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Introduction

During the last decades, particle physicists have studied the tiniest building
blocks of matter – the quarks and the leptons – and the forces between them in
great detail. From these experiments, a theoretical framework has been built
that describes the observed results with high precision. The achievement of
this theory, which is referred to as the Standard Model of elementary particle
physics, was the elaboration of a unified description of the strong, weak and
electromagnetic forces in the framework of quantum gauge-field theories. More-
over, the Standard Model combines the weak and electromagnetic forces in a
single electroweak gauge theory. The fourth force which is realized in nature,
gravity, is too weak to be observable in laboratory experiments carried out in
high-energy particle physics and is not part of the Standard Model.

Although the Standard Model has proven highly successful in correlating a huge
amount of experimental results, a key ingredient is as yet untested: the origin
of electroweak symmetry breaking. Currently, the only viable ansatz that is
compatible with observation is the Higgs mechanism. It predicts the existence
of a scalar particle, called the Higgs boson, and the couplings to the fundamental
Standard Model particles, however not its mass. An upper limit on the mass of
the Higgs boson of ∼ 1 TeV can be inferred from unitarity arguments. One of
the key tasks of particle physics in the next years will be to verify the existence
of this particle.

The introduction of an elementary scalar particle in a quantum field theory is
highly problematic. The Higgs boson mass is subject to large quantum correc-
tions, which makes it difficult to understand how its mass can be less than a
TeV as required by theory. In addition, the Standard Model does not provide
an answer to fundamental questions like the values of free parameters of the
model, the pending integration of gravity or the evolution of the coupling con-
stants of the fundamental forces at large energy regimes. Hence there are strong
reasons to believe that the Standard Model is only a low-energy approximation
to a more fundamental theory.

One of the best studied candidates for an extension of the Standard Model is
supersymmetry, which predicts the existence of a supersymmetric partner for
each fundamental particle that differs only in spin. To allow different masses
for Standard Model particles and their corresponding supersymmetric partners,
supersymmetry must be broken. The mechanism behind supersymmetry break-
ing is currently unknown, however, various hypotheses exist. Supersymmetric
models do not only solve the problem of the large quantum corrections to the
Higgs boson mass, but they also allow the unification of the coupling constants

ix



Introduction

at a common scale. In addition, certain supersymmetric models provide a suit-
able candidate for cold dark matter, which represents a large fraction of mass
in our universe.

Searches for supersymmetric particles have been performed by the four LEP1

experiments (ALEPH, DELPHI, L3, OPAL) up to the kinematic limit. Since
no evidence for supersymmetric particles has been found, lower limits on their
masses have been derived. The search for supersymmetry is now continuing at
the Tevatron collider, located at the Fermi National Accelerator Laboratory in
Batavia, Illinois. Two dedicated detector systems, CDF and DØ, are installed
at the Tevatron to analyze proton-antiproton collisions at a center-of-mass en-
ergy of 1.96 TeV. A particular promising discovery channel for supersymmetry
within the Tevatron energy range is the trilepton channel. In this channel, the
lighter supersymmetric partners of the Higgs and gauge bosons, the charginos
and neutralinos, decay into final states with leptons or hadrons and missing
energy. Using the leptonic final states, the signal can be separated from the
large Standard Model background. Supersymmetry requires an extension of the
Standard Model Higgs sector, leading to more than one neutral Higgs boson.
Enhanced couplings result in sizable cross sections for Higgs boson production,
and the decay into a tau pair becomes an important Higgs boson discovery
channel.

Within the present thesis, a search for new physics predicted by constrained
supersymmetric models is performed in final states consisting of an electron
and a tau using data collected with the DØ detector from April 2002 to July
2004. The first analysis searches for the associated production of the lightest
chargino and the second lightest neutralino in final states with an electron, a
hadronically decaying tau, an additional lepton and missing transverse energy:
e+τh+�+E/ T . The second analysis searches for neutral supersymmetric Higgs
bosons in the decay mode φ → ττ → e + τh + E/ T . To improve the sensitivity,
the results are interpreted in combination with other channels.

1Large Electron Positron Collider, CERN (Geneva)
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1 Theoretical Aspects

The first part of the following chapter gives an overview of the Standard Model
(SM) of particle physics [1], which is the accepted theory of particles and their
forces. The Standard Model is built from many theoretical and experimental
studies done in the last forty years, and it is in excellent agreement with almost
all current data. However, there are many hints that there exists a more funda-
mental theory. The second part describes such a more profound theory, called
supersymmetry (SUSY), which is the theoretical framework for this analysis.

