrounds
107690 ALPGEN W — ev+0p 1171 94
107691 ALPGEN W — evt+lp 262 102
107692 ALPGEN W — ev+2p 776 941
107693 A PGEN W — ev+3p 224 903
107694 ALPGEN W — ev+dp 54 787
107695 ALPGEN W — ev+5p 18 864
107690 ALPGEN W — uv+0p 1299 105
107691 A PGEN W — pv+lp 262 100
107692 APGEN W — uv+2p 780 936
107693 A PGEN W — uv+3p 223 905
107694 ALPGEN W — uv+4p 59 870
107695 ALPGEN W — uv+5p 17 843
107670 A PGEN Z — 1t7+0p 271 246
107671 ALPGEN Z — 1T7+lp 63 246
107672 ALPGEN 7 — 1T+2p 211 2456
107673 ALPGEN Z — 17+3p 64 2467
107674 APGEN Z — TT+4p 19 2511
107675 APGEN Z — 17t5p 6 2626
105200 MC@NLO tt — (+X 1468 6746
105986 HRWIG A4 10 7369
105987 HRWIG Wz 10 2680
108412 RTHIAB bb — pupt+X 1000 15.3

QCD dijets signal (and background fgr— ee, but neglected)
105802 RTHIA QCD dijets 9600 0.09
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Figure 9.1: Tree-levelZ andW production processes: (a) and (b) Drell-Yan productioimgptonic
decays, (c),(d),(e) and (f) associated production withtlgarton jets.

9.2 Data-Driven Estimation of the Light Parton Jet Rejectin

In the following a method is introduced for measuring thétigarton jet rejection using collision
data. The rejection of light parton jets (originating framd, s quarks and gluons), especially of
quark jets by the-jet identification is of highest interest for tli&* searches since the background
from quark jets faking--jets in Standard Mode#k events is expected to dominate.

A direct measurement of the light parton jet rejectiottievents is not possible since the nature of
ther-jet candidates cannot be identified in these events. Tdrerether processes are used where
this is the case. The first attempt of measuring the rejecti@s jets from QCD dijet production.
Because of the very large cross section of this process blsigample will be available already

in the early phase of LHC running.

While jets in QCD dijet events are mainly from gluons, adufitil processes are needed to measure
the rejection of jets originating from quarks. Gluons carlarger color charge than quarks and
are more likely to radiate gluon bremsstrahlung. Thus thgrfrentation of gluon jets starts earlier
and their track multiplicity is higher than it is the case fprark jets of the same energy and their
showers in the calorimeter are wid&8[ 89]. Since the identification of-jets makes use of their
narrow shower shape and low track multiplicity, a higheec&pn is expected for gluon jets than
for quark jets.

Once an integrated luminosity of abali) pb~! has been collected at a center-of-mass energy of
10 TeV, other processes with enriched light quark jet cdritke Z +jets orv+jets production can

be used in addition to measure the light quark jet rejectiorthis study, a method using+jets



106 Chapter 9 — Estimation of the Background Containing Misidentifiettjets 9.2

Figure 9.2: Tree-levelZZ, WW andWZ production processes: (a) and (p¢hannel, (c) and (d)
u-channel, (e) and (fy-channel production.

events is investigated and the resulting rejection is coetpaith the one obtained from QCD
dijet events. The selection criteria for both processeslaseribed in Sectiof.2.1and9.2.2

Since the background is supposed to be estimated from therdagenerator information is used
for measurement of the rejection rate. Knowledge about #tere of ther-jet candidates can be
obtained from the kinematical structure of the events, idiexy/that the background is low.

The observed differences between the rejections derived #+jets and QCD dijet events can
be traced back to the differences between the distributidrike discriminating variables used
for 7-jet identification caused by the different properties o&iduand gluon jets. Choosing an
appropriate parameterization of the rejection, the diffiees of the results obtained from quark
and gluon jet dominated processes are minimized leading @iraost process independent re-
sult. In order to find an optimal parameterization the répest measured witl¥ +jets data are
compared with those from QCD dijet events as a function ofpli@meters. As reference the
light parton jet rejection irit events determined from Monte Carlo truth information isdusén
optimal parameterization should provide good agreemetieofejections determined for all three
processes.

9.2.1 Selection of QCD Dijet Events

A detailed study of the rejection measurement with QCD dijeints can be found id§]. QCD
dijet events are selected by requiring at least two jetserfitial state: One jet triggers the event
while the second jet is opposite to the first ongn Such events are produced at very high rates
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exceeding all other processes involvinget production by several orders of magnitude.
Although the trigger selection can potentially introducgignificant bias on the properties of the
second jet, the trigger simulation has so far not been usethéocomparison with¥Z+jets and
tt events. To account for the filter requirement for the par{grs> 20 GeV, see Tabl®.1) the
pr cut for the jets is chosen to be 20 GeV. Furthermore, onlyyatisin the acceptance of the
inner detectoin| < 2.5 are selected and the azimuthal angleé between the two jets is required
to be larger than 2.7 rad. For the-balance of the two jets the differendepr of the transverse
momenta of the two jets has to fulfihpr < pT'®/2, wherep§® is the maximum transverse
momentum of the two jets.

