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Abstract

In the mmax
h -scenario of the Minimal Supersymmetric Extension of the Standard Model

the b-quark associated Higgs production is among the most relevant channels. In this
thesis an analysis of bb̄ h/A/H → τ τ → 2 ` + 4 ν for the ATLAS detector at LHC
has been performed. The goal of this Monte Carlo study was to obtain the discovery
potential for neutral, mass degenerated Higgs bosons with low and medium masses for
different points in the mA − tan β plane.
The results for the significance obtained by a cut and count analysis without considering
a systematic uncertainty are the following: A Higgs boson with a mass of 120 GeV can be
discovered if tan β>6. If the Higgs particle has a mass of 160 GeV it will be discovered
if tan β>7. If its mass is about 200 GeV it can be discovered if a value of tan β>10 is
realized in nature.

Kurzfassung

Im mmax
h -Szenario der Minimalen Supersymmetrischen Erweiterung des Standardmodells

der Teilchenphysik ist die b-quark assoziierte Higgs Produktion einer der relevantesten
Kanäle. In dieser Arbeit wurde eine Analyse des Kanals bb̄ h/A/H → τ τ → 2 ` + 4 ν für
den ATLAS Detektor am LHC durchgeführt. Das Ziel dieser Monte Carlo Studie war die
Bestimmung des Entdeckungspotentials eines neutralen, massen-entarteten Higgs Bosons
mit kleiner bis mittlerer Masse für verschiedene Werte in der mA − tan β Ebene.
Die Ergebnisse für Signifikanzen einer Schnittanalyse ohne die Inbetrachtziehung von sys-
tematischen Unsicherheiten sind die Folgenden: Ein Higgs Boson mit einer Masse von 120
GeV kann für tan β Werte größer als 6 entdeckt werden. Wenn das Higgs Teilchen eine
Masse von 160 GeV hat, wird es für tan β>7 entdeckt werden. Beträgt seine Masse 200
GeV, so kann es entdeckt werden, falls tan β>10 in der Natur realisiert ist.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) is the current theoretical description of the
fundamental particles and interactions. It explains a multitude of effects in nature, except
for gravity. In the history of its development a trend to unification and simplification can-
not be missed. The electric and magnetic forces were unified to the electromagnetic (EM)
force in 1864 by Maxwell. The unification of EM and weak forces to the electroweak (EW)
interaction was proven in 1983 by the experiments UA11 and UA2 at CERN2 through
the discovery of the W and Z bosons. The theoretical description by Glashow, Salam
and Weinberg had happened already in 1967. With the development of the QCD in 1973
and the discovery of the gluon in 1979 at DESY3 the nuclear force was substituted by the
more fundamental strong interaction.
An explanation for the origin of mass is also included in the theory, but has not yet been
confirmed. The SM postulates a scalar field, present everywhere in the universe as the
cause for mass of particles interacting with it. This Higgs4 field can be detected by a
discovery of the Higgs boson. It arises by the interaction of particles with this field and
decays in known and detectable particles. Its discovery would be the last missing experi-
mental proof for the SM.

So far the SM has been tested and confirmed in dozens of experiments, but still is not
the answer to everything, because it is is not a complete theory. Overall 25 parameters
- like couplings of fermions to the Higgs field for example - cannot be derived from first
principles. The question why there are three generations of fermions cannot be answered
either. Gravity - which is negligible only on mass scales of single elementary particles but
not in macroscopic systems - cannot be inserted into the SM. And, furthermore, there is
the question what kind of matter or energy 96% of the universe consist of.
Supersymmetry is one approach to get the big picture of nature. Symmetries are very
important in physics and were often the clue to a deeper understanding. This one is a
concept linking the matter particles and the force mediators. As a consequence, in the
minimal extension of the SM the particle content gets doubled, and there would be much
to explore in high energy physics.

1UA1 stands for Underground Area 1
2Conseil Européen pour la Recherche Nucléaire
3Deutsches Elektronen-Synchrotron
4Named after Peter Ware Higgs, who proposed together with others the mechanism of spontaneous

symmetry breaking in the electroweak theory in 1964.

1
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In the next years several experiments will participate in the search for the ’most wanted’
particle and new physics. CDF5 and DØ - running experiments at Tevatron - could find
evidence for a Higgs boson with a mass below 180 GeV6 in the next years if sufficient
luminosity can be collected. The ATLAS7 experiment at the Large Hadron Collider at
CERN in Geneva will explore a Higgs mass range from 100 GeV to 1 TeV. Its construction
will be finished in 2007.
The data acquisition from LHC has not yet started, and so Monte Carlo8 (MC) studies are
being performed. One aim of detailed simulation is the exploration of discovery potentials
of different processes for getting a starting point when the data taking begins. Another
goal is testing the data handling but also improving the cooperation and communication
among the collaboration members. MC studies allow the comparison of expectations to
the measured data and do also benefit the understanding of elementary processes by study-
ing different computational approaches.

In this thesis an MC analysis of bb̄ h/A/H → τ τ → 2 ` + 4 ν with simulated data
has been performed. The b-quark associated Higgs production is among the most rele-
vant discovery channels in the Minimal Supersymmetric Standard Model (MSSM), wherein
three neutral Higgs bosons (h/A/H) occur with relatively large production cross sections.
The aim of this analysis was to examine the discovery potential of the Higgs bosons as
function of different parameter values in the mmax

h scenario of the MSSM. In this work
Higgs masses from 120 GeV to 300 GeV were considered.
This thesis starts with an explanation of the SM and the theoretical principles its based
on. Then Supersymmetry is motivated and the MSSM and its scenarios are described. In
chapter 3 the ATLAS experiment is presented. In the next part the usage of MC datasets
is described. Afterwards, the selection and reconstruction algorithms are stated. Relevant
signal properties are being studied later on. Relevant background channels are included
later. A cut analysis is used to improve the significance of the Higgs signal and to suppress
backgrounds. This cut method is optimized for different Higgs masses. This allows the
extrapolation of a discovery contour in the tan β9 and Higgs mass plane. In addition, a
method to estimate the number of background events and a systematic uncertainty. Fur-
thermore an algorithm combining cuts and an analytical fit function is used to discuss the
possibility to extract a Higgs signal from experimental data without knowing the Higgs
mass.
The conclusion is that the studied process is very promising for a discovery for a wide
range of parameter values.

5The Collider Detector at Fermilab
6In this work natural units have been used: ~ = c = 1
7A toroidial LHC apperatus
8Monte Carlo methods are algorithms for simulating physical systems on the base of random numbers.
9tanβ is the ratio of the vacuum expectation values of the two Higgs duplets in the MSSM



Chapter 2

Theoretical Foundations

2.1 The Standard Model of Particle Physics

2.1.1 Phenomenology of the Fundamental Particles and their
Interactions

The SM of particle physics [1] is a quantum field theory, which is consistent with quantum
mechanics as well as special relativity. Particles forming matter are leptons and quarks
(fermions, spin 1

2
), interactions between them are mediated by gauge bosons with integer

spin (Table 2.1 [2]). The fundamental leptons and quarks are grouped into three gen-
erations (Table 2.2 [2]), whereas the atoms forming matter as it exists today (electrons,
protons, neutrons) only consist of particles of the first generation.

Boson Mass Electric Charge Force Range
γ < 10−17 eV < 10−30 EM ∞
Z0 91.188 GeV 0 EW 10−18 m
W± 80.403 GeV ±1 EW 10−18 m
g 0 0 strong 10−15 m

Table 2.1: Gauge bosons.

Generation First Second Third
Flavor Mass Flavor Mass Flavor Mass

Leptons
νe ≈ 0 νµ ≈ 0 ντ ≈ 0
e 0.5110 MeV µ 105.658 MeV τ 1.777 GeV

Quarks
u 1.5-3 MeV c 1.25 GeV t 174.2 GeV
d 3-7 MeV s 95 MeV b 4.20 GeV

Table 2.2: Leptons and quarks.

The electrically charged leptons are EM and EW interacting particles, neutrinos do only
interact weakly. The EW interaction does not conserve parity (P ) and it is mediated by
γ, W± and Z0. The weak bosons W+ and W− only couple to left chiral particles.
To describe the structure of the EW interaction, the weak charge I is introduced. Parti-
cles with the same weak charge quantum number are considered identical and are grouped

3
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into multiplets. Table 2.3 lists the EW multiplets and some quantum numbers. The third
component of the weak charge I3 and the electrical charge are related by the Gell-Mann-
Nishina formula:

Q =
Y

2
+ I3, (2.1)

where Y is called hypercharge.

Particles Q Y I3(
νe

e

)
L

(
νµ

µ

)
L

(
ντ

τ

)
L

0
−1

−1
−1

+1/2
−1/2(

u
d

)
L

(
c
s

)
L

(
t
b

)
L

+2/3
−1/3

+1/3
+1/3

+1/2
−1/2

eR µR τR -1 -2 0
νeR νµR ντ R 0 0 0
uR cR tR +2/3 -2/3 0
dR sR bR -1/3 +4/3 0

Table 2.3: Left and right chiral fermions and quantum numbers.

Although the EM force (light, radio, gamma rays) reaches over an infinite distance, the
EW force only acts on scales of 10−18 m. The range depends on the mass of the mediating
particle (Yukawa hypothesis). Using the Heisenberg uncertainty principle

∆x ·∆p ≥ ~
2

(2.2)

the range R = ∆x can be calculated as:

R =
~ · c
2 · p

. (2.3)

For a mass of 80 GeV the range is around 10−18 m, for a massless boson like the γ the
range becomes infinite.
Quarks are EM, EW and strongly interacting particles. They cannot exist as free particles
on length scales larger than the radius of a proton for instance but are asymptotically free
within the proton, because the strong interaction gets weaker at smaller distances or higher
energies (asymptotic freedom). The confinement is the consequence of the self-coupling
of the gluons, which mediate the strong force. The strong interaction is flavor blind but
couples to three color charges: Red, blue and green. Color is another degree of freedom
for which the ∆++ resonance was one of the first evidences. In the ∆++ three u-quarks
with the same spin orientation are bound together, but the Pauli exclusion principle for-
bids fermions having the same quantum numbers. Gluons also carry color charge. There
are eight linear combinations of color and anticolor, leading to eight different gluons. On
experimentally accessible length scales there are no single partons, but hadrons without
color charge (white).
Quarks decay via the EW interaction. The quark flavour eigenstates are not the eigen-
states of the EW interaction. Instead every flavor state is a mixture of different mass
eigenstates, described by the CKM1 matrix, also including a CP violating phase.

1CKM - Cabibbo Kobayashi Maskawa
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Important for the weakly interacting particles is the weak universality. This is a conse-
quence of the fact that all SU(2) doublets couple with the same strength to the gauge
bosons of the EW interaction. As a consequence, the branching ratio (BR) for a Z0 decay
to a pair of leptons for instance is almost the same within experimental uncertainties [2]:

BR(Z0 → e+e−) = (3.363± 0.004) % (2.4)

BR(Z0 → µ+µ−) = (3.366± 0.007) %

BR(Z0 → τ+τ−) = (3.370± 0.008) %

2.1.2 Gauge Theory of the Electroweak Interaction

One of the most profound principles of nature is the principle of least action. It is a
variation principle meaning that the evolution of a physical system between two states is
determined by requiring the action to be minimized.
Action in QFT is a functional S:

S =

∫
d4xL =

∫
dt d3~rL

(
∂µΨ, ∂µΨ̄, Ψ, Ψ̄

)
. (2.5)

L is the Lagrangian density describing the system. L of a relativistic spin 1/2 particle
with mass m is given by:

L0 = Ψ̄ (iγµ∂µ −m) Ψ. (2.6)

The principle of least action leads to the extended Euler-Lagrange formalism:

δS = 0 ⇒ δS

δΨ̄
=

∂L0

∂Ψ̄
− ∂µ

∂L0

∂
(
∂µΨ̄

) = 0. (2.7)

Evaluating this last equation leads to the Dirac equation:

(i γµ ∂µ −m) Ψ = 0. (2.8)

This L0 is invariant under a global2 gauge transformation:

Ψ → Ψ′ = eiαΨ (2.9)

L′0 = L0.

Ψ is not an observable itself - only its absolute value squared - and such transformations
do not change the physical behavior of |Ψ|2:

|Ψ′|2 = |Ψ|2. (2.10)

Another possible transformation is the local3 gauge transformation:

Ψ → Ψ′ = eiα(x)Ψ (2.11)

L′0 6= L0.

2Global means that this transformation is equally performed at every space-time point.
3Local means that this transformation is differently performed in particular regions of space-time.
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L is not invariant under a local gauge transformation, but local gauge symmetry is the
general principle of all interactions in nature. One can make L locally symmetric by
adding another term:

L = L0 + Lloc. (2.12)

This is achieved by using the principle of minimal coupling:

∂µ → ∂µ + i eAµ. (2.13)

Then the Lagrangian gets the form:

L = L0 − e
(
Ψ̄ γµ Ψ

)
Aµ = L0 − e jµAµ. (2.14)

Aµ is a vector field changing the phase of Ψ and jµ is a current. Now the local gauge
transformation

Ψ → Ψ′ = eiα(x)Ψ (2.15)

Aµ → A′
µ = Aµ −

1

e
∂µ α(x)

(L0 + Lloc)
′ = L0 + Lloc

leaves the Lagrangian invariant. Aµ can be identified with the photon. So requiring local
gauge symmetry leads to the gauge boson of the EM interaction.
Adding a kinetic term and a mass term for the field Aµ leads to the following complete
form of L for the QED:

LQED = Ψ̄ (iγµ∂µ −m) Ψ− e jµAµ −
1

4
Fµν F µν +

1

2
Mγ2 Aµ Aµ. (2.16)

Fµν is the EM tensor defined as:

Fµν = ∂µAν − ∂νAµ. (2.17)

The mass term 1
2
Mγ2 Aµ Aµ destroys the local gauge symmetry if Mγ2 6= 0, but exper-

iments show that indeed the photon mass is < 10−17 eV [2]. As a consequence, this
Lagrangian cannot describe massive bosons.
A Lagrangian for the weak interaction has to include the (V − A)4 structure of the weak
current, meaning that the gauge bosons only couple to left handed particles and right
handed antiparticles. In a model world - where only leptons of the first generation exist -
there is one left handed doublet and two right handed singlets:

ΨL =
(νe

e

)
L
, eR νR (2.18)

The Lagrangian 2.6 without the mass term −mΨ̄Ψ then takes the form:

L = Ψ̄L i γµ ∂µ ΨL + ēR i γµ ∂µ eR + ν̄R i γµ ∂µ νR. (2.19)

To make L invariant under a local gauge transformation

Û = e
i
2

~α(x)·~τ (2.20)

4The form of the weak current has the structure of a vector current minus an axial current (V-A).
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the following substitutions have to be performed:

ΨL → Û ΨL (2.21)

i ∂µ → i ∂µ −
g

2
~τ · ~Wµ

g Wµ → g Û Wµ Û+ − i Û ∂µ Û+.

~τ are the three Pauli matrices (τ 1, τ 2, τ 3), ~Wµ are three vector fields
(
W 1

µ , W 2
µ , W 3

µ

)
, g

describes the strength of the coupling. The Lagrangian with these substitutions does not
include a mass term to conserve the local gauge symmetry.
The electroweak mixing is now performed using 2.1 in operator form, so the EM current
gets split:

jEM
µ = e Ψ̄ γµ Q̂ Ψ = e Ψ̄ γµ

(
Î3 +

Ŷ

2

)
Ψ = J3

µ +
1

2
jY
µ . (2.22)

This leads to an (EM + weak) interaction term in the Lagrangian:

LEM,w = −i g
(
Jk
)µ

W k
µ −

i

2
g′
(
jY
)µ

Bµ. (2.23)

k is an index. For k = 3, 2.23 describes the neutral current and for k = 1, 2, the charged
currents. It can be shown that the physical fields are linear combinations of W 3

µ and Bµ

using a rotation matrix:(
Aµ

Zµ

)
=

(
cos θW sin θW

− sin θW cos θW

)
·
(

Bµ

W 3
µ

)
. (2.24)

Similar to QED, Aµ can be identified with the photon, Zµ with the Z0 boson. The rotation
angle θW is the weak mixing angle and has the value sin2 (θW ) ≈ 0.23. The charged bosons
W± belong to the fields W±

µ which are linear combinations of W 1,2
µ :

W±
µ =

1√
2

(
W 1

µ ∓ i ·W 2
µ

)
. (2.25)

But still the gauge bosons are massless, and this is a contradiction to the experimental
result that the weak interaction range is short. So what is missing is a mechanism to
make the weak bosons massive but to leave the photon massless, and also to conserve the
local gauge symmetry.

2.1.3 Higgs Mechanism

The Higgs mechanism [3; 4] is based on the idea that the former symmetrical vacuum
state of nature was unstable and now a stable but asymmetrical state is taken. This
actual state leads to massive gauge bosons and fermions.
In the following model the Higgs mechanism of a spontaneously broken global gauge
symmetry

Φ → Φ′ = ei αΦ (2.26)

L → L′ = L
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is exemplified. The Lagrangian L has the form:

L = T − V (2.27)

= (∂µ Φ)∗ (∂µ Φ)−
(
µ2 Φ∗ Φ + λ (Φ∗ Φ)2) .