1.1 Standard Model

The Standard Model sums up our current understanding of fundamental parti-
cles and the forces between them. The fundamental particles are divided into
two groups according to their spin s: fermions (with s = 1

2) and bosons (with
s = 1).

An overview of the fundamental fermions is given in Table 1.1. Fermions are
divided into two elementary categories: leptons and quarks. Leptons participate
only in the electroweak interactions, whereas quarks participate in both strong
and electroweak interactions. The entire collection of fermions is divided into
three generations. The first generation contains the up- and down quark (u, d),
the electron (e) and the electron-neutrino (νe). The second generation contains
the charm- and the strange-quark (c, s), muon (μ) and muon-neutrino (νμ) while
the third generation consists of the bottom- and top-quark (b, t), tau (τ) and
tau-neutrino (ντ ). For each fermion exists an antiparticle with identical mass
but inverse additive quantum numbers. The quarks and charged leptons of the
second and third family are unstable and decay weakly into fermions of lower
families.

The interactions between particles are mediated by gauge bosons. An overview
of the different gauge bosons is given in Table 1.2. There are four different
interactions known: electromagnetic, weak, strong and gravitational. The first
three are described by local gauge symmetries, while gravity is described by
general relativity outside the framework of gauge theories. However gravitation
is irrelevant at the current accessible energy scale due to the small masses of
Standard Model particles and the tiny interaction strength.

The Standard Model unifies the Glashow-Weinberg-Salam model (GSW) of elec-
troweak interaction [1] and the strong force of Quantum Chromodynamics [2].
It is a gauge theory which is based on SU(3)C × SU(2)L × U(1)Y symmetry.

1



1 Theoretical Aspects

Leptons Quarks

Name Symbol Mass Name Symbol Mass

electron neutrino νe < 3 eV up u 1.5 to 4 MeV

muon neutrino νμ < 0.2 MeV down d 4 to 8 MeV

tau neutrino ντ < 18.2 MeV strange s 80 to 130 MeV

electron e 511.0 keV charm c 1.15 to 1.35 GeV

muon μ 105.7 MeV bottom b 4.6 to 4.9 GeV

tau τ 1.777 GeV top t 174.3 ± 5.1 GeV

Table 1.1: Overview of the Standard Model fermions and their masses (from Ref. [3]).
Throughout this thesis, the so-called natural units are used. The fundamental
constants h̄ and c are set to 1, and all quantities (e.g. masses) have the dimen-
sion of a power of energy.

The subgroup SU(2)L ×U(1)Y represents the unification of the electromagnetic
and the weak interaction. Electromagnetism acts on all charged particles, and
the underlying theory is Quantum Electrodynamics (QED). The corresponding
gauge boson is the massless γ. The weak interaction affects, in contrast to
the electromagnetic and strong interaction, all Standard Model particles. The
gauge bosons are the W± and Z. Section 1.1.1 gives a more detailed introduc-
tion to the electroweak interaction. SU(3)C is the gauge group of the strong
interaction. The strong interaction is responsible for the quark-gluon interac-
tions. The underlying theory is called Quantum Chromodynamics (QCD), and
a further discussion follows in Section 1.1.2.

1.1.1 Electroweak Interaction

The electromagnetic and the weak interactions are combined to one theory,
called electroweak theory. It is based on the SU(2)L × U(1)Y gauge group
generated by the hypercharge Y and the weak isospin �T . The electroweak
theory is a non-abelian local gauge theory, meaning that the group generators
do not commute and leading to interactions between the gauge bosons. The
index L denotes that the SU(2) part (with the corresponding gauge fields) acts
only on the left-handed part of the fermion fields, while the U(1) part acts on
both right- and left-handed components.

Requiring the Lagrangian LEW to be locally invariant under SU(2)L × U(1)Y

Name Field Interaction Charge [e] Mass [GeV]

Photon γ Aμ electromagnetic < 5 × 10−30 < 6 × 10−26

Z Boson Z Zμ electroweak 0 91.1876 ± 0.0021

W Bosons W± W±
μ weak ±1 80.425 ± 0.038

Gluon g Ga
μ strong 0 0

Table 1.2: Standard Model gauge bosons and their properties [3].