9.2.2 Selection oZ+Jets Events

A data sample enriched with light quark jets is obtained ftgtrjets production with leptoni&Z
decays. Muonic decays of th# bosons are triggered by a single muon trigger with threshbld
20 GeV. The offline muon reconstruction and the isolatiomiregnent are applied as described in
Section6.2.1 The invariant mass of the two leading muons with oppositggdhas to be within

a mass window of 81 Gew m,,, < 121 GeV around the&Z boson mass. Events with boson
decays into electron pairs are triggered by a single or @oalgctron trigger with thresholds of
25 GeV and 15 GeV, respectively. The electrons are identi#gdiring the tight quality flag, the
isolation criterium is applied as in Sectiér2.2 As will be seen in the following, the rather strict
electron selection is needed for a reliable rejection nreasent. As for the muon selection, the
two electrons are required to be oppositely charged andstens with theZ boson mass. Both
muons and electrons have to be reconstructed wijthir 2.5 corresponding to the acceptance of
the tracking detectors. Thg cuts of 20 GeV and 25 GeV for muons and electrons, respegtivel
correspond to the thresholds of the single lepton triggensally, the accompanying jets have to
be reconstructed withr > 20 GeV and within|n| < 2.5 by bothr-jet reconstruction algorithms.
The backgrounds to thg+ jets selection are listed in Tal®el In the mass window around the
peak the background contamination is very low (see Fi@ué). From the numbers in Tab&2

a signal-to-background ratio after the selectionSgB = 65 is calculated for the dimuon final
state. For the dielectron final state, the reffjd3 = 37 is achieved neglecting the additional QCD
dijet background. When requiring7ajet candidate to satisfy the likelihood discriminant f&sa
cuts”) identification criteria, the signal-to-backgrouratio increases to 141 (147) for muonic
decays. For decays to electro$isB of 71 (81) is obtained neglecting the QCD dijet background.
Therefore, especially for the dimuon final state, the bamlugd is very low. It should be mentioned
that jets in background events do not necessarily bias fleeti@n measurement since only a
small fraction stems from leptons. The potentially most dangerous backgrounds agetalu
WZ — Urv andZZ — (¢rT with oner lepton decaying hadronically. However, the branching
ratio of the above decays is only about 5%. Hence, the baakdrtoZ +jets events is neglected in
the following for the rejection measurement of thget identification. If not mentioned otherwise,
only theuu final state is considered.
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Figure 9.3: Dimuon invariant mass distribution after thierjets selection cuts (a) for all jets (e.g.
T-jet candidates), (b) for-jet candidates identified using the medium flag of the “saffts”"cidenti-
fication and (c) forr-jet candidates identified using the medium flag of the Ihadid discriminant
identification. There is one entry for each jet.
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Figure 9.4: Dielectron invariant mass distribution after the-jets selection cuts (a) for all (e.g-jet
candidates), (b) for-jet candidates identified using the medium flag of the “sats"dased identifi-
cation, (c) forr-jet candidates identified using the medium flag of the Ih@tid discriminant identifi-
cation. Each probe jet has one entry.
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Table 9.2: Numbers of signal and background events after each cut éodithuon final state corre-
sponding to a luminosity of 200 pB and a center-of-mass energy of 10 TeV.

Channel All events p Trigger pupsel. opp. charge > 1 jet

Z — up 293825 195324 107025 107023 19814.5
tt — 0+X 43520 11618.1 552 537.2 516.2

bb — 2u+X 13080000 244985 887.1 821.8 430.5
W — uv 3230076 1396340 30.56 27.1 114
Z —TT 295472  11930.4 251 251 51.9

Diboson 1245 391.5 95.8 91.5 63.2

Table 9.3: Numbers of signal and background events (two left columnd)raumbers of--jet can-
didates (two right columns) in th& mass region for the two muon final state before and aftt
identification corresponding to 200 pband 10 TeV center-of-mass energy.

Events T-jet candidates

Channel Z Mass > 1r-jet  Z Mass > 17-jet

window Llh  Cuts window Llh  Cuts
Z — 11579.7 1339.9 2400 13777.7 1350.4 2445
tt — (+X 70.3 3 6.9 123.3 3.1 7.2
bb — 2u+X 13 - - 26.1 - -
W — pv 0.7 - - 1.7 - -
Z —TT 0.9 - — 0.9 - -
Diboson 43.3 6.2 8.7 60.4 6.5 9.4

Table 9.4: Numbers of signal and background events after each cutéatiiectron final state corre-
sponding to a luminosity of 200 pB and a center-of-mass energy of 10 TeV.

Channel  Allevents e Trigger eesel. opp. charge > 1 jet

7 — ee 294288 186897 50074.5 49860.4 9299.1
tt — (+X 43520 11495.5 262.2 260.1  255.1
W — ev 3232760 1329640 6 1.2 0.7
Z =TT 295472 10517 47.6 46.8 12
Diboson 1245 386.1 50.5 48.1 35

Table 9.5: Numbers of signal and background events (two left columnd)raumbers of--jet can-
didates (two right columns) in th& mass region for the two muon final state before and aftt
identification corresponding to 200 pband 10 TeV center-of-mass energy.