L consists of three terms: T = (∂µ Φ)∗ (∂µ Φ) is a kinetic term, the potential V contains
a mass term µ2 Φ∗ Φ and the term λ (Φ∗ Φ)2 describing the self coupling of four Φ fields
with the strength λ. Φ is a complex field:

Φ =
1√
2

(Φ1 + i Φ2) . (2.28)

If λ = 0, V is a harmonic potential, but for λ 6= 0 and µ2 < 0 and using Equation 2.28,
V gets the following form (as displayed in Figure 2.1):

V =
1

2
µ2
(
Φ2

1 + Φ2
2

)
+

1

4
λ
(
Φ2

1 + Φ2
2

)2
. (2.29)

V has one local but unstable maximum at Φ = (0 + i · 0). The minimum is a circle in

Figure 2.1: Higgs potential V .

the Φ1-Φ2 plane and can be calculated as:

∂V

∂Φ
= 0 ⇒ Φ2

1 + Φ2
2 =

−µ2

2 λ
≡ v2. (2.30)

This can be solved when choosing (for example)

Φ1 = v, Φ2 = 0. (2.31)

Now one can apply a small perturbation around the minimum:

Φ(x) ≈ 1√
2

(v + η(x) + i · ξ(x)) . (2.32)

Substituting these terms into 2.27 and neglecting terms with higher orders in the pertur-
bation fields η and ξ leads to:

L′ = 1

2
(∂µ ξ)2 +

(
1

2
(∂µ η)2 + µ2 η2

)
+ const. (2.33)
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The term µ2 η2 can be interpreted as a mass term for the field η. The mass mη is then
given as:

mη =
√
−2 µ2. (2.34)

1
2
(∂µ ξ)2 is the kinetic term for the field ξ. Because the potential V is flat in ξ direction and

a mass term corresponding to ξ is missing, one can conclude that this Lagrangian leads to a
massless boson, a Goldstone boson. This can even be generalized to the Goldstone theorem
[5], saying that every spontaneous breaking of a global gauge symmetry leads to a massless
boson. Because no experiment has ever seen such a Goldstone boson this model cannot
describe nature. Instead, the breaking of a local gauge symmetry is realized. Furthermore
this is preferred by theory, because every local gauge symmetry is renormalizable [6].
In the SM, the Higgs field Φ is a doublet of the (SU(2)L × U(1)Y ) EW interaction:

Φ =

(
Φ+

Φ0

)
=

1√
2

(
Φ1 + i · Φ2

Φ3 + i · Φ4

)
. (2.35)

Using the same ansatz for the Higgs potential V as in 2.27 leads to the degenerate mini-
mum (a circle in the complex plane):

∂V

∂Φ
= 0 ⇒ Φmin =

√
Φ2

1 + Φ2
2 + Φ2

3 + Φ2
4 =

√
−µ2

2 λ
ei θ. (2.36)

Usually, θ = 0 is used to fix one vacuum state in the infinite number of states:

Φmin(θ = 0) ≡ Φvacuum = v. (2.37)

v is called vacuum expectation value. It is related to the Fermi constant GF
5 as follows:

GF√
2

=
1

2v2
. (2.39)

GF can be obtained from the muon decay width. v was then calculated to be v = 246
GeV. This vacuum state has been realized in nature which is called spontaneous symmetry
breaking.
Now the Higgs field is fixed by using the unitary gauge:

Φ1 = Φ2 = Φ4 = 0, Φ3 = v ⇒ Φ0 =

(
0

v

)
. (2.40)

This choice is motivated by the requirement that the vacuum state has to be neutral.
Using the charge generator Q̂ (Equation 2.1) on Φ0 and the properties of the Higgs field,
this leads to:

Q̂ Φ0 =

(
Î3 +

Ŷ

2

)
Φ0 =

(
−1

2
+

1

2

)
Φ0 = 0. (2.41)

5The muon decay in LO can be described by the propagation of a W boson. Fermi showed that this
can be simplified to one vertex with the coupling constant GF , given as follows:

GF =
√

2
8
·
(

gW

MW

)2

. (2.38)
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This way the vacuum stays neutral but it carries a hypercharge and an isospin so that
it couples to weak bosons. Furthermore, a different gauge fix would lead to Goldstone
bosons. Here the degrees of freedom represented by the Goldstone bosons are absorbed
(eaten up) by the vector particles W± and Z0, giving them an additional degree of freedom:
A longitudinal polarization. Only massive particles with velocities below the speed of light
can have longitudinal degrees of freedom. The photon has only a transversal polarization.
Now the field h(x) is used as a distortion around this minimum:

Φ0 =

(
0

v + h(x)

)
. (2.42)

h(x) is a physical field, the scalar Higgs field of nature. All the elementary particles become
massive when interacting with this field, this coupling (Yukawa coupling) is proportional
to the mass of the particle. The full Lagrangian contains products of h(x) with the gauge
fields W k

µ and Bµ and this way their masses can be predicted by theory:

mW± = v
g

2
(2.43)

mZ0 = v

√
g2 + g′2

2

mf = v
λf√

2

mH0 = v
√

2 λ.

The Yukawa coupling terms must be added ’by hand’ into the Lagrangian, so their Yukawa
coupling constants λf are inputs to instead of results from the theory.
The Higgs boson H0 is a massive scalar (spin 0) and the quantized excitation of the Higgs
field. So far no direct evidence for its existence has been found, yet its required for the
completeness of the SM. The LEP experiment was able to give a lower limit on its mass:
mH>114.4 GeV at 95% confidence level (CL) [7].
A theoretical upper bound on the SM Higgs mass can be given by the requirement of
unitarity in the perturbative regime. From the scattering of longitudinal polarized W±

one can conclude:

mH ≤

√
2
√

2

GF

≈ 850 GeV. (2.44)

Considering other scattering processes the upper bound is raised to approximately 1 TeV
[8].

2.1.4 SM Higgs Boson Production Processes and Discovery Po-
tential

At LHC there are four main processes for the production of a SM Higgs boson [9]:

• Gluon-gluon-fusion (2.2a)
The Higgs boson is produced in the fusion of two gluons in a heavy-quark loop.
As displayed in the LO diagram, this loop is dominated by top quarks. Important
higher order processes are for example gg → H0 g, g q → H0 q and g q̄ → H0 g. This
process has the largest cross section over the allowed mass range.
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Figure 2.2: LO Feynman diagrams for the main SM Higgs production processes.

• Vector-boson-fusion (VBF) (2.2b)
In this channel the Higgs is produced by the fusion of two weak vector bosons W±

or Z0 which are radiated off quarks. Those quarks will hadronize to jets which can
be detected at large values of pseudorapidity (defined in Equation 3.2). This process
has the second largest cross section for mH0 < 800 GeV.

• Associated production W±H0, Z0H0 (2.2c)
Here the Higgs boson is radiated off a weak vector boson (Higgsstrahlung). This
process is important in the intermediate mass range mH0 < 2 ·mZ0 . Its cross section
falls rapidly with an increasing value of mH0 .

• Associated production tt̄H0 (2.2d)
The Higgs production in association with top-pairs is less important because the
cross section is about five times smaller than that for W±H0 or Z0H0 for mH0 < 200
GeV. But for light Higgs bosons tt̄H0 is expected to be the only channel where
H0 → bb̄ is observable.

The LHC will be able to detect a SM Higgs boson over the full kinematic range between
the LEP limit and a theoretical upper limit of 1 TeV. In the lower Higgs mass region
110 GeV < mH0 < 130 GeV the dominant decay channel is H0 → bb̄, but this cannot
be triggered in the gluon-gluon-fusion production mode. The Higgs decay to a pair of
photons H0 → γγ offers the possibility to get a precise value of the Higgs mass because of
a clean signal, although this BR is extremely small compared to the Higgs decay to heavy
quarks or vector bosons. For mH0 < 180 GeV the Higgs production in weak boson fusion
promises good results because of the unique signature of the tagging jets in the detector.
The decay channel H0 → ZZ → 4l is called the golden channel, because it promises
excellently detectable signatures with a flat background in the intermediate mass range
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130 GeV < mH0 < 180 GeV.
The results for the expected discovery potential in the range between 100 GeV to 200 GeV
at ATLAS is displayed in Figure 2.3 [10; 11]. The combined discovery potential allows a
discovery of a SM Higgs boson with more than five standard deviations for an integrated
luminosity of 30 fb−1 in this difficult mass range. For higher Higs masses the decay modes
H → ZZ and H → WW allow a significant discovery.

Figure 2.3: Anticipated Higgs discovery potential for various search channels at ATLAS.

2.2 Beyond the Standard Model: Supersymmetry

2.2.1 Supersymmetry and its Motivation

In Supersymmetry the single particle states are extended to supermultiplets containing
bosonic and fermionic states. Each of the SM fermions gets one new bosonic superpartner
(sfermion) and each boson gets one fermionic superpartner (gaugino or Higgsino).
Supersymmetry is only one possible method to extend the SM. But some aspects make
this the most preferred one.

• Hierarchy Problem [12]
In QFT diverging integrals are often handled by using a cut-off parameter Λ (where
the integration is truncated). The mass of a particle is then given by its mass at
Born level6 m0 and a correction term δm(Λ):

m2(Λ) = m2
0 + (δm(Λ))2. (2.45)

6Born level is the lowest order in perturbation theory. In the according Feynman graph there are no
contributions from higher orders.
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Λ is of the order of O(Λ) ≈ 1015 GeV, the scale where new physics is supposed to
appear. Corrections to the Higgs mass come from fermion and scalar loops (Fig.
2.4a), leading to unnatural and large correction values. The Higgs mass at Born
level has to be at the scale of EW energy O(EW ) ≈ 100 GeV7. Theoretically it
is allowed to fine-tune the mass at Born level but those counter terms must be
extremely precise, and this does not come naturally:

O(fine tuning) ≈ O(EW 2)

O(Λ2)
≈ 10−26. (2.46)

SUSY solves this problem, because in fermion loops also terms from sfermions con-
tribute to the mass correction with an opposite sign (Fig. 2.4b):

δm2 ≈ O(α) · |M2
f̃
−M2

f | ≈ O(10−2) ·M2
SUSY . (2.47)

If the masses for fermions and sfermions would be equal, δm2 would be zero. But
because of a mass difference between them, a small rest remains being at the order
of the EW mass scale. From this one can conclude that the mass scale for SUSY
particles MSUSY is limited to MSUSY < 1 TeV.

Figure 2.4: Loop corrections to the Higgs mass.

• Grand Unified Theory (GUT)
An important basis for a theory unifying strong and electroweak interactions is a
point of intersection of all coupling constants below the Planck energy. In the SM
this is not the case. Heavy SUSY particles would change the coupling constants
behavior and lead to this intersection at an energy scale of 1015 GeV (GUT scale).

• Dark Matter
Dark Matter was introduced into physics to solve the galaxy rotation problem. Spi-
ral galaxies rotate with an approximately constant speed also at very high distances
from the galaxy centers [13]. This contradicts the prediction of Newtonian dynamics
if the visible matter is the only source of the gravitational force. So in addition to
the visible mass (eg. stars, gas) galaxies contain invisible dark matter extending
into the galaxies halo.
The SM of cosmology states that only 4% of the universe consists of known matter
particles, the rest is hypothetical matter of unknown composition [14]. Since neutri-
nos are not massless (as implied by neutrino oscillation [15]) they could contribute

7The exact value of the EW energy scale is the vacuum expectation value of 246 GeV.
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to the dark matter, but they can explain only a small fraction of it.
One hypothetic candidate for cold dark matter is the lightest SUSY particle LSP. As
a condition the LSP must be stable. This is achieved by introducing a new discrete
symmetry, R-parity PR:

PR = (−1)2s+3B+L, (2.48)

where s is the spin, B the baryon and L the lepton quantum number. SUSY particles
have PR = −1, SM particles have PR = +1. A decay of the LSP to SM particles
would not conserve PR and is therefore forbidden. Another consequence of the
conservation of PR is that SUSY particles can only be produced in pairs.

2.2.2 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is the minimal extension of the
SM (minimal new particle content, Table 2.4). Particles in the same supermultiplet (for
instance the electron e and the selectron ẽ) have the same coupling constants and therefore
also the same masses, charges, color and isospin:(

eL

ẽL

)
⇒ ẽL = f(Q,Q+) · eL. (2.49)

f(Q, Q+) is a function depending on the SUSY operators Q and Q+ (App. A). In the
Higgs sector of the MSSM two Higgs doublets are necessary to avoid gauge anomalies:

Hu =

(
H+

u

H0
u

)
Hd =

(
H0

d

H−
d

)
. (2.50)

Because experiments have not found SUSY particles yet, e.g. a scalar particle at 0.51
MeV (the selectron), SUSY must be a broken symmetry (sparticle masses are much larger
than SM masses). The basic idea here is that this must be a soft breaking mechanism
to avoid new fine tuning. As a consequence 105 new parameters must be introduced into
the theory. These are necessary because the exact breaking mechanism is unknown.
Because the partners of the gauge supermultiplet have the same quantum numbers, they
mix. The measured mass eigenstates are linear combinations: Neutralinos χ0 are mixed
states from B̃0, W̃ 0

3 and H0
u,d. Charginos χ± mix from W̃± and h̃±u,d.

The two Higgs doublets lead to eight mixed states in the higgs sector. It can be shown,
that in the MSSM three Goldstone bosons and five Higgs bosons exist. The Goldstone
bosons are no physical fields but are merged into the gauge bosons Z0 and W± and make
them massive. The five physical detectable Higgs bosons are the following ones [16]:

h0 Lightest CP-even scalar MSSM Higgs boson
H0 Heavier CP-even scalar MSSM Higgs boson
A0 CP-odd scalar MSSM Higgs boson
H± Charged scalar MSSM Higgs bosons

As a convention from now on Φ labels any of the three neutral Higgs bosons.
The mass of the lightest boson h0 is constrained to mass values lighter than mZ :

mh0 ≤ mZ · cos 2β. (2.51)
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Particles Spin Partners Spin
νeL νµL ντ L 1/2 ν̃eL ν̃µL ν̃τ L 0
eL µL τL 1/2 ẽL µ̃L τL 0
νR νµR ντ R 1/2 ν̃eR ν̃µR ν̃τ R 0
eR µR τR 1/2 ẽR µ̃R τR 0
uL cL tL 1/2 ũL c̃L t̃L 0

dL sL bL 1/2 d̃L s̃L b̃L 0
uR cR tR 1/2 ũR c̃R t̃R 0

dR sR bR 1/2 d̃R s̃R b̃R 0

H0
d H−

d 0 h̃0
d h̃−d 1/2

H+
u H0

u 0 h̃+
u h̃0

u 1/2
g 1 g̃ 1/2

W± W 0
3 1 W̃± W̃ 0

3 1/2

B0 1 B̃0 1/2

Table 2.4: Field content of the MSSM.

In higher order corrections of pertubation theory this limit is weakened to around 135
GeV (depending on the top mass). If no Higgs particle is found below that mass, the
MSSM is ruled out.
As mentioned before, the MSSM has 105 parameters. But at Born level the properties of
the Higgs sector can be given in terms of only two parameters: The mass of the A0 and
tan β. The definition of tan β is:

tan β =
vu

vd

, (2.52)

where vu and vd are the vacuum expectation values of the two Higgs doublets. vu gives
mass to up-type fermions (u, c, t, ν), vd to down-type fermions (d, s, b, e, µ, τ), the gauge
bosons coupling λ goes with v2

u + v2
d = v2. The MSSM Yukawa couplings of the b-quark

to the neutral Higgs bosons are:

λb = −
√

2 · mb

vd

· sin(α)

cos(β)
Φ = h0 (2.53)

=
√

2 · mb

vd

· cos(α)

cos(β)
Φ = H0

=
√

2 · mb

vd

· tan(β) Φ = A0.

Large values of tan β lead to an enhancement of the Higgs coupling to b-quarks and other
down-type fermions.
In the SM, the ratio of tt̄H to bb̄H coupling at tree level is given by [17]:

λSM
t

λSM
b

=
mt

mb

≈ 35. (2.54)

In the MSSM this ratio depends on tan β:

λMSSM
t

λMSSM
b

= fΦ(α) · 1

tan(β)
· mt

mb

. (2.55)
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α is the mixing angle between the weak and the mass eigenstates of the neutral Higgs
bosons, fΦ(α) is given by:

fΦ(α) = − cot(α) Φ = h0 (2.56)

= tan(α) Φ = H0

= cot(α) Φ = A0.

This suggests that high tan β values around 35 are natural, because then it follows:

λt

λb

≈ 1. (2.57)

2.2.3 MSSM Higgs Search and Benchmark Scenarios

In the MSSM Higgs production and decay modes other than in the SM become important,
depending on the MSSM parameter values. The Φ → ZZ and Φ → WW decay channels
are dominant in the SM Higgs sector with Higgs masses below 160 GeV. In the MSSM
they are suppressed for H0 and h0 and even absent for the A0 (in CP-conserving models),
instead the decays Φ → τ+τ− and Φ → tt̄ are important. Higgs decays to second gener-
ation fermions µ+µ− and third generation quarks bb̄ are also promising. Those channels
allow the separation of the three neutral Higgs bosons at certain parameter values due
to the good mass resolution. Charged Higgs bosons lighter than the top are produced in
top decays t → H+b and can be found in H± → τν for instance. The b-quark associated
Higgs production b b̄ → Φ or g b → Φ b is enhanced for large values of tan β. So production
modes as displayed in Figure 2.5 become relevant in the MSSM.

Figure 2.5: Possible graphs for the b-quark associated Higgs production.

In NLO the following five parameters (in addition to mA and tan β) describe the Higgs
sector of the MSSM:

MSUSY Energy scale of SUSY breaking (mass scale of sfermions at EW scale)
M2 Gaugino mass at EW scale
µ Strength of the supersymmetric Higgs mixing
mg̃ Gluino mass
Xt Stop mixing parameter

Furthermore, several benchmark scenarios have been suggested for the Higgs search [18].
The different scenarios exemplify the discovery potential and different features of the
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MSSM parameter space, such as maximal mh values and the suppression of certain pro-
duction channels. In the benchmark scenarios the enumerated five parameters are fixed
and only mA and tan β are free. The scenarios mainly influence the allowed mass range
of the lightest Higgs boson h0. In Table 2.5 the four main scenarios, the fixed parameters
and the maximal mh value are listed.

Parameters [GeV] mmax
h nomixing gluophobic small αeff

MSUSY 1000 2000 350 800
M2 200 200 300 500
µ 200 200 300 2000

Mg̃ 800 8000 500 500
Xt 2000 0 -750 -1100

max. mh 133 116 119 123

Table 2.5: Parameters of the benchmark scenarios.

LEP searched for the neutral MSSM Higgs bosons in all four scenarios and was able to
find constraints in the mA-tan β plane. Figure 2.6 shows the results for the mmax

h scenario
[19]. The green marked regions of mA, tan β and mt are excluded by at least 95% CL.
The left plot was made for a fixed top mass of 174.3 GeV.

Figure 2.6: LEP results for neutral MSSM Higgs search in the mmax
h scenario.

The analysis of the b-associated Higgs production in this thesis is performed in the
mmax

h scenario. Parameters such as cross sections and Higgs masses are discussed in Section
4.2.1.