2



1.1 Standard Model

transformations, four gauge fields have to be introduced: one (Bμ) to com-
pensate for the local phase transformation of the U(1)Y group and three more
(Wa

μ, a = 1, 2, 3) related to the transformations of SU(2)L. The locally invariant
Lagrangian is:

LEW = iL̄γμ∂μL + iR̄γμ∂μR − 1
4
BμνBμν − 1

4
�W μν �Wμν

+ L̄γμg′
YL

2
BμL + R̄γμg′

YR

2
BμR + L̄γμg

1
2
�τ �WμL (1.1)

with the field tensors Bμν = ∂μBν − ∂νBμ and �Wμν = ∂μ
�Wν − ∂ν

�Wμ + ig �Wμ ×
�Wν . g is the coupling constant for SU(2)L, and g′ is the coupling constant for
U(1)Y . They describe the coupling strength of the gauge fields to the weak
isospin respectively to the weak hypercharge. τi (i = 1, 2, 3) are the three linear
independent generators of the SU(2) gauge group, the weak hypercharge Y is
the generator of U(1). The L and R terms denote (considering only the leptons
of the first generation) the left-handed weak isospin doublet

L ≡
(νe

e

)
L

(1.2)

with Y = −1
2 , and a right-handed weak isospin singlet

R ≡ eR (1.3)

with Y = −1 (see also Table 1.3). The quarks are organized identically to the
leptons. The eigenstates of the down-type quarks in weak interactions d′, s′, b′

are not identical to the mass eigenstates of d, s, b. The transformation is done
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [4].

The terms in the first line in Eqn. 1.1 describe the kinetic energy of the
fermions and gauge fields, while the second line describes the interactions be-
tween the fermions and gauge fields. The last term on the first line contains
self-interactions of the SU(2)Y gauge fields Wa

μ, a feature common to non-
abelian groups. Bμ cannot be identified with the γ, since the first term on the
second line would describe a coupling of the neutral neutrino to the photon.
Therefore the gauge field Bμ and W a

μ cannot be identified with the experimen-
tally observed gauge bosons γ and W±, Z. To describe the gauge boson fields
realized in nature the following combinations have to be constructed:

W±
μ =

1√
2
(W 1

μ ∓ iW 2
μ) (1.4)

Zμ = −Bμ sin θW + W μ
3 cos θW (1.5)

Aμ = Bμ cos θW + W μ
3 sin θW . (1.6)

θW is the weak mixing angle, which is determined by the two coupling constants
g and g′:

cos θW =
g√

g2 + g′2
. (1.7)

3



1 Theoretical Aspects

1. Generation 2. Generation 3. Generation |�T | T3 Y Q/e

Leptons νe νμ ντ
1
2

1
2

− 1
2

0

eL μL τL
1
2

− 1
2

− 1
2

−1

eR μR τR 0 0 −1 −1

Quarks uL cL tL
1
2

1
2

1
6

2/3

d′L s′L b′L
1
2

− 1
2

1
6

−1/3

uR cR tR 0 0 2
3

2/3

d′R s′R b′R 0 0 − 1
3

−1/3

Table 1.3: Weak Isospin, hypercharge and electric charge of the fermions. The indices L(R)
denote left(right)-handed fermions. The weak hypercharge Y is defined by Q/e =
T3 +Y . The prime indicates that the weak eigenstates of the quarks are not their
mass eigenstates. The quark mixing is described by the Cabibbo-Kobayashi-
Maskawa (CKM) matrix [4].

The coupling constants are related to the electric charge by

e = g′ cos θW = g sin θW . (1.8)

Table 1.2 gives an overview of the gauge bosons.

The electroweak Lagrangian (Eqn. 1.1) does not contain any mass terms for
the fermion and gauge fields. Mass terms will be introduced by the Higgs
mechanism through spontaneous symmetry breaking in Section 1.1.3.

1.1.2 Strong Interaction

Quantum Chromodynamics (QCD) is the gauge field theory which describes
the strong interactions of quarks and gluons. It is based on the SU(3)C gauge
group. The index C denotes the fact that quarks and gluons have an additional
internal degree of freedom called color. Like the electroweak theory, QCD is a
non-abelian theory. The QCD Lagrangian at tree level can be constructed by
adding up the following three terms:

LQCD = Lquark + Lint + Lglue. (1.9)

Lquark describes the propagation of the free quarks and yields the Dirac equation
for spin 1/2 particle for each quark with a given flavor and color. Since the Dirac
equation is not invariant under local gauge transformations, gauge invariance
is restored in the same way as it is restored in QED or in the electroweak
theory: a ’compensating’ spin-1 field is introduced that interacts with the quark
fields. There is one separate spin-1 field for each of the eight degrees of freedom
determining the gauge transformations, leading to eight gluons. This results
in a quark-gluon interaction term Lglue which needs to be added to the QCD
Lagrangian:

Lint(x) = gs

∑
q=u,d,s,...