Events T-jet candidates

Channel 7 Mass > 1r-jet  Z Mass > 17-jet
window Llh Cuts window Lih Cuts

7 — ee 5478.4 639.1 11944 6530.6 644.7 1221.6

tt — (+X 33.7 2 11.6 59.9 2 3.1
W — ev 0.2 - - 0.5 — -
Z —TT 0.2 — 0.1 0.3 — 0.1

Diboson 23.6 4.4 4.8 32.2 4.5 5.1
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Figure 9.5: Rejection of light parton jets by the medium quality flag of thjet identification with
“safe cuts” and likelihood discriminant in QCD dijet (blackcles),Z — uutjets (blue triangles) and
tt events (red squares). The error bars of the QCD dijetaodrrespond to the available Monte Carlo
statistics while they correspond to an integrated lumiyasfi200 pb~! for Z+jets events.
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Figure 9.7: Normalized distributions of (a) EM-radiuBem and (b)pla*s/ By distributions forr-jet
candidates withl5 GeV < pr < 70GeV in QCD dijet (shaded histograny+jets (blue histogram)
andtt (red histogram) events. For comparison, also the distdbatfor realr-jets fromZz — rr
events (green histogram) are shown.

9.2.3 Results of the Data-Driven Rejection Measurement ipr Bins

Using the above selection criteria, the rejections areutatied as a function of thgy of light
parton jets in QCD dijet and +jets events. Thet-bins are chosen as for the “safe cuts” identi-
fication method (see Sectid2.5. The medium quality flags of both identification methods are
required. The results (see Fig@) are compared to the reference values obtained fraaents
using the Monte Carlo truth information and excluding hequygrk jets. For both-jet identifica-
tion methods the rejection of jets from QCD dijet events imhigher than the rejection of jets
from Z+jet events. As discussed in Secti@2 this is expected because of the different jet shapes
of quark and gluon jets. Alsd/+jets events show lower jet rejection comparedttevents.

The error bars of the rejection measurementsA4eiets events correspond to an integrated lu-
minosity of 200 pb~!. For QCD dijet and events they reflect the statistics of the Monte Carlo
samples which correspond @9 pb~! and9147 pb~!, respectively.

In Figure 9.6 the rejections measured i — eetjets andZ — puutjets events are compared.
For the electrons results are shown for differetectronidentification criteria, e.g. the loose
and tight electron identification. For thejet identification with “safe cuts” agreement is found.
When employing the likelihood discriminant, the samplewtiite loosely selected electrons shows
slightly higher rejection than the sample with two muongeeglly at lowpr (see Figuré®.6(b).
When switching to the tight electron selection a better @gyent is achieved. However, since the
statistics is limited, the further study is restricted4o— pu+jets events which provide a cleaner
and unbiased probe sample. The corresponding resultsdoir@hs and for combinated+jets
samples are shown in Appendix

9.2.4 Jet Shapes irZ+Jets and QCD Dijet Events

The differences between the rejections measured in QCD alijg¢ 7+ jets events can be traced
to the discriminating variables used foijet identification. In Figure®.7 the distributions of two
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of the discriminating variables, the electromagnetic FE¥J radius Rey, and the ratigoas/ By
are shown for different processes. The EM-radilgs, defined in Equationg3), is a measure of
the shower shape while the raii§2/ Er involves tracking information (see Equatiod.12).
Deviations are visible in other variables as well, but the@see found to be correlated witRgn, or
tracks
P/ Er. -
The deviations from the distributions fot events are stronger for QCD dijet events than for
Z+jets events. These observations can be explained by tleeetlites between quark and gluon
jets as discussed in Secti®2 The shower shape variable,, is different for quark and gluon
jets. The variable!a°ks/ £ is sensitive to the track multiplicity which is differentriquark and
gluon jets.

9.2.5 Jet Shape Dependence of the Rejection

The estimation of the background is only possible if theatsga of light parton jets is known for
tt events. To take into account the differences discussedatioB®.2.4 the rejection is measured
as a function of the EM-radiuBem andpt{aCKS/ET in addition to the jetr. For the “safe cuts”
method theRemy, bins are chosen according to the cut values in the identdicatThe pt, Rem
andp°ks/ Br bins chosen are shown in Talfleés. Two bins are employed to distinguish between
single and multi-prong jets, in a third bin all jets rejectydther-jet identification are collected.
Where enough statistics is available the bins are furthedeli. For the rejection measurement
for the likelihood discriminant methodlem andptTr""CkS/ET bins independent gfr are chosen (see
Table9.6).

The rejection in the firskem bin is shown in Figur®.8(a)for the “safe cuts” identification. Good
agreement between the different jet samples is found foradins. In Figured.8(b)the rejection
of the likelihood discriminant method is shown for the mil@le, bin (0.07 < Rem < 0.09). The
results forZ+jets events suffer from low statistics fpr > 70 GeV but agree well with the results
for t¢ events. The rejection measured in QCD dijet events is systeafly higher.

In Figure9.9the rejections of the likelihood method are compared withaétdimensional depen-
dence orpr, p¥a°"5/ET and oneRem bin between QCD dijet antf events. The results for both
identification methods and alr, Rem andp¥ac"s/ E7 bins are shown in Appendik.