2.2.4 Sensitivity to SUSY

A direct discovery of SUSY particles would confirm SUSY. But there are other quanti-
ties which are sensitive to processes involving contributions from SUSY particles. Two
important quantities are described below:

• Anomalous magnetic moment of the muon [20]
The anomalous magnetic moment of the µ is given by:

aµ =
g − 2

2
(2.58)
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g is the Landé factor of the µ. Most precise measurements have found aexp =
(11659208 ± 6) · 10−10 [21]. A comparison with the prediction of the SM shows a
deviation from the expected value of 2.3 σ:

aexp − aSM = (23.0± 10.0) · 10−10. (2.59)

This difference can be understood if SUSY contributions from smuon-neutralino and
sneutrino-chargino loops are taken into account.
This also leads to a prediction of the SUSY mass scale. Using a simplified SUSY
model where all SUSY particles have the same mass m̃, aSUSY −aSM takes the form:

aSUSY − aSM ' 13 · 10−10 · tan(β) ·
(

100 GeV

m̃

)2

. (2.60)

Using tan β values around 35 and m̃ = 100 GeV for example, leads to aSUSY −aSM =
455 · 10−10. As a consequence, such small SUSY masses can be excluded for values
of tan β ≤ 35.

• Top mass
The phenomenological features of any Higgs sector are tied to the still not precisely
known mass of the top quark. The most recent result from the Tevatron is mt =
170.9±1.8 GeV [22]. The top as a heavy elementary fermion near the EW symmetry
breaking scale has a large Yukawa coupling term to the Higgs field. In higher orders
of perturbation theory, the mass of the W boson depends on the top mass and the SM
Higgs mass. So, precise measurements of mW and mt could be used to discriminate
between the SM and a non-minimal model. Cross sections, for instance for the
production of top pairs are not yet precisely measured either. Values higher than
the SM expectation could imply SUSY models, but so far there are no significant
differences due to a lack of precision.

Other particle decay processes such as b → s + γ or B+ → τ+ + ν are also sensitive to
Supersymmetrie.
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The ATLAS Experiment

3.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is located at the border between Switzerland and
France. As displayed in Figure 3.1, there are 4 detectors along the proton-proton collider
ring.

Figure 3.1: Scheme of the LHC.

ATLAS and CMS1 [23] are both multi-purpose detectors and will be able to search for the
Higgs boson and supersymmetric particles. They are also capable to perform electroweak
precision measurements. Due to different detector concepts both experiments can confirm
each other’s findings. The other two experiments are designed to explore other fields of
particle physics: LHC-b [24] is intended for measurements of B meson decays and CP

1Compact Muon Solenoid
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violation effects, Alice2 [25] will be used for heavy ion collisions and will have access to
the quark gluon plasma as it existed in the early universe.
LHC is a synchrotron with a diameter of 8.6 km and with two proton beams running into
opposite directions. Each beam will have an energy of 7 TeV when brought to collision
and will contain about 3 · 1014 protons which are obtained from a hydrogenic source. The
particles are pre-accelerated to 50 MeV in the Linac and gain more energy in the Booster,
PS 3 and SPS 4 . They will have an energy of 0.45 TeV when being injected into the LHC
[9]. The filling will take about 260 s [26].
The acceleration is achieved by a 400.8 MHz high-frequency field where the protons will
experience a maximal voltage of 2 MV/m. 1232 LHC dipoles and 3700 multipole corrector
magnets will keep the two beams on their circular path. The field strength of the dipoles
depends on the beam energy. At injection it is about 0.5 T and it will rise to the maximum
value of 8.3 T at 7 TeV beam energy. The superconducting coils work at a temperature
of 1.9 K, cooled by superfluid helium encased in a cryostat.
The protons are grouped into bunches, running with a time distance of 25 ns. In every
bunch 1.1 ·1011 protons will be gathered. There will be 2835 filled bunches running in the
LHC with a bunch crossing rate of 40 MHz. In the beginning the anticipated luminosity is
1033 cm−2s−1 with one proton-proton interaction per bunch crossing. Later a luminosity
of 1034 cm−2s−1 with an average number of 23 proton-proton interactions per crossing is
expected.

3.2 Coordinates

The space coordinates x, y and z form a right-handed system defined as follows: The
coordinate origin is the interaction point. The beam direction corresponds to the z axis,
the x-y plane is the transverse plane to the beam direction. The positive x-axis points
from the interaction point of the two proton beams to the center of the LHC ring, the y
axis points upwards to the ground.
To describe particle positions within the detector cylindrical coordinates are used: The
radius R, the azimuthal angle φ given by

tan(φ) = py/px (3.1)

and the pseudorapidity η, defined as:

η = − ln tan θ/2. (3.2)

The polar angle θ is defined as:

cot θ = pz/pT , (3.3)

where pT is the transverse momentum, given by:

pT =
√

p2
x + p2

y. (3.4)

2A Large Ion Collider Experiment
3Proton Synchrotron
4Super Proton Synchrotron
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To describe the direction of the particles momentum with respect to the z-axis, η is used
instead of θ. This is because in QCD events the number of particles produced is ap-
proximately constant as a function of η. A sketch with the coordinates, angles and η is
displayed in Figure 3.2.

Figure 3.2: Coordinates and angles (left), Pseudorapidity η vs. θ (right).

The transverse momentum pT and transverse energy ET are more reliable kinematic vari-
ables than ~p or ~E, because the partons carry an unknown fraction of the protons mo-
mentum. Using momentum conservation in the transverse plane, the components of the
missing pT (pT,miss) are defined as:

px,miss = −
∑

particles

px (3.5)

py,miss = −
∑

particles

py.

3.3 The ATLAS Detector

3.3.1 General Layout

The ATLAS detector has a cylindrical design with a length of 44 m, a diameter of 22 m
and a weight of 7000 t. It is located 92 m below the ground of Point 1 at CERN. In Figure
3.3 the detector is shown; the main components are marked and described below.
ATLAS is a multi-purpose detector but its primary goal is the discovery of new physics. In
ref. 27 the Higgs search is emphasized as being a first benchmark for the detector concept.
ATLAS is also capable of precise measurements of properties of known particles [28].
The detector is mainly optimized for the identification of electrons and photons and the
high precision measurement of muon momenta. This is achieved by the electromagnetic
calorimeters and the muon chambers. Sophisticated triggers and computing systems were
developed to filter and store interesting data.

3.3.2 The Inner Detector

Being closest to the interaction point, the inner detector (ID) as shown in Figure 3.4
consists of the pixel detector and at outer radii the semiconductor tracker (SCT) and the
transition radiation tracker (TRT) . A solenoidal field of 2 T allows for the measurements
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Figure 3.3: The ATLAS detector.

of particle momenta. The ID covers the pseudorapidity region η = ±2.5 and extends 7 m
in length and 1.15 m in radius. An approximate form for the pT resolution of muons in
the ID is given by [28]:

σ

(
1

pT

)
= 0.36 +

13

pt ·
√

sin θ
(TeV−1) . (3.6)

The first (constant) error term comes from multiple scattering, the second describes the
Sagitta resolution.
The pixel detector has a very high granularity and is dedicated to measure the impact
parameter, tracks and to find short-lived particles, like B hadrons or τ leptons. A total of
140 million detector elements are ordered in three barrels and five disks on each side. The
innermost barrel layer is located at R = 5.05 cm, the second layer at R = 8.85 cm and
the third at R = 12.25 cm, the disks are located between z = 59 cm and z = 65 cm. Each
pixel works like a semiconductor diode in reverse-biasing mode and with a high voltage
field between its electrodes: Charged particles produce pairs of electrons and holes, they
get separated by the electrical field and accumulated on the electrodes.

The SCT is designed to contribute to the measurement of momentum, impact param-
eter and the vertex position of charged particles. It is comprised of silicon microstrip
modules, located on a four layer barrel and nine disks in each direction. The modules
contain strips on both sides and are being twisted by an angle of 40 mrad to allow precise
measurement of the z coordinate and to eliminate ghosts (signals identified by mistake).
The silicon strips operate the same way as the pixels, as semiconductor diodes.
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Figure 3.4: The inner detector.

The outer tracker is a combined straw tube tracker and transition radiation detector.
It consists of one barrel and two end-caps. The barrel alone is build from 52 544 straw
tubes with 4 mm in diameter and maximum 144 cm in length. A total of 298 304 tubes
are filled with 3 m3 of a gas mixture of 70% Xe, 20% CO2 and 10% CF4. Each tube
contains a gold-plated tungsten wire in the middle. Between the tubes and the wires is
a strong electric field. When a charged particle passes through the tubes, the gas gets
ionized. Then the ions and electrons from the gas move towards the electrodes causing
secondary ionization. Those charge carriers lead to a voltage pulse getting recorded.
Between the straw tubes are foils of polyethylene and polypropylene. Charged parti-
cles passing through those foils will emit transition radiation because of the different
di-electrical constants of the foils. Especially electrons can be identified this way [29].
The outer tracker provides on average 35 two-dimensional measurement points with less
than 0.15 mm resolution for charged particle tracks with |η| < 2.5 and pT > 0.5 GeV [30].

3.3.3 The Calorimeters

A view of the ATLAS calorimeters is presented in Figure 3.5. The calorimeter consists
of an electromagnetic (EM) calorimeter covering the pseudorapidity region |η| < 2.5, a
hadronic calorimeter covering 1.5 < |η| < 3.2 and forward calorimeters covering 3.1 <
|η| < 4.9.
A calorimeter’s purpose is to measure the particle energy. Particles enter the calorimeter
and initiate a particle shower. The EM calorimeter is more sensitive to EM interacting
particles, in hadronic calorimeters strongly interacting particles can be measured. The
hadronic calorimeter is located at outer radii and is supposed to absorb as many particles
as possible inhibiting a punch through into the muon system. The particles energy is
deposited in the calorimeter, collected and measured. By separating the calorimeter in
small segments both longitudinal and transversal, the particle track and its identity can
be detected.
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Figure 3.5: The calorimeter system.

The EM calorimeter is divided into a barrel part and two end-caps. It is a lead liquid
argon (LAr) detector with accordion-shaped Kapton5 electrodes and lead absorber plates
over its full coverage. The accordion geometry provides complete φ symmetry without
azimuthal cracks.
Over the region of |η| < 2.5 the EM calorimeter is segmented into three longitudinal
sections. The strip section is equipped with narrows strips acting as a ’preshower’ detec-
tor, enhancing particle identification. The middle section is transversally segmented into
square towers of size ∆η × ∆φ = 0.025 × 0.025. The back section has a granularity of
0.05 in η. The end cap has a coarser granularity, which is sufficient for measurements of
ET,miss and jet reconstruction.
The estimated energy resolution for electrons and photons in the EM calorimeter follows
the function [28]:

σ(E)

E
≈ 0.1

√
GeV√
E

. (3.7)

The hadronic calorimeter consists of a tile calorimeter, the LAr hadronic end-caps (HEC)
and the LAr forward calorimeters (FCAL) .
The tile calorimeter is composed of one barrel and two extended barrels. It is a sampling
calorimeter using iron as absorber and scintillating tiles as active material. A scintillator
is a substance that absorbs the radiation from a particle and then fluoresces photons at a
characteristic wavelength, releasing the previously absorbed energy.
The two HEC, one in each z direction, consist of two independent copper wheels. Each
wheel is build out of 32 modules and a central ring. The wheels have a mass of 67 tons
or 90 tons.
The FCAL consist of three sections, one is made of copper and the other two are made
out of tungsten. The metal matrix is filled with LAr as sensitive medium.

5Kapton is the trade name for a high-end thermoplastic made of polyimide.
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3.3.4 The Outer Detector

The outermost detector component is the muon spectrometer. Due to their relatively
long lifetime of 2.2 · 10−6 s and their electroweak nature, muons pass trough the whole
detector. They are 207 times heavier than electrons and so they loose less energy through
bremsstrahlung. The energy depositions mass dependance is given by the Bethe-Bloch-
Formula:

dE

dx
∝ 1

m2
. (3.8)

The ATLAS muon system has its own magnetic system. The eight toroid magnets work
with superconducting coils and an air-core and bend muon tracks within |η| < 1.0. In
regions with 1.4 < η < 2.7 muons tracks are bent by two smaller end-cap magnets inside
the barrel toroid. Within 1.0 < η < 1.4 (the ’transition region’) there is a combination of
the two magnetic systems. This allows a magnetic field structure being mostly orthogonal
to the muon trajectories.
The outer detector is instrumented with separate trigger and high-precision tracking cham-
bers. They are optimized against radiation background mostly coming from neutrons and
photons, arising from secondary interactions with shielding material or the beam pipe.
The muon detector consists of a barrel in the central region and end-caps on each side.
There are three layers in the barrel with optimized locations for the momentum recon-
struction. Each end-cap consists of four disks with different distances between them.
In the barrel, tracks are measured in chambers around the beam axis, in the other regions
those chambers are installed vertically. The muon track coordinates are mostly measured
by Monitored Drift Tubes (MDTs) . MDTs are tubes made of aluminium filled with gas
at a pressure of 3 bar. In the innermost layer for the region 2 < |η| < 2.7 Cathode Strip
Chambers (CSC) with higher granularity are used to also shield against backgrounds.
CSCs are multiwire proportional chambers with cathode strip readout.
The trigger function is provided by Resistive Plate Chambers (RPCs) in the barrel and
Thin Gap Chambers (TGCs) in the end-caps. RPC units are parallel plates, filled with
a gas mixture of C2H2F4 and SF6 at low voltage. TGCs are similar to multiwire propor-
tional chambers filled with CO2 and C5H12.
The positions of the muon chambers are constantly monitored. Misalignment occurring
during operation can thus be corrected in offline analysis. This is to ensure the high
precision of the muon momentum measurements. Over a pT range from ca. 10 GeV up
to 100 GeV the muon momentum resolution is about 2 % [28].

3.4 Data Processing

3.4.1 Trigger

Starting from an interaction rate of 109 Hz, the trigger is supposed to reduce this by
a factor of 107 for permanent storage. This must be optimized for rejection against
minimum-bias6 events but keeping rare events of new physics.
The trigger consists of three levels. Level-1 (LVL1) is a hardware trigger and makes a first
selection by using only some detector information. High pT muons are identified by the

6A minimum-bias event is what one would see with a totally inclusive trigger [31].
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RPCs and TGCs of the muon spectrometer. Information with reduced granularity is taken
from the calorimeters. Triggered objects are high pT electrons, photons, jets, τ -leptons
and a large ET,miss. LVL1 selects events with a rate of 75 kHz and forwards its data to
so-called pipeline memories. From there the data goes on to the readout drivers (RODs)
and further to the 1700 readout buffers (ROBs). Since especially for the muon chambers,
information is collected in the ATLAS detector while the next interesting bunch-crossing
is already on-going, the latency time of LVL1 must be kept as small as possible.
The ROBs hold information as long as the event has not been rejected by the Level-2
trigger (LVL2). LVL2 is a firmware trigger evaluating events with respect to η, φ and pT

of the particles and ET,miss. LVL2 is supposed to reduce the data rate to 1 kHz.
If an event passes LVL2, the data goes on the event filter (Level-3 trigger) and the data
storage. The event filter is based on offline algorithms reducing the storage rate to 100
MB/s. Its tasks are to confirm the LVL2 decision and applying more complex algorithms
for vertex fitting and bremsstrahlung recovery.

3.4.2 Grid Computing

Grid computing is an emerging computing model that treats all resources as a collection
of manageable entities with common interfaces. It makes use of not needed resources of
large numbers of disparate computers. In difference to clusters, grid computing focuses
on the ability to support computation across administrative domains [32].
For both simulation of events in ATLAS and offline analysis of experimental data, grid
computing is essential to success. The anticipated data volume from all LHC experiments
is about 15 PByte every year [33]. To process and store this data about 150000 of today’s
fastest CPUs7 are required. The concepts of grid computing and distributed analysis
make this possible and allow many users everywhere to benefit from the data.
In the LHC Computing Grid Project (LCG) all the participating CPUs are grouped into
five different categories, so-called Tiers. Tier architecture is a client-server architecture in
which an application is split into several discrete components.
CERN works as TIER-0, where the data processing starts and all the raw data gets
backuped. All four LHC experiments will contribute their data. The TIER-0 passes
its data to several TIER-1s, which are big international computing centers. Germany’s
TIER-1 is the Computing Centre Karlsruhe (GridKa) . TIER-2s are less powerful national
centers where also MC production and event summary data (ESD) analysis takes place.
The German institute DESY for example serves as TIER-2. Smaller computer farms or
clusters from institutes or universities will serve as TIER-3. Finally, the end-users will
evaluate the data on single desktop computers (TIER-4).
Similar to the World Wide Web, in the future grid computing will not only be constrained
to high energy physics but might support other areas of science and could also be opened
to the general public.

7Central Processing Unit
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Tools & Datasets

4.1 Event Generation and Simulation

The events for this analysis have been generated using MC techniques. The event gener-
ation is basically divided into the following steps [34]:

• Matrix element (ME) calculation
The matrix element of the hard process1 and the following decay is the basis for the
whole event. The ME is the probability of the interactions as function of momenta
and energies of the participating partons at a fixed order of the coupling parameter.
Usually the whole phase space of possibilities is considered, but appropriate cuts on
interesting regions of the phase space can speed up this step. An important input
to the ME calculation are the parton density functions (PDF). They influence for
example the cross section.

• Underlying event
Besides the hard process, other partons of the same protons may interact and pro-
duce other particles. Those additional interactions are called underlying event and
must be added to the event generation for a realistic result.

• Parton shower
Initial and final state parton showers must be added to the hard process and also
to the underlying event. They are modeled by approximate calculations at higher
orders which regularize collinear and soft emission divergences.

• Hadronization
Finally, the outgoing partons must be converted into colorless objects (particles and
jets). A jet is a narrow cone of hadrons coming from the hadronization process of the
parton. From the direction and four momentum of the jet one can draw conclusions
about the properties of the parton.

• Pile up
At high luminosity of 1034 cm−2s−1 an average of 23 proton-proton interactions are
expected during one bunch crossing. Many collision will interleave with each other

1Hard process is called the hardest interaction between two partons.
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at the same time (pile up).
This analysis makes only predictions for the first years of LHC running with an
initial luminosity of 1033 cm−2s−1.