ψ̄qi(x)
(λa)ik

2
γμψk

q (x)Aa
μ(x). (1.10)

4



1.1 Standard Model

Aa
μ (with a = 1...8) denotes the gluon fields, gs is the dimensionless coupling

analogous to e in LQED and λa are the generators of the SU(3) group. The
indices i and k denote the quark color. In contrast to the electromagnetic
interaction, where the photon field is electrically neutral, the gluon fields also
carry color charge. Hence the color state of a quark changes after emission or
absorption of a gluon. The color charge leads to gluon self-interactions, where
gluons couple to other gluons. The color of the gluon can be identified with a
superposition of quark and antiquark colors.

The last term Lglue describes the propagation of the gluon fields:

Lglue(x) = −1
4
Ga

μν(x)Gaμν(x) (1.11)

where
Ga

μν = ∂μAa
ν − ∂νA

a
μ + gsf

abcAb
μAc

ν . (1.12)

Ga
μν is the gluon field-strength tensor, the fabc (a, b, c = 1...8) are the structure

constants of SU(3). Local gauge invariance of Lglue implies that gluons are
massless. Ga

μν is more complicated than its QED analog Bμν since it allows
three- and four-gluon vertices (gluon self-interactions).

The QCD Lagrangian at tree level is given by:

LQCD =
∑

q=u,d,s,...

ψ̄q(iDμγμ − mq)ψq − 1
4
Gμν

a Gaμν (1.13)

using the covariant derivative

Dμ = ∂μ − igs
λa

2
· Aa

μ. (1.14)

1.1.3 Higgs Sector

The presence of mass terms in the Lagrangian would break the
SU(3)C × SU(2)L × U(1)Y symmetry and therefore destroy gauge symmetry.
However, experiments have shown that only gluons and the photon are mass-
less, while all other particles are massive1. A solution to this problem is provided
by the Higgs mechanism, which exploits the principle of spontaneous symmetry
breaking in the electroweak interaction.

A spontaneous breaking in the SU(2)L × U(1)Y symmetry is facilitated by in-
troducing one complex scalar field with two components:

Φ =
(

φ+

φ0

)
=

1√
2

(
φ+

1 + iφ+
2

φ0
1 + iφ0

2

)
. (1.15)

The following Lagrangian is added to LEW (see Eqn. 1.1):

LHiggs = |DμΦ|2 − V (φ) (1.16)

with : Dμ = ∂μ − 1
2
ig�τ �Wμ − 1

2
ig′Y Bμ. (1.17)

1Oscillations experiments indicate that the neutrinos must have mass [5].

5



1 Theoretical Aspects

Figure 1.1: The Higgs potential in the case of a single complex scalar field φ: Re(φ) = φ1,
Im(φ) = φ2.

The corresponding Higgs potential has the form:

V = −μ2|Φ|2 + λ|Φ|4. (1.18)

For μ2 > 0 the Higgs potential has a continuous minimum and a typical shape
described as a Mexican hat. A graphical two-dimensional representation is
given in Figure 1.1. The vacuum state corresponds to a certain choice within the
minimum, and the U(1) symmetry of the Higgs potential is not preserved for the
chosen minimum. In other words, the vacuum state has a lower symmetry than
the potential itself. This phenomenon is referred to as “Spontaneous Symmetry
Breaking.” The vacuum expectation value of the Higgs field is chosen to be:

〈Φ〉 =
(

0
v

)
, v2 = μ2/2λ. (1.19)

The φ+ component of the Higgs field is zero to ensure the conservation of the
electromagnetic charge. The Higgs particle is interpreted as a space-time de-
pendant “radial” fluctuation h(x) of the field Φ near the vacuum configuration:

Φ =
1√
2

(
0

v + h(x)

)
. (1.20)

The Lagrangian, expressed in terms of the vacuum expectation value v and the
physical state h, effectively describes a scalar particle with a mass mh =

√
2λv:

L =
1
2
∂μ∂μh − λv2h2 − λvh3 − λ

4
h4. (1.21)

The scalar particle described by the Lagrangian is referred to as the Stan-
dard Model Higgs boson. It is the only remaining neutral physical state after

6



1.1 Standard Model

All fermions WW ZZ

H − ig mf

2mW
ig mW gμν ig mZ

2 cosΘW
gμν

Table 1.4: Couplings of the Standard Model Higgs boson to fermions and massive gauge
bosons [16].

electroweak symmetry breaking, representing one of the four components in-
troduced in Eqn. 1.15. The other three components manifest themselves as the
longitudinally polarized components of the weak vector bosons. For the masses
of the weak vector bosons follows:

cos θW =
MW

MZ
. (1.22)

The Higgs boson is neutral and couples to fermions proportional to their masses
and to massive gauge bosons. The couplings are summarized in Table 1.4. It
is the only particle in the Standard Model that has not been discovered yet,
however, a lower limit on the Standard Model Higgs boson mass has been set
by the LEP experiments. Direct searches in electron-positron collisions up to a
center-of-mass energy of

√
s ≤ 209 GeV have excluded a Higgs boson mass of

mH = 114.1 GeV and lower at 95 % CL [6].

1.1.4 Problems of the Standard Model

Despite of the success of the Standard Model in describing all observed low-
energy data using very few parameters, it is still unsatisfactory since it builds
on many assumptions and leaves fundamental questions unanswered. There is
no explanation for the existence of three generations of leptons and quarks, why
the absolute values of electron charge and proton charge are identical or why
leptons and quarks are fundamental particles. A few more of the remaining
puzzles of the Standard Model are:

• Gravity Problem
Gravity is the only remaining interaction that is not incorporated in the
Standard Model. Due to its weakness at the low energy scales, it can be
safely neglected in particle physics. However, gravitational effects must
be taken into account at the latest when the energy is at the order of
the Planck scale, given by MP = 1√

8πGN
≈ 2.4 × 1018 GeV. Gravity

is described by the Einstein formalism outside the framework of gauge
theories, and adding it to the Standard Model gauge theories destroys
their renormalizability. In addition, the gravitational force cannot be
derived from the principle of local gauge invariance [7].

• Fine Tuning Problem (Mass Hierarchy Problem)
The Standard Model does not offer an explanation why the electroweak
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scale and the Planck scale differ by seventeen orders of magnitude
(MP /MW ∼ 1017). This is known as the mass hierarchy problem, and
it is directly related to the fine tuning problem.

Electroweak precision measurements indicate that the value of the Higgs
boson mass is of the order O(100) GeV. Assuming that the Standard
Model is valid up to an energy scale Λ, the squared Higgs mass receives
quadratically divergent quantum loop correction at the order of O(Λ2)
from Standard Model particles. The problem arises when radiative cor-
rections to masses of scalar particles are calculated, with the Higgs boson
being the only elementary scalar particle in the Standard Model. For
1-loop corrections, the mass corrections are of the form

δm2
s ∼ O

( α

2π

)
Λ2 (1.23)

due to contributions from fermion and gauge boson loops (see Figure 1.2)
and from quartic scalar couplings. Assuming that the Standard Model
is valid up to the Planck scale, Λ would be at the order of the Planck
Mass MP . Hence the mass corrections to the Higgs boson mass would be
enormous, thus destroying the stability of the weak scale.

This problem can be solved by fine-tuning the bare Higgs boson mass
so that it contains a large negative term, which almost exactly cancels
the 1-loop corrections. However this requires a precise fine tuning with
an accuracy of 10−34 to the squared Higgs mass. In addition, there are
still 2-loop (and higher order) corrections that also have to be accurately
canceled. Such a series of cancellation might be technically feasible, but
lacks any explanation.

Figure 1.2: Radiative corrections to the squared Higgs boson mass from fermions (a) and
bosons (b).

• Unification of Coupling Constants
The Standard Model has three different gauge groups postulated from
phenomenological considerations. They are associated with three differ-
ent coupling constants, which are arbitrary. Embedding the Standard
Model into a higher symmetry group, which is broken at low energy scales
into the known Standard Model symmetry groups, leads to a more fun-
damental and predictive theory. One of the implications of such a Grand
Unified Theory (GUT) consists in the unification of the electroweak and

8



1.2 Supersymmetry

strong couplings at GUT scale (MGUT ≈ 1016 GeV). Extrapolation of the
current measurements of the couplings strengths towards higher energies
hints to a unification of the coupling constants; however, all three do not
unify at the same energy scale (see Figure 1.3).