9.3 Background Estimation for Light Charged Higgs Searches

9.3.1 Estimation oftt Background from Fake T-Jets

In the following the application of the rejection measurem® the estimation of thét back-
ground contribution for charged Higgs searches is testdgk number of reconstructed (identi-
fied) 7-jet candidatesVieco (IVip) is the sum of the number ofjets N, (VN p) and the number

of quark and gluon jetaViees (NIS%):

Nreco= qu(—eco + Ngg?@ (9'1)
Nip = Nj + Ng°. (9.2)



Table 9.6: Binning of the rejection measurement as a functiopgfRem, paS/ Ex for (a) “safe cuts”, (b) the likelihood discriminant method

@)

(b)

pr 1 GeV 20 — 25 25 — 45 45— 70 70 — 100 100 — 10000 All

Rem —oo < 0.095 —oo < 0.063 —o0 < 0.049 —o00 < 0.044 —oo < 0.033 —oo < 0.05
0.095 — 0.15 0.063 — 0.11 0.049 — 0.07 0.044 — 0.06 0.033 — 0.07 0.05 — 0.06
0.15—-0.3 0.11 > o0 0.07 > o0 0.06 — 0.075 0.07 — 0.25 0.06 — 0.07
0.3 > o0 0.075 > o0 0.25 > o0 0.07 — 0.09
0.09 — 0.11

0.11 > oo

ptTfaC"S/ET —00 < 0.15 —00 < 0.12 —oo < 0.088 —o0 < 0.071 —o0 < 0.061 —00 < 0.8

0.15—-04 0.12 — 0.62 0.088 — 0.21 0.071 — 0.59 0.061 — 0.068 0.8—-0.9
0.4 > o0 0.62 > o0 0.21 > o0 0.59 > o0 0.068 > o0 0.9—-0.95

0.95 > o0
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Figure 9.8: Dependence of the rejections measured in QCD dijets (bliacles), Z +jets (blue trian-

gles) andt (red squares) events on the electromagnetic jet ratligsvith (a) thepr dependencein the
first Rem bin for the “safe cuts” method and (b) in the middgy, bin for the likelihood discriminant
method (see Tabl@.6).
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The numbersVieco and Nip can be directly obtained from the data. The identificatiditiehcy e
and the rejectior? of light parton jets by the-jet identification are given by

6_ANID/ reco @nd (9.3)
= NES/NE®. (9.4)

The ¢t background with faker-jets is estimated using the measured rejection (see @discus
above) and the efficiency@{]. The efficiency can be measured usidig— 77 data P1], but

is determined using Monte Carlo truth information in thisdst Once these numbers are known
for a given process, the number of misidentifieget candidates can be calculated:

NIg® = N — N

= Nip — €Nyeco
= Nip — €Nreco+ eNggtC?) (9.5)
= Nip — €Nreco+ ERNHStSa

Nljlgts = 1 GR(NID — €Nreco)-

The efficiency and rejection are functionsggfand other parameters. Depending on the result of
the identification, weights); andw; are calculated using andR; in bin i of the parameter space:

1 . . . g
w; = ———(¢; — 0), reconstructed-jet candidate not identified
EZ'RZ' -1
1 (9.6)
w, = 71 (i —1), reconstructed-jet candidate identified
€ilv; —

The total number of misidentifiectjet candidates is the sum of the weights ofrajet candidates:

Nreco—NID NID

NEE= Y wi Y wl (9.7)
i=1 i=1

In the following the contribution of misidentified-jets is determined fot¢ events using the dif-
ferent parameterization strategies described in the @e%.2.3and9.2.4and compared to the
true number of fake-jets determined using the Monte Carlo truth information.

9.3.2 Background Estimation withpt Dependent Rejection

The number of misidentified-jet candidates is estimated using fhiedependent rejection from
Figure9.5in Equation 0.7). The identification efficiencies are directly determineohni thett
events using the Monte Carlo truth information. Fig@r&0shows the ratio of the estimated and
true numbers of misidentifiet-jet candidates as a function pf for the “safe cuts” method. The
estimation from QCD dijet events (see Fig@d0(a) clearly underestimates the background up
to 55%, as can be expected from the higher rejection detedriirom QCD dijet events. The
estimate is better for lowerr, but with large uncertainty which is not due to limited stats but
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because of the low discrimination power between QCD jetshaattonically decaying leptons

at low pr. In this case the values for the efficiencpnd the rejectior? are both approximately
one and the denominator in Equatiég) becomes small. The Monte Carlo statistics for the QCD
dijet sample corresponding to an integrated luminositymsmaller thar200 pb~! was taken into
account in the error bars.

For Z+jets data (see Figur@.10(b), the estimated number of misidentifieejets disagrees by
only about 30% with the true value with only smaflt dependence. Since the rejection is esti-
mated slightly too low (see Figuf5(a) thett background due to fake-jets tends to be slightly
overestimated. Again no prediction can be made for the lbpsebin.