After the event generation, the calculation of the four momenta of the particles is finished.
This information is also called MC truth or truth information. The final state particles
truth data is fed into an ATLAS simulation tool after the event generation.
In principle this simulation proceeds in three steps using GEANT [35]:

• Simulation of detector response
In the simulation all the detector layers’ and materials’ responses to traversing par-
ticles is calculated using MC techniques. Also misalignments and maintenance ma-
terials are included into the full simulation.

• Digitalization
Here the output of the simulation is converted into digits like they are to be expected
from the real detector (times and voltages).

• Reconstruction
Reconstruction is the process where the raw data digits are reconstructed into tracks
and energy deposits.

Running this full chain of data processing takes about 10-15 min per event on a CPU
which is usually used today.
An alternative simulation tool is provided by the fast simulation package ATLFast [36],
which is ca. 103-104 times faster than the full chain. ATLFast does not simulate all the
detector parts and their response. Instead, it smears the truth information directly using
the resolutions (mainly Gaussian functions) measured in the full simulation. For reliable
results ATLFast has to be validated against the full simulation of GEANT. A detailed
overview over the ATLFast objects and methods is given in [37].
In this analysis all event generation samples have been processes using ATLFast.

4.2 b-quark associated Higgs Production

4.2.1 mmax
h Parameter Values from Feynhiggs

The analysis of the process bb̄ h/A/H → τ τ → 2 `+4 ν is performed in the mmax
h -scenario.

Before starting the event generation, certain parameters such as cross sections, branching
ratios, decay widths and the masses of h0 and H0 must be obtained from theory. For
this the tool Feynhiggs [38] Version 2.5.1, has been used. Table 4.1 shows the Feynhiggs
default input parameter values for the mmax

h scenario that have been used in this thesis.
The three Higgs bosons A0, H0 and h0 have been simplified to one effective boson Φeff .
This is motivated by an important feature of the mmax

h scenario: At least two Higgs bosons
are nearly degenerate in mass for large values of tan β, so that they can be treated as one
boson. Figure 4.1 shows the masses of the CP even Higgs bosons as function of mA at
tan β=20. The total decay widths ΓA, ΓH and Γh are also shown in Figure 4.1.
For mA > 130 GeV, A0 and H0 are degenerate in mass and h0 is negligible because of a
comparatively small cross section. For mA < 130 GeV, A0 and h0 are degenerate and H0
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Parameter Value [GeV]
mt 172.5
mb 4.7
mW 80.404
mZ 91.1875

MSUSY 1000
Xt 2000
M2 200

Table 4.1: Default Feynhiggs mmax
h input parameter values.
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Figure 4.1: Feynhiggs predictions for Higgs masses (left) and total decay widths (right) as
function of mA.

is not important. The mass of the effective boson Φeff is the value of mA. In the intense
coupling region at mA ≈ 130 GeV all three neutral Higgs bosons are almost degenerate
in mass for large values of tan β.
In Figure 4.2 the cross sections for the b-quark associated Higgs production are displayed.
A strong dependence on mA is evident. At mA = 130 GeV all three cross sections become
comparable.
Since the Yukawa couplings to b-quarks (Formula 2.53) is proportional to tan β, the cross
section for A0 and H0 show a quadratic dependency on tan β:

σbb̄ A/H ∝ tan2 β. (4.1)

The cross sections for the neutral Higgs bosons used in this analysis are also calculated
by Feynhiggs. The programm uses NNLO SM cross sections [17] and reweights them to
MSSM values:

σMSSM = σSM ·
ΓMSSM

A→bb̄

ΓSM
H→bb̄

. (4.2)

This is based on the idea, that in the limit of heavy supersymmetric partners, their virtual
contributions are insignificant and the predictions for SUSY Higgs bosons can be obtained
by rescaling the SM values with the proper coupling constants to MSSM cross sections.
In this work the Higgs bosons decay to ττ → 2 ` + 4 ν. The BRs Φ → ττ vs. mA and
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Figure 4.2: Feynhiggs predictions of the cross sections bb̄Φ as function of mA and tanβ.

tan β are plotted in Figure 4.3. The Higgs decay to two τ -leptons is a very important
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Figure 4.3: Feynhiggs predictions for BR(Φ → ττ) as function of mA (left) and tanβ (right).

channel due to the relatively large BR for low masses and high tan β.
The BR for a τ -lepton decaying to leptons is [2]:

BR(τ → e + ν̄e + ντ ) = 0.1737 (4.3)

BR(τ → µ + ν̄µ + ντ ) = 0.1784.

When the values in 4.3 are averaged2, the BR(ττ → 2 l + 4 ν) is:

BR(ττ → 2 l + 4 ν) ≈ (2 · 0.176)2 ≈ 0.124 (4.4)

The cross section of the remaining effective boson decaying to ττ → 2 l +4 ν is then given
by:

σbb̄ Φeff
×BR (Φeff → ττ → 2 l + 4 ν) =

∑
degenerate
bosons Φ

σbb̄ Φ ×BR(Φ → ττ → 2 l + 4 ν) (4.5)

2Average branching ratios for the τ decay to electrons and muons are valid because the systematic
uncertainty on the cross section of the Higgs particle is dominant.
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Figure 4.4 displays on its left the cross section of the effective boson decaying to ττ →
2` + 4ν as a function of mA, the right plot shows the extrapolated cross section in the
mA-tan β plane. Because the cross section decreases very fast with increasing mA, this
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Figure 4.4: Cross section × BR of the effective boson as functions of mA and tanβ.

analysis is only sensitive to low and medium Higgs masses. The sensitivity increases for
large values of tan β. In fact, considering Equation 4.1 and the flat distribution of σbb̄h0

vs. tan β in Fig. 4.2, one can conclude that the cross section of the effective boson also
shows a quadratic dependency on tan β.
Taking into account these considerations and the LEP limit on the SM Higgs, the per-
formed analysis will explore the discovery potential for a MSSM Higgs with 120 GeV <
mA < 300 GeV and 5 < tan β < 30 using only one effective boson. The described mass
degeneracy has not been studied in detail for every point in the mA-tan β-plane. Espe-
cially for low values of tan β the mass difference between the Higgs bosons increases. But
further studies show that the reconstructed Higgs width is very large compared to the
mass difference (section 5.3). Therefore, the usage of three separate signals for each point
in the mA-tan β plane would complicate the analysis unnecessarily, especially because it
is not a goal of this analysis trying to separate the Higgs bosons.

4.2.2 Generating the Signal Process

The datasets for the signal process bb̄ h/A/H → τ τ → 2 ` + 4 ν have been generated
using Sherpa [39] version 1.0.9. Sherpa is a relatively new event generator and uses the
CKKW3 matching [40; 41] for combining the ME and the parton shower. The key idea
is to separate the phase space for parton emission into a hard region of jet production
(accounted for by the ME) and the softer region of jet evolution (covered by the parton
shower). Extra weights and vetoes are used to minimize the overall dependency on this
phase space cut. Double counting of radiated jets is explicitly avoided. Graphs as dis-
played in Figure 2.5 can be matched correctly.

The b-associated Higgs production can be obtained from Sherpa using the following inputs
(more information on the input files *.dat is given in [42]):

3CKKW- Catani, Krauss, Kuhn, Webber.
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• Yukawa coupling only to the b-quark switched on (YUKAWA B=4.5 in Model.dat)
This assures that the Higgs is produced in association with b-quarks. All other
Yukawa couplings to quarks are switched off.

• SM Higgs h particle switched on (Particles.dat)
As described before only one boson with the mass mA is generated. The decay width
is changed to the value of ΓA.

• Generated production and decay processes (Processes.dat):

Jet + Jet → h

Jet + Jet → h + Jet

Jet + Jet → h + Jet + Jet

h → τ+ + τ−

The processes are of EW order 2 and strong order 0, 1 and 2. Jet stands for a
particle container including quarks and gluons. Some Feynman graphs included in
Sherpa are displayed in Appendix B. Spin correlations between the mother particle
(h) and its decay particles are also included in Sherpa.

• τ decay
The decay of the τ -leptons is also handled by Sherpa. Since in this analysis only
leptonically decaying τ ’s are considered, all BR for hadronic τ decays are set to zero.

The generated datasets are listed in Table 4.2. All the samples were generated using
Sherpa Version 1.0.9 and simulated by ATLFast of the Athena4 release Version 11.0.5.
The number of events N is related to the integrated luminosity L as follows:

mA [GeV] σ ×BR[fb] ΓA [GeV] generated events events needed for 30fb−1

120 6309 0.994 250 k 189.3 K
160 2497 1.263 187.5 k 74.9 K
200 1136 1.665 125 k 34.1 K
250 498 2.157 125 k 14.9 K
300 118.26 2.874 125 k 3.7 K

Table 4.2: Data samples for the signal process.

L =
N

σ ×BR
. (4.6)

This analysis is optimized for an integrated luminosity of 30 fb−1 which is expected after
three years of LHC running at initial luminosity.

4Athena is the ATLAS software framework.
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4.3 Background Processes

For a realistic study besides the signal also all important background processes must be
considered. Processes with a similar final state as the signal are possible backgrounds.
Processes with at least one b-tag5, two leptons and missing transverse energy are relevant,
especially if the order of magnitude of the cross section is at least comparable to the signal
cross section.
Cross sections are one of the most important inputs into this analysis, because they are
directly related to the normalization (Equation 4.6). MC generators mostly only state
LO cross sections, whereas NLO cross section calculations are known and available by
external programs.

e=�=�
e=�=�

Z0=
 l�
�

�t �bb
W�

W+ l
�t

t

(a) (b)
�qq

Figure 4.5: Possible Feynman graphs for the main backgrounds.

The following processes have been studied (the datasets are listed in Table 4.3):

• Z + jets
Z0 production has by far the largest cross section of all background processes. The
Drell Yan process qq̄ → Z0/γ → ` ` is displayed in Figure 4.5a. The Z0 decays to a
pair of leptons (BR in Equation 2.4). The decay to ττ → 2`+4ν then has the same
topology as the signal. If the Higgs mass is small (around 100 GeV), Z0 decays to
τ -leptons will be an irreducible background process.
Z + jets samples have been produced using Sherpa 1.0.8 and they have been pro-
cessed using ATLFast 11.0.5. The enormous computation effort was handled at
GridKa.
On all Z + jet samples a cut on the invariant lepton-lepton mass mll is applied at
generator level:

60 GeV < m`` < 14 TeV. (4.7)

This is done to reject events where a photon is produced instead of a Z0 boson which
would lead to a very large cross section for small invariant lepton-lepton masses. The
Z0 cross section is a very important input. It was calculated in NLO by the program
MCFM [43] taking into account the mass cut to σZ = (1763.5± 1.2) pb.

5B-tagging is important to this analysis, it labels a jet as a jet originating from a b-quark. Light jets
(originating from u-,d- or s-quarks) and c-jets can be mis-tagged as b-jets.
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• tt̄
LHC will be a top factory. One top pair is expected to be produced every second
[44]. Top pairs decay (almost to 100%) to W bosons and b-quarks, the W bosons
decay further to leptons and neutrinos (Figure 4.5b).
tt̄ has been generated using MC@NLO [45; 46] and processed with ATLFast 11.0.5.
The underlying event was generated by Jimmy [47].
The tt̄ cross section is not known precisely because of sizeable contributions from the
uncertainties on the top mass and from scale variations. MC@NLO states the value
as σtt̄ = 776 pb. This is in good agreement with a NLO calculation with the result
σtt̄ = (794± 32) pb [48]. The used cross section value is taken from MC@NLO. Then
a two-lepton filters is applied to get processes like tt̄ → W+W− + bb̄ → 2` + 2ν + bb̄.

• SUSY background
Background coming from the production of SUSY particles must also be considered
in this non-SM study. For two points in the mA-tan β plane SUSY samples [49; 50]
have been generated to test their general relevance to this analysis. The sample
SUSY-120-20 was generated for mA = 120 GeV and tan β=20, SUSY-200-20 for
mA = 200 GeV and tan β=20.
For the inclusive SUSY samples the event generator Herwig [51; 52] has been used.
The simulation tool was ATLFast 11.0.5. The cross sections used are calculations by
the program Prospino [53]: σSUSY−120−20 = (6.246± 0.049) pb and σSUSY−200−20 =
(6.234± 0.049) pb. These values were cross checked with Herwig which calculated
σSUSY = 6.506 pb.

• WW + jets (EW)
W-pairs decay to leptons (e, µ and τ , τ decay into leptons and hadrons) and neutri-
nos and may also be relevant. But the cross section for this process (σWW ×BR =
(95.9± 1.1) fb) is far below all other background cross sections.
WW was generated with Madgraph [54] and Pythia [55] and simulated with ATLFast
10.0.1.

Process σ ×BR[pb] generated events events needed for 30fb−1

tt̄ 776 15.7 M 5.5 M
Z → ττ 218.7 20 M 6.5 M
Z → µµ 1763.5 52.9 M 52.9 M
Z → e e 1763.5 52.9 M 52.9 M

SUSY-120-20 6.25 1 M 187 K
SUSY-200-20 6.23 0.6 M 187 K

WW+jets 0.095 148 K 2850

Table 4.3: Data samples for the background processes.
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Reconstruction of the Higgs Particle

5.1 Collinear Approximation

Although there are four neutrinos in the final state, a reconstruction of the invariant Higgs
mass is possible using the collinear approximation. Neutrinos cannot be detected directly
by ATLAS because they are not electrically charged and have a negligible probability
of interaction. But they are ’visible’ as missing transverse momentum in the detector
(Equation 3.5). A scheme of the Higgs decay is displayed in Figure 5.1.

h/A/H

e/

e/

T,miss
p

Figure 5.1: Scheme of the Higgs decay. The τ decay products are emitted in the direction of
the τ ’s. The sum of the pT of the four neutrinos form the pT,miss vector.

The collinear approximation is used to reconstruct the invariant mass of the two τ -leptons,
in order to obtain the Higgs mass. There are four leptonic sub-decay channels of the two
τ ’s:

τ+ τ− → e+ + e− + ν̄e + νe + ντ + ν̄τ (≈ 25%)

τ+ τ− → µ+ + µ− + ν̄µ + νµ + ντ + ν̄τ (≈ 25%)

τ+ τ− → e+ + µ− + νe + ν̄µ + ντ + ν̄τ (≈ 25%)

τ+ τ− → e− + µ+ + ν̄e + νµ + ντ + ν̄τ (≈ 25%).

In the following, lepton (l) labels electron or muon coming from the τ decay.
The collinear approximation is based on the following assumptions:

35
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• Heavy Higgs boson
If the Higgs boson mass is large compared to the τ mass, the τ -leptons experience
a strong Lorentz boost, i.e. they have a large energy compared to their rest mass.
In the subsequent decay of the τ into a lepton and two neutrinos, the daughter
particles are emitted in the direction of flight of the τ . So the neutrino direction is
approximately the same as the lepton direction (they are collinear).
In Figure 5.2 the angles on generator level between e and τ and between e and νe

are displayed (Higgs mass 120 GeV data sample) as an example. Both distributions
peak at angles around zero.
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Figure 5.2: Angle between τ and lepton (left) and lepton and ν` (right). Values around zero
correspond to the collinearity of the τ ’s and their daughter particles.

• Missing transverse momentum only comes from neutrinos

pT,miss =
∑

i=1..4

pT,νi
. (5.1)

Other effects such as particles outside the η acceptance of the detector or shower
fluctuations will lead to a missing momentum signature not related to the four
neutrinos of the signal process. This leads to a deterioration of the Higgs mass
resolution.
In Figure 5.3 the pT of the neutrinos pT,ν (truth level) and pT,miss (simulation level)
are displayed. Although both variables follow the same distribution (left), they show
differences of several GeV (right) on an event-by-event basis. The plots are made
for the 120 GeV Higgs mass dataset.

• The Higgs boson has a non-zero transverse momentum
The collinear approximation only gives numerically stable results if the Higgs boson
has a pT > 0. Otherwise the leptons would be emitted back-to-back (∆Φ`` = π).
In that case the pT,missvector would be collinear to the pT of the leptons and the τ
momentum could not be reconstructed as will be shown below. The mass resolution
already deteriorates for angles close to π.
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Figure 5.3: pT,miss distribution (left) and difference of pT,miss and pT,ν broken down to x- and
y components (right). Both plots correspond to a 120 GeV Higgs mass sample.

The algorithm uses pT conservation:

~pT,τ1 + ~pT,τ2 = ~pT,`1 + ~pT,`2 + ~pT,miss. (5.2)

The τ -momenta (i = 1, 2) are substituted as follows:

~pT,τi
=

~pT,li

xi

. (5.3)

x gives the fraction of the τ momentum carried by the daughter lepton. x takes values
between 0 and 1. This is valid because of the same flight direction. x1 and x2 can be

calculated using 5.2 and 5.3 in the notation of the two components ~pT =
(

px

py

)
:

x1 =
px,l1 · py,l2 − py,l1 · px,l2

py,l2 · px,miss − px,l2 · py,miss + px,l1 · py,l2 − py,l1 · px,l2

(5.4)

x2 =
px,l1 · py,l2 − py,l1 · px,l2

px,l1 · py,miss − py,l1 · px,miss + px,l1 · py,l2 − py,l1 · px,l2

.

The invariant τ − τ mass is given as follows:

m2
ττ = (pτ1 + pτ2)

2. (5.5)

Here pτi
= (Eτi

, ~pτi
) labels the four momentum. Using p2

τi
= m2

τi
one obtains:

m2
ττ = 2 ·

(
m2

τ + pτ1 · pτ2

)
. (5.6)

Neglecting the τ mass and using 5.3 leads to:

m2
ττ = 2 ·

(
pl1 · pl2

x1 · x2

)
. (5.7)

Using the invariant lepton-lepton mass m2
`` ≈ 2 · p`1 · p`2 and neglecting the electron and

µ masses, leads to:

mττ =
m``√
x1 · x2

. (5.8)

Equation 5.8 gives the approximate Higgs mass. The neglect of the lepton masses is valid
because they are small compared to the Higgs masses of mA ≥ 120 GeV considered here.
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5.2 Selection of Events

5.2.1 Trigger

The trigger is supposed to reduce the number of events for permanent storage. The
ATLAS trigger system has been described in chapter 3. The ATLAS trigger conditions
applying here are (in brackets are the official ATLAS nomenclatures [56]):

• two electrons with pT > 15 GeV (2e15)

• two muons with pT > 10 GeV (2µ10)

• one electron with pT > 25 GeV (1e25)

• one muon with pT > 20 GeV (1µ20)

In this analysis these trigger conditions are adapted on ATLFast level by using simple
cuts.