1.2 Supersymmetry

Out of the variety of extensions to the Standard Model which are presently dis-
cussed, supersymmetry (SUSY) is one of the most popular models. It unites the
two different groups of particles in the Standard Model, fermions and bosons,
into a common representation. Supersymmetry is necessary in String Theory,
by many seen as the best candidate of a theory of everything (TOE). In addition
local supersymmetry gives rise to supergravity, which unites general relativity
with the quantum field theory of the Standard Model and therefore describing
all four interactions seen in nature. The minimal supersymmetric extension
to the Standard Model (MSSM), discussed below, leads to the unification of
all three gauge couplings (see Figure 1.3). The most compelling argument for
Supersymmetry is that it solves the problem with quadratic divergences (mass
hierarchy problem) in the Standard Model which are discussed in 1.1.4. Super-
symmetry also includes a candidate for Cold Dark Matter.

Supersymmetry postulates a symmetry between fermions and bosons. The the-
ory requires the invariance of the Lagrangian under a global supersymmetry
transformation, hence for each fermionic degree of freedom a bosonic degree
of freedom has to exists and vice versa. Since there are no candidate pairs of
Standard Model particles with equal quantum numbers, except for the spin,
supersymmetry requires a new partner for each Standard Model field: scalar
sfermions as partners of the Standard Model fermions, fermionic gauginos as
partners for the Standard Model gauge bosons and fermionic higgsinos as part-
ners for the Standard Model Higgs bosons. As discussed in Section 1.1.3 the
Standard Model requires only one Higgs doublet, supersymmetry, however, re-

Standard Model
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MSSM 2-loop
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Figure 1.3: Scale dependence of the couplings in the SM (left) and in a MSSM scenario
(right).
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quires at least two Higgs doublets in order to give mass to both up and down
quarks and to cancel gauge anomalies connected to the hypercharge Y . The
consequences of two Higgs doublets are discussed in Section 1.2.6.

Since no supersymmetric partners of the Standard Model particles have been
found yet, SUSY has to be broken to allow a heavier mass for the supersym-
metric particles when compared to their Standard Model partner. To maintain
the above discussed advantages of a supersymmetric theory, the masses of the
SUSY particles are expected to be in the range O(100 GeV−1 TeV) and SUSY
has to be broken “softly.” More details on supersymmetry breaking follow in
Sections 1.2.2 and 1.2.4.

1.2.1 R-Parity

R-parity is defined as a multiplicative quantum number using the baryon num-
ber B, the lepton number L and the spin S of the particle:

R ≡ (−1)3B+L+2S . (1.24)

Using this definition all Standard Model particles have R-parity +1, while all
SUSY particles have R-parity -1. The conservation of R-parity forbids lepton
and baryon number violating terms in the superpotential (see discussion in
Section 1.2.2 and equation 1.28) and leads to the following implications:

• Supersymmetric particles are always produced in pairs.

• There exists a lightest supersymmetric particle (LSP) which is stable.

The LSP must be neutral with respect to electromagnetic and strong interac-
tions, since there are stringent cosmological bounds on stable light charged or
colored particles. It is only weakly interacting and therefore difficult to detect.
This makes the LSP an ideal candidate for Cold Dark Matter.

SUSY searches are performed in both R-parity conserving (RPC) and R-parity
violating (RPV) models, since R-parity violation is not ruled out experimen-
tally. This analysis, however, focuses on RPC scenarios.

1.2.2 Minimal Supersymmetric Standard Model (MSSM)

Particle Content of the MSSM

The minimal supersymmetric Standard Model (MSSM) has the smallest pos-
sible field content necessary to give rise to all fields of the Standard Model.
An overview is given in Table 1.5, where the Standard Model particles and
their respective supersymmetric partners are listed. The supersymmetric part-
ners of quarks and leptons are called squarks and sleptons. The index L or
R denote that the corresponding Standard Model particle is either left-handed

10



1.2 Supersymmetry

or right-handed. The Higgs boson gains a fermionic partner called Higgsino.
The gauge fields get fermionic partners. The supersymmetric partners of the
gluinos, the W± and Z and the γ are called gluinos, winos, and photino (or
bino). The common name for partners of the gauge fields is gauginos. Neutral
higgsinos and gauginos mix to neutralino mass eigenstates, charged gauginos
and higgsinos mix to chargino mass eigenstates.