When the likelihood basedidentification is used, the uncertainty in the fipstbin becomes con-
siderably smaller for both QCD dijet arith jets events as can be seen in FigrElL Due to the
better performance of the likelihood method in this range,weights are estimated with smaller
uncertainties as with the “safe cuts” identification. Fa temainingpt bins the agreement with
the truth information is slightly worse compared to the &satits” identification which can be
explained by the complexity of the likelihood method usintpege number of discriminating
variables exploiting details of the jet shape to achievédigliscrimination power.

9.3.3 Background Estimation with [pr, Rer] Dependent Rejection

Following the reasoning in Sectidh2.3 the estimate of the number of fakejets in ¢t events

is repeated with a two dimensional parameterization of ¢jection in bins ofpr and Rem. The
results for the “safe cutg” identification are shown in Figu@12 Compared to the corresponding
ratios in Figure9.10where only thept dependence is taken into account in the weights an overall
improvement is achieved. In spite higher statistical utageties of the weights per bin, the first
pt bin is now more reliable. With the introduction of additibpaediction in theRem dependence
similar efficiency and rejection values at lgw are avoided. However, now the identification
performance in on&en, bin corresponding to multi-prongjet candidates in ther range 45 GeV
to 70 GeV is leading to a high uncertainty.

The agreement again improves when the likelihood methodes dorr-jet identification. The
results obtained with the rejection determined from QCBtdivents (see Figu®&13(a) show a
systematic deviation of 40%. When the rejection is derivethftheZ +jets data, good agreement
with the true values is achieved, but the results suffer flarge statistical uncertainties (see
Figure9.13(b).

9.3.4 Background Estimation with [pT, Rem,p¥aCkS/ET} Dependent Rejection

Finally the variablep°ks/ B is added to parameterize the rejection in order to reduceetia-
tions between estimated and traget fake rates further. The result for the “safe cuts” idfecd-
tion using the rejection determination from QCD dijet egeistshown in Figur®.14(a) Several
pr bins acquire high uncertainties for the reason discuss&gkation9.3.2and no improvement
is gained. For the likelihood method the saiig, binning as in the two dimensional parame-
terization is applied. As can be seen in Fig9t&4 the systematic deviation of thejet fake
background estimation decreases further to 25%. Thetstatisincertainty is still relatively low.
Results for thept, Rem and pia<S/ Er dependent rejection frod — pu+jets events are not
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Table 9.7: Accuracy of the background estimation of the reducidléackground using the loose
and medium quality criteria of the likelihood identificatio All 7-jet candidates with a transverse
momentum larger than 25 GeV are considered.

estimated / true fake-jets

Sample Parametrization - —
loose id. medium id.
QCD dijets 1D 0.50 +0.01 0.45+£0.01
QCD dijets 2D 0.62 +0.04 0.58 +0.03
QCD dijets 3D 0.75+0.07 0.75+0.06
Z+jets 1D 1.22+0.04 1.27+0.12
Z+jets 2D 1.04 +£0.08 1.06 +0.17

available because of the too low statistics for an integratminosity of 200 pb!.

In Figure9.15(a)and 9.15(b)the ratio of the estimated and true numbers of misidentifiget
candidates is shown as a functionspéind ¢, respectively, using QCD dijet events for the mea-
surement of the rejection and the likelihood method forithet identification. The; dependence
shows a modulation giving rise to an underestimation of uf0% in the central regiofm| < 1
while there is agreement with the true numbers in the forveard backward regiong)| > 1.
Therefore taking into accountdependence is also desirable when more statistics is alaildo
variations in¢ are seen with overall deviation from the true value of 25%.

Figure9.16 shows the ratios overy for different jet multiplicities. Within the statisticalneer-
tainties no dependence on the jet multiplicity is observed.

9.4 Background Estimation with the “loose” Identification Flag

While the rejection measurement with QCD dijet events uestenates theét background by
about 25%, a much better agreement can be achieved4wijbts events. However, with an in-
tegrated luminosity of onl200 pb~! the statistics of theZ+jets sample is limited. Therefore, at
least for the likelihood based method, the background esitim is performed using the loose-flag.
For the cut based method this is not possible because thetioejdbecomes too small, typically
R < 10, compensating the benefit of larger statistics by the isicimstability of the method for
eR =~ 1 (see Equation9.6)).

First, the QCD dijet sample is used to compare the accuradiieobackground estimation for
the loose and medium flags of the likelihood baseg@t identification. As can be seen in Fig-
ure 9.17(a)and Tabeld.7 the deviation between the results with medium flags are ratimall.
The numbers in Tabl®.7 are the ratios of the numbers of estimated and trjet candidates
with transverse momentupy > 25 GeV, as obtained with the loose and the medium flags of the
likelihood based--jet identification. The low 7-jet candidates are usually discarded in charged
Higgs boson searches.

For Z+jets events the loose flag of the likelihood basgét identification leads to more reliable
results. Comparing Figuré&17(c)and9.17(d)with Figures9.11(b)and9.13(b) the improvement
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Figure 9.17: Ratio of the numbers of estimated and true misidentifigelt candidates as a function
of pr for the loose identification criterium of the likelihood feasmethod. In (a) the results for only
pr dependent rejection from QCD dijet events are shown, (c)(dhdhow the corresponding results
for Z+jets events.

of the statistical precision is visible. While thebackground is still overestimated when only the
prt dependence is taken into account, the estimate of thesfg&ebackground is considerably
more reliable using ther and Ren dependence of the rejection. With more statistics one can
expect similar results with the more stringent identificatcriteria.