5.2.2 Preselection Cuts

In order to get meaningful results from the collinear approximation, the following set
of precuts was devised. This selection is used as a first method to get a look onto the
reconstructed mass of signal and backgrounds.

• Trigger
The event is selected, if any of the four trigger conditions is satisfied.

• Selection of the leptons (electrons or muons)
It is decided which leptons are used for the reconstruction algorithm. The leptons
need to have opposite charges. First, objects that were identified by ATLFast as
isolated electrons or isolated muons get sorted by decreasing pT . Depending on
which trigger conditions were satisfied, it is then decided which of the sub decay
channels applies for the event. Exclusively one channel (e− e or µ− µ or e− µ) is
selected.

– Only 2e20 set on
The pair of electron and positron with the highest pT is selected and allocated
to the e− e channel.

– Only 2µ10 set on
The pair of muon and antimuon with the highest pT is selected and allocated
to the µ− µ channel.

– 2e20 and 2µ10 set on
In the very rare case where the requirements for both di-lepton triggers are
fulfilled, one category is chosen randomly.

– 1e25 and 1µ15 set on
The highest pT pair of electron (positron) and antimuon (muon) is selected and
allocated to the e− µ channel.
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– Only 1e25 set on
In this case the number of electrons and muons is of importance. If there
are no muons and more than one electron in the event, the highest pT pair of
electron and positron is selected for the e− e channel. If there are muons and
electrons in the event, an oppositely charged lepton pair is allocated to the
mixed channel.

– Only 1µ15 set on
As in the previous case, depending on the number of electrons and muons, a
pair is selected for either the µ− µ or the mixed channel.

If no channel could be chosen because no lepton pair with opposite charges could
be found, the event is rejected.
Figure 5.4 shows the pT of the selected leptons for each channel and for two different
Higgs mass hypotheses. The peaks in the pT spectra match with the applied trigger
cuts.
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Figure 5.4: pT spectrum of the selected leptons for two mass hypotheses after trigger cuts.

• At least one b-tag
Since the Higgs boson is produced in associated production with b-quarks, at least
one b-tag is required in order to suppress the background from light jets.
In ATLFast a statistical b-tagging algorithm is implemented, based on the full sim-
ulation tagging probabilities. Furthermore, to calibrate the energy of the b-tagged
jets, the routine ATLFast-B is included. The energy calibration is needed to get cor-
rect values for example for the invariant di-jet masses. The lowest pT of a b-jet in
ATLFast is 15 GeV, after the calibration with ATLFast-B this value is at around 17
GeV. Figure 5.5 shows the pT of the leading b-jet broken down to the various truth
jet types of the b-tagged jet. The plots were made for the 300 GeV Higgs sample.
A small contamination from light and c-jets is obvious. The little discontinuities
on the pT distribution at 30 GeV and 50 GeV are due to ATLFast-B, applying a
non-continuous function onto the non-calibrated jet pT distribution [57].
In Figure 5.6 the η distributions for the selected leptons and the leading b-jet are
displayed. In ATLFast all objects outside −2.5 < η < 2.5 are rejected. In contrast
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Figure 5.5: pT of leading b-jet broken down to truth jet types non-calibrated (left) and cali-
brated (right) for a 300 GeV Higgs mass sample.

to Vector-Boson-Fusion (VBF), the η of the tagged b-jet cannot be used for a pre-
selection of the signal signature, because the ηb−jet distribution is almost flat. The
Φ distribution is displayed in Figure 5.7 has to be flat, because of the definition of
Φ (Equation 3.1).
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Figure 5.6: η of the selected leptons (left) and the leading b-jet (right).

• Cut on xi

Due to the definition of x in Equation 5.3, a cut on the physical region is applied:

0 < xi < 1 i = 1, 2. (5.9)

In Figure 5.8 on the left side x1 and x2 are displayed. The events outside the allowed
range are due to the pT,miss smearing. On the right side a plot of x1 versus x2 is
shown.
To explain the different values of x1 and x2 it must be emphasized again, that the
leptons are pT sorted and the highest pT pair is used for the reconstruction. Lepton
number 1 in Equation 5.4 corresponds to the highest pT lepton of this pair, lepton
2 has a lower pT . As a consequence, x1 peaks at higher values than x2. If the
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Figure 5.7: Φ of the selected leptons (left) and the leading b-jet (right).
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Figure 5.8: x1 and x2 for the 120 GeV Higgs signal.

leptons would be chosen randomly, the factors x1 and x2 would both peak at the
same values. The product of x1 · x2 (which is essential for the calculation of mττ )
however is not affected by the pT sorting.

• Cut on ∆Φ``

Because the collinear approximation does not work if the leptons are back-to-back,
a cut on ∆Φ`` has to be applied. In Figure 5.9 ∆Φ`` for all five Higgs hypotheses is
displayed (before cutting on the angle). The right plot shows that there is a strong
correlation between ∆Φ`` and the pT of the Higgs. Most leptons are emitted nearly
back-to-back, which is due to the small pT,Higgs. A comparison with a VBF analysis
H → ττ → 2l + 4ν [58] shows that the mean value of pT,Higgs produced in VBF
is larger than when produced in association with b-quarks. The reference states a
mean pT,Higgs for mH=120 GeV of 87.97 GeV, whereas the corresponding value for
the mean pT,Higgs in this analysis is only 56.16 GeV.
A cut an ∆Φ`` has affects on both signal efficiency and mass resolution, as displayed
in Figure 5.10.
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Figure 5.9: ∆Φ`` (left) and ∆Φ`` vs. Higgs pT for mA=120 GeV (right). The right plots shows
that there is a correlation between ∆Φ`` and the pT of the Higgs particle.
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Figure 5.10: Dependency of the reconstructed Higgs mass on ∆Φ``. In the left plot mττ vs.
∆Φ`` is shown, in the right plot the Higgs mass is reconstructed for different cuts on ∆Φ``. Both
plots were made for the 120 GeV Higgs mass sample.

It is obvious that a hard cut on ∆Φ`` decreases the signal events passing those precuts
but also cuts away the high-energy tail in mττ and this way improves the mass
resolution. Figure 5.11 shows that for mA=250 GeV the signal goes down by almost
65 % when cutting on ∆Φ < π−0.5. Mass dependent precuts would complicate the
reconstruction unnecessarily, and so the following (Higgs mass independent) cut is
applied:

∆Φ`` < π − 0.1 ≈ 174.3◦. (5.10)

This only affects the mass resolution slightly but has consequences for the product
x1 · x2. In Figure 5.12 on the left ∆Φ`` has been plotted versus x1 · x2, showing
a peak at ∆Φ`` ≈ π and x1 · x2 ≈ 0. This peak would lead to unphysical infinite
values of mττ according to Equation 5.8. The right plot shows that this zero peak
is cut away when applying the cut on ∆Φ``.
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Figure 5.11: Dependency of the reconstructed Higgs mass on ∆Φ``. In the left plot mττ vs.
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plots are made for the 250 GeV Higgs mass sample.
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Figure 5.12: x1 · x2 vs. ∆Φ`` (left) and x1 · x2 for different cuts on ∆Φ``. The red line in the
right figure demonstrates the collapse of the collinear approximation when no cut on ∆Φ`` is
applied. Both plots are made from the 200 GeV Higgs mass sample.

5.3 Signal Reconstruction after the Preselection

In the following, all five Higgs mass hypotheses are being reconstructed using the described
precuts. The events from all three sub-channels are being stacked.
Figure 5.13 shows the pT distribution for the Higgs (left) and the leading b-jet for all
signal samples (right), normalized to 30 fb−1 and tan β=20. The mass dependent mean
values are also given.
Figure 5.14 shows the invariant mass of the lepton pairs (left) and the invariant mass of
the τ -leptons after collinear approximation for all mass hypotheses, normalized to 30 fb−1.

It is obvious, that the mass resolutions worsen for larger values of mA. So a discovery of
a heavy Higgs is complicated not only due to the much lower cross section but also due
to the larger reconstructed width.
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Figure 5.13: pT of the Higgs (left) and the leading b-jet (right).
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Figure 5.14: Invariant m`` (left) and invariant mττ (right).

A Gaussian is fitted to obtain the resolution of mττ . The shape of mττ is not a single
Gaussian, only the central part around the value of mA can be fitted with a Gaussian
(Figure 5.16). The range was Higgs mass dependent chosen. As a consequence, the width
of the distribution depends on the fit range. Here the range mA − 60 GeV < mA <
mA + 40 GeV is used. Figure 5.15 shows the reconstructed mass for a 160 GeV Higgs,
in the right plot a comparison between the mass on ATLFast level and on truth level is
shown. The mass distribution on truth level is obtained by applying the algorithm for the
collinear approximation to the true leptons and neutrinos. The deterioration of the mass
resolution between truth and fast simulation level is due to pT,miss smearing.
The fitted Higgs mass is a few GeV lower than the nominal mA. This was noticed for all
five Higgs signals. Furthermore, this left-shift of the mass gets larger for higher masses1.
In Figure 5.16 all five Higgs mass hypotheses are fitted with a Gaussian for a comparison.
In Figure 5.17 the true Higgs mass and the reconstructed mass are displayed on the left,
and the reconstructed width versus the generated Higgs mass is shown on the right. The
values for the plots are taken from Figure 5.16.

1Another study of h/A/H → ττ does also show this shift in the invariant mass [59].
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Figure 5.15: Stacked mττ for mA=160 GeV (left) and mass resolution after collinear approxi-
mation on ATLFast and truth level (right).

In Table 5.1 the absolute number of events remaining after each preselection step for
the five Higgs signal masses are listed. The numbers are normalized to an integrated
luminosity of 30 fb−1 and assuming tan β=20. The value of the signal efficiency ε is given
by:

ε =
number of events after last preselection step

number of events after trigger
· 100 % (5.11)

It is evident that the efficiency increases for higher Higgs masses. This is mainly due
to larger mean values for the pT of the leptons and the leading b-jet, leading to slightly
higher efficiencies for events passing the trigger and the b-tag, respectively.

mA [GeV] Trigger e/µ Selection ≥1 b-Tag 0<xi<1 ∆Φ``<π-0.1 ε [%]
120 95 275 66 856 18 622 14 106 13 028 13.7
160 50 309 36 754 10 977 8 772 7 934 15.8
200 25 718 19 353 6 102 4 966 4 420 17.2
250 12 433 9 620 3 234 2 681 2 313 18.6
300 3 146 2 491 865 722 610 19.4

Table 5.1: Absolute number of signal events for L = 30 fb−1 and tanβ=20.
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Figure 5.16: Invariant ττ mass for five Higgs mass hypotheses fitted with a single Gaussian in
a Higgs mass dependent range. The asymmetric range was chosen to exclude the asymmetric
high mass tail from the Gaussian fit and also to take the shift to lower masses into account.
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5.4 Background reconstruction after the Preselection

The algorithm described for the Higgs reconstruction is now applied to all background
samples. The same preselection cuts are used.

5.4.1 Remarks on Z+jets

Because Z+jets is the most important background, some relevant quantities have been
studied in addition.

• Cut on m`` on generator level (Equation 4.7)
The cut applied on the invariant lepton-lepton mass is 60 GeV<m``. To test how
many events with m`` below 60 GeV are cut away by this, an extra sample with
10 GeV < m`` < 14 TeV was generated (Sherpa 1.0.8, 237 500 events). The Drell
Yan mass spectrum is displayed in Figure 5.18 for both triggered and not triggered
events. Not triggered event means that any pair of an electron and a positron has
been used without asking for a minimal pT . When requiring the trigger conditions
the mass distribution for the events with m`` < 60GeV is flat and negligible. The
right plots shows the correlation between the pT of the leptons and the invariant
mass for events without asking for the trigger. Leptons coming from the exchange
of virtual photons have pT values far below the trigger threshold (values around 5
GeV). Leptons coming from the exchange of Z0 bosons have mean pT values around
40 GeV and get selected by the trigger.
As a conclusion to this study it is justified to use the cut m`` > 60 GeV on all Z+jets
samples without having excluded relevant events.
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Figure 5.18: m`` (left) and lepton pT vs. m`` for Z/γ → ee events (right).

• Mistagged b-jets
In Figure 5.19 the pT of the leading b-jet broken down to the truth jet types is
displayed. As in Figure 5.5 for the signal, bumps in the distribution at 30 GeV and
50 GeV are due to the energy calibration by ATLFast-B. The large number of light
jets comes from the underlying event.

• Collapse of the collinear approximation
In Z+jets the same peak at ∆Φ`` = π and x1 ·x2 = 0 occurs as for the signal, leading
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Figure 5.19: pT of leading b-jet un-calibrated (left) and calibrated (right) for Z+jets.

to an infinite mττ (collapse of the collinear approximation). Figure 5.20 shows on
the left side ∆Φ`` and on the right the product x1 · x2 for different cuts on ∆Φ``.
The cut applied on ∆Φ`` as given in Equation 5.10 however avoids this unphysical
peak.
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Figure 5.20: ∆Φ`` (left) and x1 · x2 (right) for Z+jets.

5.4.2 Background Rejection and Mass Distribution after the
Preselection

The absolute number of events passing each precut for all background processes considered
are listed in Table 5.2, normalized to an integrated luminosity of 30 fb−1. The rejection
r is defined as follows:

r =

(
1− number of events after last preselection step

number of events after trigger

)
· 100 % (5.12)

It became obvious that the WW+jets background is negligible after the precuts. From
now on this process will not be considered any more. SUSY background is also minor
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Process Trigger e/µ Select. ≥1 b-Tag 0<xi<1 ∆Φ``<π-0.1 r
tt̄ 2.63 M 943 223 704 694 168 190 158 229 93.9%

Z → ττ 1.5 M 880 200 23 969 18 672 17 092 98.8%
Z → µ µ 38 M 23.5 M 506 181 147 440 135 840 99.6%
Z → e e 35 M 23.5 M 580 389 206 513 188 050 99.5%

SUSY-120-20 27 694 11 499 6 383 1 953 1 889 93.2%
SUSY-200-20 28 046 12 126 6 457 2 329 2 257 92.0%

WW+jets 2 114 1 021 31 29 8 99.6%

Table 5.2: Absolute number of background events for L = 30 fb−1.

compared to Z + jets and tt̄, but is not yet negligible. The contribution from Z+jets
events is significantly reduced when requiring at least one b-tag.
Although more than 90% of all background events are rejected by the precuts, there are
still over 500 000 background events left, which is a very large number compared to the
number of signal events (Table 5.1). In Figure C.1 the stacked mass distribution mττ for
all three sub decay channels is displayed, including all remaining backgrounds and a Higgs
signal at mA = 200GeV and tan β=20 (marked as red).
In the following chapter it is explained, how a mass-dependent cut optimization can be
used to increase the signal to background ratio and this way the significance of a discovery.
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Figure 5.21: Stacked background events and 200 GeV Higgs signal events after precuts, nor-
malized to an integrated luminosity of 30 fb−1. A plot with the mass distribution broken down
to the sub-decay channels is displayed in Appendix C.



50 Chapter 5. Reconstruction of the Higgs Particle



Chapter 6

Cutanalysis

6.1 Method

The aim of the cutanalysis is the maximization of the statistical significance S√
B

, given as
follows:

S√
B

=
Number of signal events√

Number of background events
(6.1)

√
B is the size of the expected statistical fluctuations of the background, so S√

B
is directly

correlated to the probability to get an upwards fluctuation of the background faking a
signal. By consensus a discovery of a signal is made for S√

B
> 5. This definition of the

significance refers only to a statistical significance. In a real experiment systematics have
to be included in an analysis which will lessen the significance.
An advantage of this definition of the significance is its independence of the shape of the
mass distribution. Only numbers of events and therefore the cross sections and efficiencies
are relevant.
The significance can be maximized by looking at distributions with distinct differences
between signal and background. An optimal cut on such a distribution to reduce back-
ground while keeping much signal events can be obtained by the calculation of S√

B
for

every cut value. Where the significance takes its maximum value, the cut is applied. Fig-
ure 6.1 demonstrates this method for example for x1 ·x2 in the e-e channel for a signal with
mA = 120 GeV and tan β=20. It is also shown how the signal efficiency and background
rejection depend on the cut value.
The cuts on the following variables will be optimized using this method:

• Invariant lepton-lepton mass m``

• pT of the di-lepton system pT,``

• pT of the leading b-jet pT,b−jet

• pT of the Higgs boson candidate pT,Higgs

• x1 · x2

• Missing transverse momentum

51
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Figure 6.1: Demonstration of the cutmethod. An optimal cutvalue on x1 · x2 is obtained by
maximizing the significance (mA=120 GeV, tan β=20, 30 fb−1). The top left plot shows the
signal and background entries. The background is stacked and scaled for better visibility. The
top right plots shows the significance having a distinct maximum. The bottom plots show the
signal efficiency and the background rejection. The best cutvalue in this example is x1 ·x2 = 0.3,
marked with a red line. The red arrow points into the direction of the kept region.

Other quantities such as x1 + x2, lepton pT or pT,b−jet − pT,Higgs have been tested. They
would also be suited for cutting but are strongly correlated to the quantities listed above
and do not improve the significance further. No cut on mττ will be applied but later a
sliding mass window will be discussed.
The listed variable depend on the Higgs mass and show differences for each sub decay
channel, so separate cut optimizations depending on mass and decay channels had to be
performed.
Some or all of the variables considered might be significantly correlated. Two possible
methods were considered:

• Multi-dimensional cuts
By using two or higher dimensional cuts all possible correlations between these quan-
tities are taken into account automatically.
Such an optimization will use more time than optimizing an one-dimensional distri-
bution.

• Iterative method
Another way of dealing with correlations is to iterate the significance optimization
on different distributions until the cutvalues converge and no or little further im-
provement can be achieved.
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The iteration of millions of events is time-consuming, wherefore a skim of the gener-
ated samples had to be made. All events passing the preselection are skimmed into
smaller data samples.