MSSM Lagrangian

Supersymmetry is based on the concept of superfields being the generator of the
supersymmetric multiplets [7]. A superfield is a function on superspace, which
is an extension of ordinary space-time by the inclusion of additional fermionic
coordinates. There are two different kinds of superfields:

• chiral superfields Ψ = (ψ̃, ψ): chiral (or scalar) superfields represent
the matter fields. They contain the fermions and Higgs bosons with the
resp. supersymmetric partner. A chiral superfield consists of a spin 0
field ψ̃ (Higgs resp. sfermion field) and the corresponding spin 1

2 field ψ
(Higgsino resp. fermion field).

• vector superfields V̂ = (V, Ṽ ): vector superfields represent vector gauge
fields and their supersymmetric partner. A vector superfield contains the
spin 1 gauge field V and the corresponding spin 1

2 gaugino field Ṽ .

An overview of the superfields is given in Table 1.6.

The Lagrangian of the MSSM can be divided into three parts:

LMSSM = Lkin−gauge + LW + Lsoft. (1.25)

Lkin−gauge contains terms which are determined by the Standard Model, hence
it is constructed in analogon to the Standard Model Lagrangian. This includes

R-parity: +1 R-parity: -1

Spin Name Symbol Spin Name Symbol

1
2

quark q 0 squark q̃R, q̃L

1
2

lepton l 0 slepton l̃R, l̃L
1
2

neutrino ν 0 sneutrino ν̃

1 gluon g 1
2

gluino g̃

1 photon γ 1
2

photino γ̃

1 W, Z boson W±, Z 1
2

wino, zino W̃±, Z̃

0 Higgs H±, H0 1
2

Higgsino H̃0
1 , H̃+

2

h, A H̃−
1 , H̃0

2

}
4 × χ̃0

and

2 × χ̃±

Table 1.5: Overview of the SUSY particles.
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the kinetic terms for scalar and fermion fields, gauge interactions and the self-
interactions of the gauge fields:

Lkin−gauge =
∑

i

[
(Dμψ̃∗

i )(D
μψ̃i) + iψ̄iγμDμψi

]
+

∑
j

[
−1

4
F j

μνFμν
j +

i

2
¯̃VjγμDμṼj

]
−

√
2

∑
i,j

gj

[
ψ̃∗

i Tjψ̄iṼj + h.c.
]

− 1
2

∑
j

[∑
i

gjψ̃
∗
i Tjψ̃i

]2

. (1.26)

Dμ is the covariant derivative, while F i
μν are the field strength tensors of the

vector fields. gj and Tj are coupling strength and generator of the corresponding
symmetry group. The index i represents the chiral superfields, the index j
the vector superfields. The first two lines correspond to the Lagrangian of
the electroweak and strong interaction of the Standard Model. The third line
describes the interaction of the chiral superfields with the fermionic partners of
the gauge fields; the fourth line the interaction between the four scalars.

LW contains all additional terms, which leave the Lagrangian supersymmetric
and gauge invariant. It also contains the self-interaction of the chiral superfields.
LW is described using the super potential W and has the form:

LW = −
∑

i

|∂W

∂Ψi
|2 − 1

2

∑
i,j

[
∂2W

∂Ψi∂Ψj
ψiψj + h.c.

]
. (1.27)

The superpotential is a gauge invariant function of the chiral superfields Ψi and
can be split up in a R-parity conserving (RPC) and a R-parity violating (RPV)
term:

W = WRPC + WRPV . (1.28)

Chiral superfield Ψ Spin 0 (ψ̃) Spin 1
2

(ψ) SU(3)C SU(2)L Y

Leptons L (ν̃ 	̃L) (ν eL) singlet doublet − 1
2

E ẽ∗R e†R singlet singlet 1

Quarks Q (ũL d̃L) ũL d̃L) triplet doublet 1
6

U ũ∗
R u†

R triplet singlet − 2
3

D d̃∗R d†R triplet singlet 1
3

Higgs H1 (H0
1 H

−
1 ) H̃0

1 H̃
−
1 ) singlet doublet − 1

2

Higgs H2 (H+
2 H0

2 ) H̃+
2 H̃0

2 ) singlet doublet + 1
2

Vector superfield Ṽ Spin 1 (V ) Spin 1
2

(Ṽ ) SU(3)C SU(2)L Y

U(1)Y B̂ B B̃ singlet singlet 0

SU(2)L Ŵ W a W̃ a singlet triplet 0

SU(3)C Ĝ g g̃ octet singlet 0

Table 1.6: The superfields in the MSSM with the resp. quantum numbers.
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1.2 Supersymmetry