9.5 Conclusions

In order to determine the background contribution from destified -jet candidates frontt
events in light charged Higgs searches, the efficiency of et identification and the rejection of
light parton jets fortt events has to be determined from data. They are used to die¢ewaights
for the 7-jet candidates from which the number of misidentifiegets can be calculated. In this
study the rejection is evaluated with data-driven techesquvhile Monte Carlo truth information
is used only for the estimation of the efficiency.

Determining the rejection as a functionef from QCD dijet events the background contribution
is underestimated by 32% for medium “safe cutsjet identification criteria. For the likelihood
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based identification, the background is underestimatedSBy. 5The large deviation of the esti-
mated from the true background contribution is mainly cdusethe different jet shapes. QCD
dijet events are known dominated by gluon jets whilétievents most of the jets originate from
quarks. Therefore, a strategy has been proposed to measurgdction inZ+jets events where
the quark jet contribution is enhanced. In this way a moreiate estimation of the background
is achieved with deviations of only about 25% for both theféseauts” and the likelihood based
identification method.

To correct for the effect of the different jet shapeget identification variables sensitive to the jet
shape are used in addition to theto parametrize the rejection. When using QCD dijet events fo
the rejection measurement with the likelihood basqdt identification method, the accuracy of
the background estimation is improved to 42% and 25% formatazations with two and three
variables, respectively. For the “safe cuts” method an aw@ment should by possible as well, but
no conclusive result could be obtained due to large intiesiors of the method.

Using Z+jets events with a two-dimensional parametrization ofrdjection improves the back-
ground estimation further. However, for an integrated hwsity of200 pb~! at a center-of-mass
energy of 10 TeV the dominating statistical errors are togda Therefore a relaxed identifica-
tion criterium of the likelihood based method has to be usedvhich a ratio of estimated and
true misidentifiedr-jet background ofl.04 4+ 0.08 is obtained. A comparision with the results
obtained using QCD dijet events indicates that such an atzuesult is achievable with stricter
T-jet identification criteria.



Chapter 10

Discovery Potential and Exclusion
Limits

In this chapter the final results of the Monte Carlo study eflight charged Higgs boson search
with ATLAS is summarized. The calculation of the discovemytgntial and exclusion limits,
explained in Sectiori0.], is performed using the profile likelihood method includstgtistical
and systematic uncertainties. The discovery potentialtaadxclusion limits of charged Higgs
bosons in the channel investigated are presented in Sddi@n

10.1 The Profile Likelihood Method

The numben of events selected by the charged Higgs boson search fadld®essson distribution
with expectation value
Enl=ps+0b (10.1)

wheres andb are the expected numbers of selected signal and backgreentseand the param-
eterp describes the signal strength. Roe 1, the signal agrees with the theoretical prediction,
for 4 = 0 no signal is present. In addition, the numberof background events is measured
independently from a control sample with expectation value

E[m] =7by (10.2)

wherer is a scaling factor between control ans signal sample wiickeiived from Monte Carlo
simulations and.. the expected number of background events associated witbtensatic un-
certainty. The likelihood function of this measurementesioed as

L(n|p, b) (10.3)

with 1 and b treated as free parameters whilas fixed to the MSSM prediction. The profile
likelihood ratio () [93] is then given by

L, b)
o) = b (10.4)

125
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Figure 10.1: Example of a probability density functiof{go|0) for the background-only hypothesis as
a function ofgy. The associateg-value for the observed valug .15 is shown giving the probability
that the hypothesis is wron@2].

whereb is the parameter value which maximizes the likelihood fiomctor fixed signal strength

11, while /» andb maximize the likelihood for simultaneously freeandb. The values of\(1) are
distributed between zero and on€ ) = 1 implies good agreement of the hypothesized value of
w with the data, while the opposite is the caseXor) = 0. Equivalently the quantity

qu = —2InA(p) (10.5)

is used instead of the profile likelihood ratio. Small valireicate compatibility of the hypothesis
with the data, for high values the hypothesis is more unjikelbe true.

In Figure10.1an example of the probability density functigitg,,|;) of ¢, is shown. In princi-
ple it has to be estimated by marfy 10°) pseudo-experiments using Monte Carlo simulation.
However, as stated ir9B, 94], the probability density functiorf(q,|.) can be approximately con-
structed with the help of g2 distribution. In case the datais consistent with the background-only
(signal+background) hypothesig(qo|0) (f(q1|1)) approaches &? distribution with one degree
of freedom.