In this analysis a combination of both approaches has been used. At the beginning a
two-dimensional cut on m`` and pT,`` was optimized in the e − e and µ − µ channels.
This reduced the background contribution from Z → ee and Z → µµ, respectively. In
the following one-dimensional cuts on five distributions are iteratively optimized. This
reduces mainly the tt̄ and SUSY background contributions. Figure 6.2 displays a scheme
with the principle steps of the iteration. About five iterations where applied for obtaining
the final cutvalues.

PT,miss

PT leading b-jet

PT Higgs

x * x1 2

m ll

Significance
optimization

Set of
cut values

Apply cuts

Figure 6.2: Scheme of the iterative cut optimization step. This is performed in all three
channels separately.

The separate cut optimization in the three sub-channels is complicating the analysis but
has some advantages. Although the e− e and µ− µ channels are very similar, there are
differences in important quantities such as pT,miss which can then be taken into account.
Since there are much less Z → ee and Z → µµ background events in the mixed channel,
the cutvalues in the e−µ channel differ significantly from these of the other two channels.
The separation of the cutanalysis can also be used to optimize only one or two sub-channels
or to compare the results for the obtained significance among the channels.

6.2 Cut optimization for a 120 GeV Higgs boson

6.2.1 Cutflow in the e− e channel

All optimized cut values for mA = 120 GeV are summarized in Table 6.4 in section 6.2.4. In
Figure 6.3 the first step, the two dimensional cut on m`` versus pT,`` is displayed. Events
lying within the labeled rectangle are kept, every event outside this region is rejected.
The position of the bottom left corner of the rectangle is calculated by maximizing the
significance when cutting away all events with smaller values of m`` and pT,`` than the
cutvalue. The top right corner of the rectangle marks the maximum of the significance
when keeping all events with smaller values of m`` and pT,`` than the cutvalue. The figure
shows that especially the Z → ee background (red entries in the background plot at m`` ≈
90 GeV) is rejected by this first cut.
The next steps of the cut procedure are five one-dimensional cuts. The plots in Figure
6.4 display the individual distributions and the optimal cut values. The events within
the marked lines are kept. The figures are made after having applied the 2D cut. They
show that many events originating from Z → ττ events are lying within the kept region.
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Figure 6.3: 2D cut on m`` vs. pT,`` in the e − e channel for mA=120 GeV and tanβ=20
at 30 fb−1. The top left plot shows the signal events, the top right plot are the background
events. The bottom plots show the significance depending on m`` vs. pT,``. The left plot
shows the significance when cutting away events with m`` and pT,`` values higher than the
cutvalue marking the top right corner of the black lined rectangle. The bottom right plot shows
the significance when cutting away events with m`` and pT,`` values smaller than the cutvalue
marking the bottom left corner of the black lined rectangle. Events inside the rectangle are kept.

This is due to the very similar event topology of Z → ττ and Φ → ττ and the similar
mass. The absolute number of events after each cut normalized to L = 30 fb−1 are given
in Table 6.1. For the signal column the efficiency ε and for the background columns the
rejection r are calculated. They are defined as follows:

ε =
Event numbers after last cut

Event numbers after precuts
· 100 % (6.2)

r = 100 %− ε

The statistical significance for a signal after precuts was 6.6. After optimization a statis-
tical significance of 24.9 was obtained for a Higgs boson of mass mH = 120 GeV.
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Figure 6.4: Distributions entering the cutanalysis for mA=120 GeV in the e − e channel
(mA=120 GeV, tan β=20, L=30 fb−1). The events kept in the analyse are indicated by the
arrows. The displayed signal distributions are scaled for better visibility.

Cut Signal tt̄ Z → ee Z → ττ SUSY
Precuts 3 220 43 871 187 970 4 501 715

(15<m``<66) & (0<pT,``<42) GeV 2 178 6 914 1 039 3 263 87
(0<pT,b−jet<64) GeV 1 795 2 787 1 000 2 787 23
(5<pT,Higgs<67) GeV 1 614 803 993 2 437 11

0.04<x1 · x2<0.28 1 235 401 251 1 620 3
(27<m``<60) GeV 1 113 336 53 1 518 3

(12<pT,miss<61) GeV 1 027 314 33 1 357 2
ε resp. r [%] 31.9 99.3 99.9 69.8 99.7

Table 6.1: Number of events in the e− e channel for mA = 120 GeV, tanβ=20 and L=30 fb−1.
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6.2.2 Cutflow in the µ− µ channel

The result for the two dimensional cut optimization is displayed in Figure 6.5. The
following cuts on the one dimensional distributions are shown in Figure 6.6. The total
number of events remaining are displayed in Table 6.2. The statistical significance has
been increased from 8.4 after precuts to 30.6 after optimization for a Higgs boson of mass
mH = 120 GeV.
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Figure 6.5: 2D cut on m`` vs. pT,`` in the µ − µ channel for mA=120 GeV, normalized to
L = 30 fb−1.

Cut Signal tt̄ Z → µµ Z → ττ SUSY
Precuts 3 515 36 189 135 679 4689 471

(18<m``<63) & (0<pT,``<44) GeV 2 525 5579 462 3777 63
(0<pT,b−jet<64) GeV 2 102 2108 449 3236 14
(5<pT,Higgs<68) GeV 1 929 592 448 2886 7

0.03<x1 · x2<0.34 1 674 357 125 2316 3
(28<m``<60) GeV 1 510 299 13 1999 3

(11<pT,miss<60) GeV 1 407 278 10 1818 3
ε resp. r [%] 40.0 99.2 99.9 61.2 99.4

Table 6.2: Number of events in the µ − µ channel for mA = 120 GeV, tanβ=20 and L=30
fb−1.
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Figure 6.6: Distributions entering the cutanalysis in the µ−µ channel (mA=120 GeV, tanβ=20,
L=30 fb−1). The signal events are scaled for better visibility. The events kept in the analysis
are indicated by arrows.
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6.2.3 Cutflow in the e− µ channel

In the mixed channel no 2D cut has been applied, due to the missing contribution from
Z → ``. The number of events are listed in Table 6.3 and the distributions displayed in
Figure 6.7. The statistical significance has been increased from 21.2 after precuts to 40.0.

Cut Signal tt̄ Z → ee Z → µµ Z → ττ SUSY
Precuts 6287 78 169 135 745 7 902 703

(0<pT,b−jet<44) GeV 3572 13455 42 127 4576 64
(5<pT,Higgs<47) GeV 2721 1014 27 71 3017 2

0.03<x1 · x2<0.8 2589 894 26 64 2894 2
(25<m``<73) GeV 2321 262 19 40 2821 1

(3<pT,miss<41) GeV 2186 218 17 38 2717 0
ε resp. r [%] 34.3 99.7 87.4 94.9 65.6 100

Table 6.3: Number of events in the e−µ channel for mA = 120 GeV, tanβ=20 and L=30 fb−1.
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Figure 6.7: Distributions in the e − µ channel (mA=120 GeV, tanβ=20, L=30 fb−1). The
signal events are scaled for better visibilty. Events kept in the analysis are indicated by arrows.
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6.2.4 Summary and Results for mA=120 GeV

The optimized cutvalues for the three channels are summarized in Table 6.4.

Quantity e− e µ− µ e− µ

2D m`` [GeV] 15 66 18 63
2D pT,`` [GeV] 0 42 0 44
pT,b−jet [GeV] 0 64 0 64 0 44
pT,Higgs [GeV] 5.3 66.7 5.3 68 0 46.7
x1 · x2 0.04 0.28 0.032 0.34 0.03 0.76
m`` [GeV] 26.7 60 27.5 60 25 73.3

pT,miss [GeV] 12 61 10.7 60 2.7 40.7

Table 6.4: Cutvalues for mA=120 GeV.

The stacked mττ distributions after the cutoptimization are displayed in Figure 6.8. The
dominant background from Z → ee and Z → µµ events is relatively completely reduced.
SUSY background turned out to be completely negligible either. The tt̄ background is
almost flat in mττ and was strongly reduced. Z → ττ is irreducible as expected. Because
of the large width of the reconstructed Higgs and Z0 bosons, a separation of the two
peaks is not possible at this mA point. Yet - in the real experiment - a comparison of the
counted events to the expectation following from the Z0 cross section could also lead to
a discovery of the Higgs particle.
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Figure 6.8: Final mττ spectrum after all cuts (mA=120 GeV, tanβ=20, L=30 fb−1). Red
entries label events from Higgs decays. A plot with the mass distribution broken down to the
sub-decay channels is displayed in Appendix C.

The final significance for an integrated luminosity of 30 fb−1 at tan β=20 combining all
sub channels is:

S√
B

=
4607√
6868

= 55.59 (6.3)

The number of events entered has been counted in the mass range 0 < mA < 300 GeV.
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6.3 Cut optimization for a 160 GeV Higgs boson

For this cut optimization SUSY background has not been taken into account, because no
sample for mA = 160 GeV was available. This is justified because the cut optimization
for a 120 GeV Higgs boson clearly showed that SUSY background is negligible after a few
cuts.

6.3.1 Cutflow in the e− e channel

The 2D cut is displayed in Figure 6.9. The other five distributions are shown in Figure
6.10. The absolute number of events are listed in Table 6.5. The statistical significance
has been increased from 4.3 after precuts to 14.7.
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Figure 6.9: 2D Cut in the e− e channel for mA=160 GeV. (tanβ=20, L=30 fb−1). The signal
events are scaled for better visibilty. Events kept in the analysis are indicated by arrows.

Cut Signal tt̄ Z → ee Z → ττ
Precuts 2070 43 871 187 970 4501

(21<m``<78) & (4<pT,``<56) GeV 1393 12033 4454 3801
(0<pT,b−jet<70) GeV 1122 5519 4282 3233
(0<pT,Higgs<71) GeV 973 1615 4245 2766

0.02<x1 · x2<0.25 836 922 767 1733
(32<m``<78) GeV 800 889 761 1466

(15<pT,miss<79) GeV 706 835 303 1183
ε resp. r [%] 34.1 98.1 99.8 73.7

Table 6.5: Number of events in the e− e channel for mA = 160 GeV, tanβ=20 and L=30 fb−1.
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Figure 6.10: Distributions entering the cutanalysis in the e − e channel (mA=160 GeV,
tanβ=20, L=30 fb−1). The signal events are scaled for better visibility. Events kept in the
analysis are indicated by arrows.
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6.3.2 Cutflow in the µ− µ channel

The 2D cut is shown in Figure 6.11. The other five distributions are displayed in Figure
6.12. The absolute number of events are listed in Table 6.6. After precuts the statistical
significance takes a value of 4.9 in this channel. After applying the optimized cuts it is
around 16.
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Figure 6.11: 2D Cut in the µ− µ channel for mA=160 GeV. (tanβ=20, L=30 fb−1).

Cut Signal tt̄ Z → µµ Z → ττ
Precuts 2084 36189 135 679 4689

(21<m``<78) & (0<pT,``<56) GeV 1559 10834 3875 4276
(0<pT,b−jet<67) GeV 1242 4416 3690 3610
(0<pT,Higgs<75) GeV 1110 1315 3663 3218

0.02<x1 · x2<0.22 869 652 478 1937
(33<m``<73) GeV 753 527 343 1124

(17<pT,miss<80) GeV 612 495 96 850
ε resp. r [%] 29.3 98.6 99.9 81.9

Table 6.6: Number of events in the µ − µ channel for mA = 160 GeV, tanβ=20 and L=30
fb−1.
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Figure 6.12: Distributions entering the cutanalysis in the µ − µ channel (mA=160 GeV,
tanβ=20, L=30 fb−1). The signal events are scaled for better visibility. Events kept in the
analysis are indicated by arrows.
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6.3.3 Cutflow in the e− µ channel

The five one dimensional cut distributions are displayed in Figure 6.13. The absolute
number of events are listed in Table 6.7. In the mixed channel the statistical significance
has been increased from 12.8 to 26.4.

Cuts Signal tt̄ Z → ee Z → µµ Z → ττ
Precuts 3780 78169 135 745 7902

(0<pT,b−jet<51) GeV 2328 19024 49 142 5214
(0<pT,Higgs<55) GeV 1818 2220 37 91 3777

0.03<x1 · x2<0.5 1636 1707 27 73 3362
(49<m``<108) GeV 1087 792 6 26 958
(3<pT,miss<65) GeV 1101 748 6 26 954

ε resp. r [%] 29.1 99.0 95.6 96.5 87.9

Table 6.7: Number of events in the e−µ channel for mA = 160 GeV, tanβ=20 and L=30 fb−1.
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Figure 6.13: Distributions in the e − µ channel (mA=160 GeV, tanβ=20, L=30 fb−1). The
signal events are scaled for better visibility. Events kept in the analysis are indicated by arrows.
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6.3.4 Summary and Results for mA=160 GeV

The optimized cutvalues are listed in Table 6.8.

Quantity e− e µ− µ e− µ

2D m`` [GeV] 21 78 21 78
2D pT,`` [GeV] 4 56 0 66
pT,b−jet [GeV] 0 69.3 0 66.7 0 51
pT,Higgs [GeV] 0.0 70.7 0 74.7 0 54.7
x1 · x2 0.016 0.252 0.024 0.22 0.028 0.5
m`` [GeV] 31.7 78 33.3 73.3 49 108.3

pT,miss [GeV] 15.3 78.7 16.7 80.0 3.0 65

Table 6.8: Cutvalues for mA=160 GeV.

The final mττ spectrum after all cuts is displayed in Figure 6.14. The main background
contributions are events from Z → ττ decays. tt̄ is not as flat as the mττ shape for
mA=120 GeV (Figure 6.8) but has a clear mamimum at 160 GeV. There are also some
entries coming from Z → `` at masses around 160 GeV.
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Figure 6.14: Final mττ spectrum after all cuts (mA=160 GeV, tanβ=20, L=30 fb−1).

The significance in the mass range 0 < mA < 400 GeV for tan β=20 amounts to:

S√
B

=
2421√
5263

= 33.38 (6.4)

This value is smaller than the significance for a 120 GeV Higgs boson. This is consistent
with the smaller cross section.

6.4 Cut optimization for a 200 GeV Higgs boson

The optimization was also applied for the 200 GeV Higgs mass hypotheses, including
SUSY background.
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6.4.1 Cutflow in the e− e channel

The 2D cut is shown in Figure 6.15. The other five distributions are displayed in Figure
6.16. The absolute number of events are listed in Table 6.9. The statistical significance
has been improved from 2.4 after precuts to 8.2.
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Figure 6.15: 2D Cut in the µ− µ channel for mA=200 GeV. (tanβ=20, L=30 fb−1).

Cuts Signal tt̄ Z → ee Z → ττ SUSY
Precuts 1163 43 871 187970 4501 734

(24<m``<84) & (4<pT,``<74) GeV 720 16057 9593 4035 197
(0<pT,b−jet<55) GeV 460 4749 8250 2963 40
(0<pT,Higgs<63) GeV 376 915 7665 2379 13

0.02<x1 · x2<0.16 269 372 602 838 4
(39<m``<80) GeV 227 313 374 373 3

(20<pT,miss<200) GeV 196 284 78 214 2
ε resp. r [%] 16.9 99.4 99.9 94.6 99.7

Table 6.9: Number of events in the e− e channel for mA = 200 GeV, tanβ=20 and L=30 fb−1.
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Figure 6.16: Distributions entering the cutanalysis in the e − e channel (mA=200 GeV,
tanβ=20, L=30 fb−1). The signal events are scaled for better visibility. Events kept in the
analysis are indicated by arrows.
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6.4.2 Cutflow in the µ− µ channel

The 2D cut is shown in Figure 6.17. The other five distributions are displayed in Figure
6.18. The absolute number of events are listed in Table 6.10. The statistical significance
has been optimized to 8.7 from a value of 2.6. after precuts.
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Figure 6.17: 2D Cut in the µ− µ channel for mA=200 GeV. (tanβ=20, L=30 fb−1).

Cut Signal tt̄ Z → µµ Z → ττ SUSY
Precuts 1074 36189 135679 4689 486

(21<m``<81) & (0<pT,``<64) GeV 649 11257 5197 4264 136
(0<pT,b−jet<67) GeV 486 4625 4949 3617 36
(0<pT,Higgs<67) GeV 406 1078 4838 3099 17

0.02<x1 · x2<0.13 279 374 286 1085 3
(39<m``<78) GeV 224 299 240 257 2

(16<pT,miss<95) GeV 208 287 88 194 2
ε resp. r [%] 19.4 99.2 99.9 95.9 99.6

Table 6.10: Number of events in the µ − µ channel for mA = 200 GeV, tan β=20 and L=30
fb−1.
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Figure 6.18: Distributions entering the cutanalysis for the µ − µ channel (mA=200 GeV,
tanβ=20, L=30 fb−1). The signal events are scaled for better visibility. Events kept in the
analysis are indicated by arrows.
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6.4.3 Cutflow in the e− µ channel

The five enumerated distributions are displayed in Figure 6.19. The absolute number
of events are listed in Table 6.11. In this channel the statistical significance has been
improved from a value of 7.4 after precuts to 16.7.

Cut Signal tt̄ Z → ee Z → µµ Z → ττ SUSY
Precuts 2183 78169 135 745 7902 677

(0<pT,b−jet<44) GeV 1084 13455 42 127 4577 64
(0<pT,Higgs<43) GeV 664 755 26 60 2789 2

0.05<x1 · x2<0.4 480 464 15 38 2106 1
(60<m``<126) GeV 325 226 2 10 155 1

(13<pT,miss<75) GeV 287 197 0 8 95 0
ε resp. r [%] 13.1 99.7 100 98.9 98.8 100

Table 6.11: Number of events in the e − µ channel for mA = 200 GeV, tanβ=20 and L=30
fb−1.
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Figure 6.19: Distributions in the e − µ channel (mA=200 GeV, tanβ=20, L=30 fb−1). The
signal events are scaled for better visibility. Events kept in the analysis are indicated by arrows.
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6.4.4 Summary and Results for mA=200 GeV

All optimized cutvalues are listed in Table 6.12.

Quantity e− e µ− µ e− µ

2D m`` [GeV] 24 84 21 81
2D pT,`` [GeV] 4 74 0 64
pT,b−jet [GeV] 0 55 0 67 0 44
pT,Higgs [GeV] 0 62.7 0 67 0 42.7
x1 · x2 0.02 0.156 0.02 0.13 0.05 0.4
m`` [GeV] 39.2 80 39 78.3 60 125.8

pT,miss [GeV] 20 200 16 95 13.3 74.7

Table 6.12: Cutvalues for mA=200 GeV.

The result for mττ is shown in Figure 6.20. The remaining background is dominated by
events from tt̄ and Z → ττ . In the region around mA=200 GeV there are also small
contributions from Z → ``. SUSY background has become negligible also for this Higgs
mass hypotheses.
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Figure 6.20: Final mττ spectrum after all cuts (mA=200 GeV, tanβ=20, L=30 fb−1).

The significance at tan β=20 in the mass range 0 < mA < 500 GeV is calculated to:

S√
B

=
657√
1306

= 18.22. (6.5)

Due to the fact that the 200 GeV Higgs boson has the smallest cross section of all three
optimized mass hypotheses, the smallest value of the significance is expected.
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6.5 Sliding Mass Window

A sliding mass window is applied on the remaining mass distributions to get the maximum
of the significance depending on the range wherein the events get counted. The range of
the window is mA ± ∆m with 0 < mA < 500 GeV . The range is chosen individually
for each mass hypotheses according to the invariant mass resolution. Events inside the
window are counted to obtain the value of S√

B
. The number of signal events is then given

as follows:

S =

bins in mA+∆m∑
bins in mA−∆m

Number of events per bin (6.6)

The background events are counted accordingly.
It is assumed that a Gaussian distribution describes the signal mττ shape approximately.
Figure 6.21 shows the signal mττ events after having applied the optimized cuts, fitted
with a Gaussian.
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Figure 6.21: Signal mττ shape after cut optimization fitted with Gaussian. The differences of
the fit values to the values in chapter 5 are due to correlations of the cut variables to the mττ

resolution. In addition, here the full mττ shape has been fitted with a Gaussian, not only the
central part.

The σ for each mass hypotheses is taken from 6.21. The range chosen for the sliding mass
window is 1.65 · σ < m < 2.0 · σ. The asymmetric range is chosen to take the high energy
tail into account.
Especially for mA = 160 GeV the sliding window leads to a further improvement of
the significance. Here the maximum value of S√

B
is 44, which is much higher than 33

(Equation 6.4). The reason for this is that the background shape is not flat but increases
for mA → mZ and the window cuts away events from Z → ττ .
The trend for an increasing value of mA is that the combined significance is not much better
than the significance in the e− µ channel. The reason for this is that for mA ≥ 200 GeV
the mean invariant lepton-lepton mass of the Higgs events comes close to values around 90
GeV (Figure 5.14), where the dominant Z → `` background peaks. So reducing Z → ``
by a cut on m`` also strongly reduces the number of signal events. As a conclusion an
optimization for Higgs particles heavier than 200 GeV might be reduced to the mixed
channel. This would simplify the analysis while obtaining similar results.
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Figure 6.22: Significance for the three Higgs mass hypotheses obtained by sliding a mass
window over mττ . The window has a mass dependent size of mA − 1.65 σ < mA < mA + 2.0 σ,
where σ is the Gaussian width, obtained from Figure 6.21. (tanβ = 20, L = 30 fb−1)

6.6 Combined Results in the mmax
h -Scenario

With the optimized results for the three Higgs mass hypotheses at tan β=20 a scan of the
statistical significance in the mA-tan β plane can be performed. This can be used to find
limits on a discovery in the mmax

h scenario. Usually a discovery is claimed if S√
B
≥ 5.

To extrapolate the significance as function of tan β it is not necessary to make further
optimizations. The background cross section is independent from tan β, because SUSY
background turned out to be negligible. As described in Chapter 4, the signal cross section
increases with tan2 β. Therefore, the number of signal events also depends on tan2 β.
The number of signal events N for example for tan β=10 - at a given value of mA and a
constant integrated luminosity L - is given as follows:

L =
NmA,tan β=20

(σ ×BR)mA,tan β=20

=
NmA,tan β=10

(σ ×BR)mA,tan β=10

(6.7)

NmA,tan β=10 = NmA,tan β=20 ·
(σ ×BR)mA,tan β=10

(σ ×BR)mA,tan β=20

(6.8)

The significance can be scaled accordingly:(
S√
B

)
tan β=10

=

(
S√
B

)
tan β=20

·

∑
degenerate

bosons
(σbb̄ Φ ×BRΦ→ττ )tan β=10∑

degenerate
bosons

(σbb̄ Φ ×BRΦ→ττ )tan β=20

(6.9)
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The initial values of the significance at tan β=20 are taken from the results of the sliding
mass window displayed in Figure 6.22.
The scaled significance as function of tan β for all three optimized mass hypotheses is
shown in Figure 6.23. The left plot reflects the quadratic dependency of the cross section
on tan β. In the right plots an interpolation of the optimized and tan β dependent signif-
icance in the mA − tan β plane and the discovery contour are displayed.
A Higgs boson with a mass of 120 GeV can be discovered using the described cut-and-
count method if tan β>6. A 160 GeV Higgs particle can be discovered for values of
tan β>7. A 200 GeV Higgs boson might be discovered if tan β>10 is realized in nature.
If systematic uncertainties are considered, the significance will decrease and the discovery
contour will shift to higher values of tan β (Chapter 8).
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Figure 6.23: Extrapolation of the significance as function of tanβ (left). The significance shows
a quadratic dependency and was fitted with a quadratic function for mA=120 GeV, mA=160
GeV and mA=200 GeV. The right plot shows an interpolation of the significance of the three
optimized Higgs hypotheses in the mass range of 120 GeV < mA < 200 GeV . The interpolation
was calculated by ROOT [60] which uses the Delaunay triangles method. The S√

B
= 5 contour

is marked red.



Chapter 7

Fit Approach

7.1 Motivation and Method

So far this analysis has been a cut-and-count study. Other methods might be used to ex-
ploit more information, especially from data. One possible approach is to fit the invariant
ττ mass spectrum with a suitable lineshape for signal and background to separate them
and to extract for example the Higgs mass. The shape and normalization of the back-
ground could be extracted from data and therefore the analysis would not be affected by
the uncertainty on the cross section of the background process. The large mττ resolution
due to the collinear approximation however complicates a fit.
In the following an approach is discussed to test the feasibility of a fit with an analytic
function. This study is preliminary and its goal is only to assess the feasibility of this
method.
For the fit not the full MC samples but smaller samples corresponding to an integrated
luminosity of 30 fb−1 have been used to reproduce a realistic expectation of event numbers
and distributions after 3 years of LHC running.
The cutanalysis shows that the signal shape does not form a sharp peak, due to the
collinear approximation. But due to the huge cross sections at high values of tan β, the
huge number of events form a detectable signal peak on top of the smooth background
shape.
In order to get a suitable mττ shape for a fit approach, softer cuts have to be applied
fulfilling the following requirements:

• Mass independent
The goal of the fit will be to extract the Higgs mass as one of the fitted parameters,
therefore no mass dependent cuts must be applied.

• Keeping events which form the Z0 peak
Enough events from the Z → ττ background process should be kept in order to
allow for a precise determination of the background shape and the normalization in
the fit. The Z0 mass is a well known parameter and can be used as an input to the
fit. Furthermore, the events from the Higgs decay are supposed to ’sit’ on the mass
energy tail of the Z peak and form an observable peak.

• High signal efficiency

75



76 Chapter 7. Fit Approach

In order to keep enough signal events the efficiency must not be too low for the
considered Higgs masses in the range between 120 GeV and 200 GeV.

A series of tests has been performed to find a suitable set of cuts complying all of the
listed criteria in all three sub channels. The chosen cutvalues are listed in Table 7.1. A
comparison of the signal efficiency after the fit cuts and the optimized cuts (chapter 6) is
displayed in Figure 7.1. The resulting fitted mττ shape without a Higgs signal is displayed
in Figure 7.2. The fit parameters are listed in Table 7.2.

Quantity e− e channel µ− µ channel e− µ channel
pT,b−jet [GeV] 0 . . . 53 0 . . . 53 0 . . . 53
pT,Higgs [GeV] 0 . . . 60 0 . . . 60 0 . . . 60

m`` [GeV] 0 . . . 60 0 . . . 80 0 . . . 158
pT,miss [GeV] 14 . . . 80 20 . . . 80 0 . . . 80

Table 7.1: Higgs mass independent cuts as preparation for the fit.
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Figure 7.1: Comparison of signal efficiencies after soft cuts (red) and optimized cuts (blue).
Since no optimization was performed for mA=250 GeV and mA=300 GeV the green markers
show the signal efficiencies after having applied the optimized cuts for mA=200 GeV.

This shape is dominated by Z → ττ events and is fitted with a Crystal Ball function
[61; 62; 63]:

fBG (m) =


A · e(−

1
2
·(m−m0

∆m )
n
) m < m0 + a ·∆m

A · e(−
1
2 ·a

2)·(n
a )

n

(m−m0
∆m

+n
a
−a)

n m > m0 + a ·∆m
. (7.1)

A, m0, ∆m and n are free parameters.
A Crystal Ball function is a Gaussian with a ’power’ tail in this case at high masses. A
gives the normalization of the background, m0 is equal to the Z0 mass, ∆m is the width
of the Gaussian describing the Z. The tail is described with a 1

(m−m0)n function attached
to the Gaussian in the point m = m0 + a ·∆m. n is an exponent describing the steepness
of the tail.
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Figure 7.2: Fitted background shape without a Higgs hypotheses. The fitted parameters and
the minimal χ2 are listed in Table 7.2 in the column labeled ’background’.

The power tail is divergent and a natural choice is to set the point of divergence m = m0

equal to m0, leading to the condition [64]:

a =
√

n. (7.2)

This also reduces the number of free parameters and leads to the following form of the
Crystal Ball function:

fBG (m) =

 A · e
(
− 1

2
·(m−m0

∆m )
2
)

m < m0 +
√

n ·∆m
A

(
√

e
n
·m−m0

∆m )
n m > m0 +

√
n ·∆m

. (7.3)

Using the Crystal Ball function the Z0 shape can be described. The tt̄ shape is not
explicitly described with a term of its own; still the plot 7.2 indicates that indeed the
function used can describe the shape of the total background. The fit parameters are
listed in Table 7.2. Contributions to the background from SUSY particles are excluded
because it became obvious that they are negligible.
The signal shape is approximately described by a Gaussian. The signal properties obtained
by a fit with a Gaussian after having applied the soft cuts are displayed in Figure 7.3.
The Gaussian describing the signal fHiggs has three parameters: Normalization, Higgs
mass and Higgs width. It is added to the Crystal Ball function to form the complete fit
function:

fFit = fBG + fHiggs, (7.4)

which has then seven free parameters in total.
The fit is has been done using the MINUIT package [65]. It is a binned fit, minimizing
the χ2 by varying the parameters. The χ2 is given as follows:

χ2 =
∑
bins

(fFit − y)2

y
. (7.5)
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Figure 7.3: Invariant ττ mass for three Higgs mass hypotheses fitted with a Gaussian after
having applied the soft cuts.

fFit is the fit function, y is the number of events observed in each bin in mττ The best
minimal achievable value for χ2 is zero. If the hypothesis is true, the average value of χ2

is equal to he number of degrees of freedom (ndf). ndf is equal to the number of bins
minus the number of parameters.

7.2 Fit Results

In the following three fit examples are shown in Figures 7.4-7.6 below. The corresponding
fit values are given in Table 7.2. The results are discussed in Section 7.3.
From the fit the significance can be obtained by the following equation:(

S√
B

)
Fit

=

∫
fHiggs (m) dm√∫

fBG (m) dm
. (7.6)

The integration range is equal to the mass range displayed in the fit figures.
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Parameter/Fit Background mA=120 GeV mA=160 GeV mA=200 GeV
χ2/ndf 154/96 189/94 194/97 148/93

Normalization A 393± 7 376± 51 393 fixed 498± 9
σZ [GeV] 20.6± 0.4 18.3± 0.5 20.6 fixed 19.3± 0.4

Exponent n 1.04± 0.02 0.83± 0.08 1.04 fixed 1.16± 0.03
mZ [GeV] 93.3± 0.4 93.3 fixed 93.3 fixed 91.8± 0.5

Higgs normalization - 16447± 2704 9741± 312 1677± 604
σA [GeV] - 28.4± 1.0 36.7± 1.4 56.9± 1.3
mA [GeV] - 116± 4 152± 2 178± 2
Connection 114.3 107.8 114.3 112.5(

S√
B

)
Fit

- 57.5 33.6 49(
S√
B

)
count

- 54.7 33.5 29.3

Table 7.2: Fit parameters. The corresponding figures are 7.2-7.6. The fitted parameters of
the Gaussian describing the Higgs can be compared to the parameters given in Figure 7.3. The
connection point of the Gaussian to the Crystal ball function mZ +

√
n · σZ and the significance

of each example is also given. The 200 GeV column shows the largest discrepancy between the
significance obtained in a cut and count analysis and the significance obtained in the fit. The
value of the fitted Z mass is not equal to the true Z mass due to the applied cuts.
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Figure 7.4: Fit of background and signal for a 120 GeV Higgs mass hypotheses. The mass of
the Z0 is fixed in this fit; all other parameters float. The values obtained from the fit are listed
in Table 7.2. tan β is 20, the integrated luminosity is 30 fb−1. A floating value of the Z mass
could not reproduce the correct signal and background fractions.
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Figure 7.5: Fit of background and signal for mA=160 GeV, tanβ=20, normalized to
L = 30fb−1. The four background fit parameters are fixed and taken from the fit to the back-
ground shape only. The parameters for the Gaussian describing the signal are floated in the fit.
Their values are listed in Table 7.2. Not fixing background parameters would lead to a wrong
Higgs mass of about 135 GeV.
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Figure 7.6: Fitted mττ shape with a 200 GeV Higgs mass hypotheses and tanβ=30, normalized
to L = 30fb−1. All seven fit parameters are floated and their values are listed in Table 7.2. Due
to the huge amount of signal events and the fact, that the signal events are not close to the Z0

peak, a fit with all parameters floating is working. Yet, the obtained significance from the fit is
too high. The background is under-estimated by 15 %, while the signal is over-estimated by 30
%, leading to a 40 % higher significance compared to the cut-and-count method.
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7.3 Conclusions

The signal events form a detectable peak, yet the fit parameters do not well agree with
the expectation. Obtaining the Higgs mass from the discussed fits leads to values which
are about 10 GeV too low. Only for some points in the mA − tan β plane a fit with free
parameters converges and leads to acceptable results. High values of tan β lead to more
signal events and therefore a better distinction from the background. Signal events for
values of mA close to the Z mass enlarge the Z peak. They form no peak of their own,
but a measurable discrepancy from the expectation for a background-only hypothesis, if
mA 6= mZ . The uncertainty on the Z cross section is the reason why the normalization of
the Crystal Ball function can not be fixed. The example for mA = 160 GeV pointed out
that this mass range is very hard to fit if the background parameter values are not fixed.
The main uncertainty in this fit is the shape of the signal. Especially the high energy tail
is not consistent with a Gaussian. It has been tested, whether the signal shape could also
be described with a Crystal Ball function, but it became clear that this way the tt̄ shape
is absorbed in the signal, leading to higher values of S√

B
than a cut-and-count analysis

shows.
A solution would be to include the tt̄ shape in the analytical function and to obtain
its normalization at high masses where they are the dominant contribution the total
background. Therefore it could also help to refine the choice of cuts.
Another possible method is to study effects that would improve the mττ resolution of the
signal. This will of course also affect the resolution of the Z → ττ mass. One way to do
this would be to cut harder on ∆Φ`` (as discussed in section 5.3) or on the pT of the Higgs
candidate. But this will reduce the number of signal events significantly and low statistic
will not lead to a converging fit.
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Chapter 8

Discussion of Uncertainties

8.1 Idea

The described cut-and-count analysis of Chapter 6 cannot be applied to data if the used
Monte Carlo description may differ from experimentally gained data. Furthermore, sys-
tematic uncertainties have not been taken into account so far. The significance of a
discovery depends on the statistical, systematic and theoretical uncertainties of the num-
ber of signal and background events. Main contributions are given by the uncertainties
on cross sections and identification efficiencies. For this analysis the b-tagging, electron
and muon identification are crucial.
In the following a method is described how these factors can be considered. The idea is
to develop a method to obtain the number of and the uncertainty on Z → ττ → `` + 4ν
events from data. This is still under investigation, some preliminary but promising results
will be shown below. The method will be applied for the 120 GeV Higgs mass hypotheses,
because after applying the optimized cuts Z → ττ events are the dominating contribution
to the background.
First, a control sample will be constructed which contains mostly Z → `` events. This
control sample will be called region B. Region A covers the signal region where mostly
Higgs events and Z → ττ events are gathered. Next, the full MC data sample will be
split into two sub-samples: One will be called ’MC’ and the other ’Data’. In Table 8.1
the ’new’ samples are listed.

Process Monte Carlo ’Data’

Z → ττ 17.6M (77.2 fb−1) 2.28M (10 fb−1)
Z → µµ 35.3M (20 fb−1) 17.6M (10 fb−1)
Z → ee 35.3M (20 fb−1) 17.6M (10 fb−1)

Table 8.1: Split MC samples. The size of the ’data’ samples is chosen to be enough for an
integrated luminosity of 10 fb−1, because for Z → `` events no more than overall L = 30 fb−1

was available. The MC events will be scaled to L = 10 fb−1.

The number of Z → ττ → 2e + 4ν events in the data sample in region A can be obtained
by the following equation:

(Z → ττ → 2e + 4ν)A
Data =

(Z → ee)B
Data

(Z → ee)B
MC

· (Z → ττ → 2e + 4ν)A
MC . (8.1)

83
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This is perfectly valid if the following two conditions are fulfilled:

•
(Z → ee)B

Data

(Z → ee)B
MC

=
(Z → ττ → 2e + 4ν)B

Data

(Z → ττ → 2e + 4ν)B
MC

. (8.2)

This is valid if Z → ee events behave like Z → ττ → ee + 4ν events.

•
(Z → ee)B

Data

(Z → ee)B
MC

=
(Z → ττ → 2e + 4ν)A

Data

(Z → ττ → 2e + 4ν)A
MC

. (8.3)

This is fulfilled if Z → ττ → e+4ν events in region B behave like Z → ττ → e+4ν
events in region A.