Thep-values

P = / F(quln) das (10.6)

4yi,0bs

can then be easily computed without having to simulate alaegg amount of pseudo-experiments
for each point in the MSSM parameter space.
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10.1.1 Signal Significance and Exclusion Limits

Frequently the-value is expressed in terms of the number of standard dev&f of a Gaussian
distribution via the relation

D= / L =g, (10.7)
Z 27

To calculate signal significance and exclusion limits, tbackground-only” and “signal+back-
ground” hypotheses, respectively, corresponding te 0 andu = 1, are tested for compatibility
with the data. The signal significance corresponds to thiegtnitity that a background fluctuation
will fake a signal. To claim a discovery, thevalue of the “background-only” hypothesis corre-
sponding tg: = 0 has to be smaller thah87 x 10~" corresponding 1@ discovery = 5. Similarly
the “signal+background” hypothesis corresponding.te: 1 is rejected and a signal excluded at
95% C.L. if thep-value is smaller than 0.05 &f.,.jusion = 1.64.

Using the properties of theg? distribution it has been show83] that the signal significance and
exclusion limit are given by:

(10.8)

Zdiscovery =+ —2In )\(,U, = 0),
Zexclusion = V —21n )\(u = 1)

10.1.2 The Likelihood Function

To calculate the profile likelihood ratid(.), the parameter values of the backgroml?mhdli and
the signal strength paramefehave to be determined as described in Sedi@d The likelihood
function is given by:

n pr+ pm—
L(n|u,b) :Me_(“”ﬂ’) ~ L'e—m+ > _—'e_m— >
n my! m_! (10.9)

fr (07 = 07) |k, ) x fr (s°ks, 05) -

The first term reflects the Poisson probability for observingvents in the signal region. The
next two Poisson probabilities reflect the background measent with the help of the control
sample. Since in thg background simulation events with positii# ) and negativé —) weights
are generated, the background measurement has to be ddsbyiiwo separate terms for the
Monte Carlo studies, where the number of background evesiim&ed in the control region
is my andm_ with the expectation valuels, andb_ associated with a systematic uncertainty.
To incorporate a systematic uncertainty on the backgrotirelyaluesh™, b~ and s are treated
as random variables distributed around the “correct” etgtien valuesh ands. As probability
density function gamma distributions

ko) = b1 10.10
with parameters
ks =s/0s,  05=0}/s,
sfo o /8 (10.11)

ky =b%/ok, 6, =02/b
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and systematic uncertainties = 0.4 s, o, = 0.1 for signal and background are us&2]. The
gamma distribution has been used because the backgrourmhlyalpe positive. For large values
of k the gamma distribution converges to a Gaussian distribwtith meank6 and widthk6?.

10.2 Charged Higgs Discovery and Exclusion

50 discovery sensitivity 95% C.L. exclusion sensitivity

tanp
w
o
tanp

[ som
20 -
B ot
1 L__Fioe
10 b
s ATLAS |
90 100 110 120 130 140 150 160 170 90 100 110 120 130 140 150
mH+/GeV mHJGeV

b)
Figure 10.2: (a) 50 discovery contours and (b) 95% C.L. exclusion regions irtéhes,m ;;+ parame-

ter plane for the MSSMn;,-max benchmark scenario for different integrated lumitiesj taking into
account systematic uncertainties including limited MoDégglo statistics.
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Figure 10.3: Results from the combination with all charged Higgs bos@raechannels at the LHC:
(a) discovery contours and (b) exclusion limits for the MS8M-max benchmark scenario including
systematic uncertainties without Monte Carlo statistezabrs B3].

d)

The discovery potential and exclusion limits of the charglglgs boson search in this study are
shown in Figured.0.2(a)and10.2(b)including systematic uncertainties and assuming the MSSM
mp-max scenario. In the investigated production and decagredacharged Higgs bosons with
massm = = 90 GeV can be discovered forns > 32 and an integrated luminosity of 107h.
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For larger massesy 7+ = 130 GeV, discovery is only possible foan 3 > 57. In the mass range
up to 130 GeV exclusion is possible faan 3 > 25. For lowertan/3 the cross section foH *
production is significantly reduced as described in Secti@3

In the Figuresl0.3(a)and 10.3(b)the results from the combination of all investigat&id- pro-
duction and decay channels at the LHC are shown fomthenax scenario§3]. The statistical
uncertainty arising from the limited number of Monte Caneiets is neglected. For an integrated
luminosity of 10 fo~*, charged Higgs bosons with masseg+ < 100 GeV are within the discov-
ery reach and can be excluded for the masses below 170 GeV fana.






Chapter 11

Summary

The predictions of the Standard Model have been confirmeatgl@rator experiments with very
high accuracy. Only the Higgs boson has not yet been disedvein order to be compatible
with the electroweak precision measurements, it has to therdight (my < 186 GeV) and is
therefore well within the discovery reach of the ATLAS expent at the LHC. However, in the
Standard Model the Higgs boson mass is subject to large guacorrections driving its value
towards the Planck scale. Therefore, even if the StandakeMdiggs boson is found at the LHC
the question remains why its mass is that small. An elegdatisp to this so called hierarchy
problem is to extend the Standard Model to a supersymméieizry which would also allow for
the unification of the gauge coupling constants at high eeergnd provide a candidate for the
observed dark matter in the universe. A feature of all sypensetric extensions of the Standard
Model is that a second Higgs isospin doublet is requiredngivise to five Higgs bosons, three
of them neutral §, H, A) and two of them charge@*). In contrast to a light neutral Higgs bo-
son the observation of charged Higgs bosons would clearyodstrate the existence of physics
beyond the Standard Model and possibly the realization pe&ymmetry in nature. The most
favored supersymmetric model to be studied at the LHC is thenval Extension of the Standard
Model (MSSM) with minimum number of new patrticles. It has hedso used for this study.