In the ratio
(Z→ee)B

Data

(Z→ee)B
MC

systematic uncertainties from b-tagging efficiencies, lepton iden-

tification and light jet rejection are included. The ratio can be determined with high
statistic in the sideband B and it is independent from the signal. One is independent on
uncertainties of the luminosity, too. This scaling can be adapted to Z → ττ → 2µ + 4ν
events accordingly. For the mixed channel Z → ττ → eµ + 4ν the geometric mean of
both channels is used.

8.2 Construction of the Control Sample

The aim is to construct a control sample where mostly events from Z → `` decays are
gathered (sideband region). Distributions of important kinetic variables of both regions
however should look similar, which must be validated.
For region A the precuts and the optimized cuts for a 120 GeV Higgs mass are applied
(Table 6.4). The cuts for region B, the control sample, are listed in Table 8.2. The precuts

Quantity Region A Region B
e− e µ− µ e− e µ− µ

m`` [GeV] 26.7 . . . 60 27.5 . . . 60 75 . . . 100 75 . . . 100
pT,`` [GeV] 0 . . . 42 0 . . . 44 0 . . . 42 0 . . . 44

∆Φ`` 0 . . . π − 0.1 0 . . . π
x1, x2 0 . . . 1 −∞ . . .∞

pT,b−jet [GeV] 0 . . . 64 0 . . . 64
pT,Higgs [GeV] 5 . . . 67 5 . . . 68 5 . . . 67 5 . . . 68

x1 · x2 0.04 . . . 0.28 0.03 . . . 0.34 −∞ . . .∞
pT,miss [GeV] 12 . . . 61 11 . . . 60 12 . . . 61 11 . . . 60

Table 8.2: Different cuts for region A and region B. To both regions the same trigger conditions
are applied, two leptons with opposite charges are selected and at least one b-tag is required.

have been modified for the control sample to be as general as possible. The cut on m``

in the region B leads to an enrichment of the control sample with Z → `` by covering
values around 90 GeV. In Figure 8.1 a plot of m`` vs. pT,`` with the borders of the two
regions after applying the cuts is displayed. The mττ shapes for both regions for the e− e
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Figure 8.1: Signalregion (marked by a red rectangle, region A) and controlregion (black rect-
angle, region B) in the m``−pT,`` plane. In the left picture are the signal events and in the right
one are the background events in the e− e channel displayed.

and µ − µ channels are displayed in figure 8.2. In the right plot a non-physical double
peak structure of the invariant mass is visible. This is a consequence because the mass is
reconstructed using the collinear approximation although there are no neutrinos involved
in Z → `` events. It is also obvious that the control sample is dominated by Z → ``
events. Exact numbers of events from the different processes are given in Table 8.3.
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Figure 8.2: Invariant ττ mass in region A (left) and region B (right), broken down to e − e
and µ − µ channel. The value of tan β is 20, L = 30 fb−1. The non-physical mass distribution
in the control sample is a consequence of the modified precuts. The mass is being reconstructed
without cutting on the physical region of x1 and x2. The region A is dominated by Z → ττ and
signal events, the sideband region is filled with events from Z → `` decays.

Since the contamination of the control sample with events different from Z → `` decays
is so small (below 5%), as from now on all other processes in region B will be neglected,
to simplify the feasibility study of this method.
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Region A Region B
Process e− e µ− µ e− e µ− µ

all 2 750 3 538 73 716 79 882
Z → ττ 50.0% 52% 0.13% 0.03%
Z → e e 1.2% 0% 97.4% 0 %
Z → µµ 0% 0.2% 0% 98.6 %

tt̄ 11.4% 7.8% 1.9% 1.1%
SUSY 0.07% 0.07% 0.01% 0.01%
Signal 37.3% 39.7% 0.6% 0.3%

Table 8.3: Fraction of number of events in the regions A and B, broken down to e − e and
µ − µ channel. The in row ’all’ given absolute number of events is normalized to L = 30 fb−1,
obtained in the mass range of Figure 8.2 (0<mA<500 GeV).

8.3 Validation of the Control Sample

In the following it is tested how well the control sample reflects the behavior of events in
the signal region (A). The comparison is made between the Z → `` events in the control
sample and the Z → ττ events from region A, both for the full MC statistic without
splitting the MC data.
A first test is the comparison of the b-tagging efficiencies. In table 8.4 is listed, how many
b-tagged jets truly originate from b-jets.

e− e channel µ− µ channel
Z → ττ for Region A 51% 50%
Z → `` for Region B 53% 51%

Table 8.4: b-tagging efficiency in region A and B broken down to e− e and µ−µ channel. The
numbers are very similar.

The pT of the leading b-jet in region A and region B is displayed in Figure 8.3. The
discontinuities at 35 GeV and 50 GeV are due to the energy calibration by ATLFast-B (as
discussed in Chapter 5). The distribution of pT of the leading lepton and the sub-leading
lepton is compared in Figures 8.4 and 8.5, respectively. As expected, the distributions
show differences between region A and region B. The lepton pT from Z → `` events peak
at values around 45 GeV, the events from Z → ττ decays peak at lower values of pT .
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Figure 8.3: The pT of the leading b-jet for the regions A and B. On the left side are the events
for the e − e channel, on the right side the events for the µ − µ channel. The distributions are
very similar. The Z → ττ events (region A) are scaled for better visibility.
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Figure 8.4: The pT of the leading lepton for the regions A and B. On the left side are the
events for the e − e channel, on the right side the events for the µ − µ channel. As expected,
the pT of leptons from Z → `` peak at higher values than leptons from Z → ττ . The Z → ττ
events (region A) are scaled for better visibility.
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Figure 8.5: The pT of the sub-leading lepton for the regions A and B. On the left side are the
events for the e−e channel, on the right side the events for the µ−µ channel. The pT difference
between the leptons of the two samples is even higher than it is for the pT of the leading lepton.
The Z → ττ events (region A) are scaled for better visibility.
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8.4 Calculation of the Z → ττ Event Number and

Uncertainty in Data

The calculation of the events number of Z → ττ events in the data sample is performed
in bins of pT of the leading lepton versus the pT of the subleading lepton. This way the
method is less dependent on the pT differences between signal region and sideband region
than performing the calculation in only one bin. In Figure 8.6 the 2D pT distributions for
the MC and data samples are shown for example in the e− e channel.
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Figure 8.6: pT,`1 vs. pT,`2 of region A and region B for the MC and data samples. The white
rectangles without events in the bottom left corner of each plot are due to trigger cuts (Section
5.2.1).

The number of Z → ττ → 2e + 4ν events in region A in the data sample is given as
follows:

(Z → ττ → 2e + 4ν)A
Data =

∑
i,j

(
(Z → ee)B

Data

)
i,j(

(Z → ee)B
MC

)
i,j

·
(
(Z → ττ → 2e + 4ν)A

MC

)
i,j

, (8.4)



90 Chapter 8. Discussion of Uncertainties

where i and j give the number of the bin. Using Gaussian propagation of uncertainty, the
variance on the number of events for the e− e channel is given by the following formula:

(∆e−e)
2 ≡

(
∆ (Z → ττ → 2e + 4ν)A

Data

)2

(8.5)

=
∑
i,j

(
(Z → ττ → 2e + 4ν)A

MC

)2

i,j
·
(
∆ (Z → ee)B

Data

)2

i,j(
(Z → ee)B

Data

)2

i,j

+
∑
i,j

(
(Z → ee)B

Data

)2

i,j(
(Z → ee)B

MC

)2

i,j

·
(
∆ (Z → ττ → 2e + 4ν)A

MC

)2

i,j

+
∑
i,j

(
(Z → ττ → 2e + 4ν)A

MC

)2

i,j
·
(
(Z → ee)B

Data

)2

i,j(
(Z → ee)B

MC

)4

i,j

·
(
∆ (Z → ee)B

MC

)2

i,j
.

The equations in the µ− µ channels is equivalent.
The results are displayed in Figure 8.7. They show some dependance on the chosen binning
but seem to be very promising.
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Figure 8.7: Number of Z → ττ events as function of binsize. Left are the numbers of events
for the e− e channel, on the right the event numbers are displayed for the µ− µ channel. The
black line gives the true expectation on the number of Z → ττ events in the data sample. The
dashed line gives the expectation on the number of Z → ττ events in the MC sample.

The calculated values are slightly lower than the MC expectation. The difference of the
MC expectation to the number in the data sample is probably due to statistical fluctuation.
Yet, the numbers agree well. For a binsize of 4 GeV2 the calculated event number agree
almost perfectly with the MC expectation for both channels. The values for this binsize
are:

(Z → ττ → 2e + 4ν)A
Data = 459 , ∆ (Z → ττ → 2e + 4ν)A

Data = 26.2 (8.6)

(Z → ττ → 2µ + 4ν)A
Data = 610 , ∆ (Z → ττ → 2µ + 4ν)A

Data = 29.9.
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The relative errors for this 10 fb−1 predictions are:

∆ (Z → ττ → 2e + 4ν)A
Data

(Z → ττ → 2e + 4ν)A
Data

= 5.7 % (8.7)

∆ (Z → ττ → 2µ + 4ν)A
Data

(Z → ττ → 2µ + 4ν)A
Data

= 4.9 %.

Using those numbers, the geometric mean for the mixed channel is given as follows:

(Z → ττ → eµ + 4ν)A
Data = 529 (8.8)

∆ (Z → ττ → eµ + 4ν)A
Data = 28.0

∆ (Z → ττ → eµ + 4ν)A
Data

(Z → ττ → eµ + 4ν)A
Data

= 5.3 %.

This calculation described in Section 8.4 must be repeated for a 30 fb−1 ’data’ sample.

8.5 Influence of Uncertainties on the Significance

The modified significance with a relative systematic uncertainty ε is given as follows:

S√
B
→ S√

B + ε2 ·B2
. (8.9)

In Figure 8.8 the significance for different values of ε as function of mA and tan β is shown.
Assuming ε = 5 %, a Higgs boson with a mass of 120 GeV can be discovery if tan β>10.
A Higgs particle with a mass of 160 GeV may be found if tan β>11, a Higgs mass of 200
GeV may lead to a discovery if tan β>14.5 is realized in nature.
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Figure 8.8: Significance for different values of the uncertainty ε. The upper left plot shows
the significance as function of ε for three Higgs mass hypotheses. In the upper right plot the
significance for several values of ε for mA = 120 GeV as function of tanβ is displayed. The two
bottom figures show the significance as function of mA versus tanβ for two values of ε (bottom
left: ε = 5%, bottom right: ε = 10%. The 5 σ contours are marked red.



Chapter 9

Conclusion

A study of the b-quark associated Higgs production in the decay mode bb̄ h/A/H →
τ τ → 2 ` + 4 ν with the ATLAS detector at LHC has been performed. The discovery
potential of a mass degenerated neutral MSSM Higgs boson has been determined for dif-
ferent points in the mA − tan β plane in the mmax

h -scenario.
The signal process has been generated using the Monte Carlo generator Sherpa. The AT-
LAS detector response has been obtained by using the fast simulation ATLFast. The mass
degeneration, branching ratios and cross sections depending on mA and tan β have been
studied. The Higgs boson mass has been reconstructed using the collinear approximation.
The validity of this approximation and its dependence on cuts have been studied. The
resulting invariant ττ mass shows a large width due to a relatively small mean value of
the pT of the Higgs particle. Cut optimizations for three low and medium Higgs masses
have been performed separately in the three sub-decay channels to increase the signif-
icance for a discovery. The discovery potential as function of tan β in the mass range
120 GeV < mA < 200 GeV has been obtained. A fit of the mττ shape has been attempted
by using a different set of cuts. Although the fit seems to be promising the parametriza-
tion has to be improved further.
As a result of this study the channel bb̄ h/A/H → τ τ → 2 ` + 4 ν has been proven to be
among the most promising channels in ATLAS, if Supersymmetry is realized in nature.
Assuming no systematic uncertainty, a Higgs boson with a mass of mA = 120 GeV can be
discovered if tan β>6. If the Higgs particle has a mass of 160 GeV it will be discovered
if tan β>7. If its mass is about 200 GeV it can be discovered if a value of tan β>10 is
realized in nature.
Further studies are necessary before the data acquisition starts. Improvements of the sig-
nificance of a discovery could be achieved by performing trigger studies, upgrading lepton
identification algorithms and increasing b-tagging efficiencies. Therefor this analysis has
to be repeated using full detector simulation.
Another challenging plan is to develop a reliable method to estimate the background from
data. A new method how to obtain the number of Z → ττ events from data has been at-
tempted successfully and will be pursued further. Another promising method is described
in [66]. There the pT values of muons from Z → µµ decays get reweighted to simulate
Z → ττ → µµ + 4ν decays. This works well for Vector-Boson-Fusion analysis and the
µ − µ channel. It will be tested whether this method can be applied onto the studied
channel of the b-quark associated Higgs production.
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In addition, uncertainties on cross sections of signal and backgrounds must be considered.
The reliability of the used Monte Carlo description must be cross checked with the exper-
imental gained data once these are available.
A combination of the lepton-lepton decay mode with the hadron-lepton and hadron-
hadron mode could improve the significance further. A scan of the significance in the
other MSSM scenarios could be interesting, too.



Appendix A

Introduction to Supersymmetry
Algebra

In Supersymmetry (SUSY) the matter particles and the force carriers are united in one
concept. A SUSY transformation Q is an operation linking fermionic and bosonic states
[67]:

Q|Boson〉 ∝ |Fermion〉 (A.1)

Q|Fermion〉 ∝ |Boson〉.

In the following a very simple model is being constructed showing some ideas of this
concept. The model assumes non-interacting bosons and fermions in a field free space,
using second quantization. The many-body wavefunction Ψ can be given as a state in the
Fock space:

|Ψ〉 = |n1, n2, ..., ni, ...〉. (A.2)

ni gives the number of particles in the state i, for fermions n can only be 0 or 1 due to
the Pauli principle. In the model the many body states are products of fermionic states
|nF 〉 and bosonic states |nB〉:

|nBnF 〉 = |nB〉 · |nF 〉. (A.3)

Bosons (fermions) are created by the creation operator b+ (f+) and annihilated by b (f).
The usual commutator relations apply in this model:

[bi
+, bj]− = δij (A.4)

[fi
+, fj]+ = δij.

The SUSY operators Q are now defined as:

Q+ = b f+ (A.5)

Q = b+ f.

Q+ annihilates a boson and creates a fermion, Q creates a boson and annihilates a fermion.

Q+|nBnF 〉 ∝ |nB − 1, nF + 1〉 (A.6)

Q|nBnF 〉 ∝ |nB + 1, nF − 1〉.
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Because Q+ and Q are not hermitic operators, new linear combinations can be defined:

Q1 = Q+ + Q (A.7)

Q2 = −i(Q+ −Q).

Using energy conservation under a SUSY transformation, it can be shown that the SUSY
Hamiltonoperator HS takes a simple form:

HS = Q2
1 = Q2

2. (A.8)

In a harmonic potential (SUSY oscillator) the SUSY operators get multiplied with a factor√
~ω and HS takes the form:

HS = ~ω(b+b + f+f) = HB + HF . (A.9)

HB (HF ) is the Hamiltonoperator for a bosonic (fermionic) harmonic oscillator:

HB = ~ω(b+b +
1

2
) (A.10)

HF = ~ω(f+f − 1

2
).

If NB (NF ) is the number of bosons (fermions) in the system, then the energy levels of
the bosonic (fermionic) oscillator are:

EB = ~ω(NB +
1

2
) (A.11)

EF = ~ω(NF −
1

2
).

So finally the energy levels (eigenvalues) of the SUSY oscillator are:

ES = ~ω(NB + NF ). (A.12)

In the last equation there is no zero state energy. From this one can conclude one general
remark on SUSY models: Zero state energies in quantum field theories often lead to
divergences and infinities, but in SUSY models such divergences are handled better or
even disappear.
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Feynman Graphs for the Signal
Process included in Sherpa

2→2 Process

b

b̄

h

τ+

τ−

0 1

2 3

Graph 1

2→3 Processes

b b̄

b

h

τ+
τ−

0 1

2
3

4

b
b̄b

h

τ+

τ−

0 1

4
2

3

b

b

b h

τ+

τ−

0 1

4
2

3

Graph 2 Graph 3 Graph 4

b

b

b̄

h

τ+

τ−

0 1

4
2

3

b̄

b̄

b

h

τ+

τ−

0 1

4
2

3

b̄

b̄

b̄h

τ+
τ−

0 1

2
3

4

Graph 5 Graph 6 Graph 7

97
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Mass Distributions

 [GeV]ττm
0 50 100 150 200 250 300 350 400

E
nt

rie
s

0

5000

10000

15000

20000

25000

30000

35000

 [GeV]ττm
0 50 100 150 200 250 300 350 400

E
nt

rie
s

0

5000

10000

15000

20000

25000

30000

35000
SUSY-200-20 (e-e)

)µ-µSUSY-200-20 (
)µSUSY-200-20 (e-

νe e 2→ 2W 2b→tt
ν 2µ µ→ 2W 2b→tt
ν 2µe → 2W 2b→tt

νe e 4→ττ→Z
ν 4µ µ→ττ→Z
ν 4µe →ττ→Z

µ µ→Z
e e→Z

νee 4→ττ→h/A/H
ν 4µµ→ττ→h/A/H
ν 4µe→ττ→h/A/H

-1L=30 fb

=200 GeVAm

=20βtan

 [GeV]ττm
0 50 100 150 200 250 300 350 400

E
nt

rie
s

10

210

310

410

 [GeV]ττm
0 50 100 150 200 250 300 350 400

E
nt

rie
s

10

210

310

410
-1L=30 fb

=200 GeVAm

=20βtan

Figure C.1: Stacked background events and 200 GeV Higgs signal events after precuts, nor-
malized to an integrated luminosity of 30 fb−1, broken down to sub-channels.
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Figure C.2: Final mττ spectrum after all cuts (mA=120 GeV, tanβ=20, L=30 fb−1), broken
down to sub-channels.
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Figure C.3: Final mττ spectrum after all cuts (mA=160 GeV, tanβ=20, L=30 fb−1), broken
down to sub-channels.
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Figure C.4: Final mττ spectrum after all cuts (mA=200 GeV, tanβ=20, L=30 fb−1), broken
down to sub-channels.
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