If the charged Higgs bosons are light,z+ < m; — my, they will be copiously produced via
on-shell top quark decays— H b reducing the Standard Model decay— Wb accordingly.
Since in most of the MSSM parameter spacetfors > 3, wheretan 3 is the ratio of the vacuum
expectation values of the two Higgs doublets, the dééay— 7v is the dominant decay channel
with the signal being observable as an excesslepton production irtt events.

In this study a search strategy for light charged Higgs besothe channett — (H*b) (Wb) —
(maavb) (¢vb) with a hadronically decaying lepton (-jet) with the ATLAS detector has been
developed. The experimental signature-géts, the low track multiplicity, slim shower shape and
displaced secondary vertex, provides high rejection pagainst the large QCD backgrounds
from QCD multi-jet andi+jets and single top quark production. For the search of biglarged
Higgs bosons the most important irreducible backgroundighver is fromtz events with Standard
Model top quark decays td — (Wb) (Wb) — (maab) (fwb). In this channel neutrinos are
present in both top decay chains such that no signal pealeabemooth background can be re-
constructed. However, a slightbackground suppression is possible due to the fact thantrge
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of the 7-jets originating from charged Higgs boson decays is endthibecause afyy < m g+
and due to the different spin of charged Higgs &idosons. The signal selection cuts have been
optimized by maximizing the signal significance taking iatttount systematic uncertainties.
When using Monte Carlo simulations to predict signal anckbeamund, the most important sys-
tematic errors were found to be the uncertainties in therjetgy scale and the missing transverse
energy. The resulting total systematic uncertainty of 4@¥salerably restricts the signal sen-
sitivity of the ATLAS experiment. The reduction of the sysi&ic uncertainty is possible by
estimating the background from — ppu+X data events which can be selected with high purity.
One of the two muons is replaced by a simulatg@t. In this way the irreduciblet background

is emulated. This control data sample can be used to estilmateackground after applying the
selection cuts and the related systematic uncertaintygigfgiantly decreased. The largest sys-
tematic bias is caused by the identification efficiency ofithets which is overestimated by 15%
since the embedded simulategets are lacking the jet environment tifevents. However, since
the 7 identification efficiency will be measured ih — 77 events eventually, a systematic uncer-
tainty of only 10% on the irreduciblg background is feasible.

Due to misidentification of quark and gluon jets7agets alsott events without top decays to
leptons but high jet multiplicity contribute to the backgmal. The misidentified jets mostly stem
from hadroniclV decays. The number of misidentifieeiets can be obtained if the efficiency and
rejection of parton jets is known itt events. Since the rejection factor of parton jets by#thet
identification algorithms cannot be measuredtidata events directly, it has to be obtained from
other processes where the origin of thiet candidates is known. The usual approach is to select
QCD dijet events which are produced at very high rates at th€.lHowever, while the jets it
events originate from quarks, the jets in QCD dijet evengsmaainly gluon induced resulting in
an overestimation of the rejection. A method has been predewhich determines the rejection
from Z+jets events where the jets predominantly originate froerkg A multi-dimensional pa-
rameterization of the measured rejection factor usifgt identification variables is used which
leads to good agreement between the rejectionsements andZ +jets events with only4 + 8)%
uncertainty and to a significant improvement of the predicifrom QCD dijet events.

Finally, the achievable signal significances and exclusioits for the search for light charged
Higgs bosons in then,-max scenario of the Minimal Supersymmetric Extension ef$ttandard
Model (MSSM) with the ATLAS detector have been determinddnig into account systematic
uncertainties and the data-driven determination of thé&dpracind discussed above. With an inte-
grated luminosity of 10fb', a discovery of a light charged Higgs boson with a mass of 90 Ge
(130 GeV) is possible faran 5 > 32 (57) while it can be excluded faan 5 > 17 (25). The limits
can be further improved by combining the results with othrerged Higgs boson searchdg]|



Appendix A

Results of Data-Driven QCD Jet
Rejection Measurements

In all figures the error bars for QCD dijet amtlevents correspond to the available Monte-Carlo
statistics while they correspond to an integrated lumigasfi 200 pb! for Z+jets events.
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Figure A.1: Dependence of the rejections measured in QCD dijets (bliacles), Z+jets (blue trian-

gles) andit (red squares) events on the electromagnetic jet raigawvith the pr dependence in the
three Rem bins for the “safe cuts” method (see TaBlé®).
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Appendix B

Performance of ther-Jet and b-Jet
|dentification

In the following ther-jet andb-jet reconstruction and identificarion efficiency and nmesitifica-
tion rate as well as the rejection factors of the various gemknd sources are shown as functions
of pt, n and azimuthal anglé of the 7-jet andb-jet candidates for the two reconstruction software
releases studied (see Cha@erThw two 7-jet identification methods are also compared.
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Appendix B — Performance of the Jet anch-Jet Identification
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