Assuming R-parity conservation the second term is set to zero: WRPV = 0.
The R-parity conserving term can be parametrized as2:

WRPC = εij

[
U

mu

v2
QiHj

2 − D
md

v1
QiHj

1 − E
me

v1
LiHj

1 + μH i
1H

j
2

]
. (1.29)

mx can be understood as mass matrices in generation space, i and j are the
indices of the weak doublets and vx are the vacuum expectation values of the
Higgs doublets.

The MSSM is regarded as an effective low-energy theory. Supersymmetry break-
ing occurs at a high scale and is parametrized by soft-symmetry breaking mass
terms for scalar members of the chiral multiplets and for gaugino members of
the vector multiplets. These terms are called “soft” mass terms because they
are small enough not to re-introduce the problem of quadratic divergences. The
corresponding Lagrangian Lsoft, which contains all terms that break supersym-
metry, can be written as:

Lsoft = − 1
2

∑
v

MvṼvṼv + h.c.

−
∑

c

m2
c |ψ̃c|2 + h.c.

− m2
12 (εklH

k
1 H l

2 + h.c.)
− εkl (adH

k
1 q̃l

Ld̃∗R + auHk
2 q̃l

Lũ∗
R + aeH

k
1 l̃lLẽ∗R) + h.c.). (1.30)

SUSY-breaking terms are additional Majorana masses for gaugions (Mv), ad-
ditional scalar masses (mc) and additional bi- and trilinear couplings of the
scalars. The indices v resp. c correspond to the different vector resp. chiral
superfields, the indices i, j for the entries in the weak isospin doublet. q̃l and l̃L
are the weak squark and slepton doublets, ax are complex 3× 3 matrices which
parametrize the couplings between three scalars.

A closer look at the origin of the SUSY-breaking terms is presented in Sec-
tion 1.2.4. As a consequence of these terms, the mass degeneracy between the
Standard Model particles and their supersymmetric partners is lifted and the
SUSY particles become heavy.

Phenomenological Constraints

The SUSY-breaking terms contain more than 100 additional free parameters.
This number can be reduced by a set of assumptions, which are motivated by
experimental evidence: supersymmetry should observe the measured amount of
CP violation and the results concerning the Kaon mixing (GIM mechanism) as
well as the limits on FCNC and on the electric dipole moments of the neutron
and the electron. This can be obtained most easily if the soft supersymmetry
breaking parameters are real, the mass matrices are diagonal and the trilinear
couplings are proportional to the Yukawa couplings [8].

2εij = −εji and ε12 = 1
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1.2.3 Constrained MSSM

The MSSM has many appealing characteristics and several experimentally
testable predictions; however, it suffers from a large number of unknown param-
eters. This makes it impossible to pin down a unique theory. Using the above
mentioned assumptions and embedding supersymmetry in a GUT framework
results in large simplification.

Regarding the MSSM as a low-energy effective theory of a more fundamen-
tal theory at a large energy scale – as implied by the apparent unification
of the coupling constants in Figure 1.3 – leads to simplifications of the soft
supersymmetry breaking terms, which comply with the phenomenological con-
straints mentioned above. The resulting model is called the constrained MSSM
(cMSSM). It is based on the MSSM, but the number of unknown parameter is
reduced from 124 in the case of the MSSM to 23 (including the 18 Standard
Model parameters) in case of the cMSSM. The cMSSM is based on the following
assumptions at the GUT scale:

• Gaugino mass unification: Mi = m1/2, i = 1, 2, 3

• Scalar mass unification: M̃2
Q,u,d,L,e = m2

0

• Common tri-linear coupling: Af = A0, f = u, d, e

leaving the following additional degrees of freedom:

• Ratio of the vacuum expectation values of the Higgs fields: tan β

• Higgs mass parameter: μ.

The SUSY breaking parameters at the electroweak scale are calculated using
renormalization group equations. As an example, Figure 1.4 shows the running
of the masses with the energy Q from the GUT scale to the electroweak scale.

1.2.4 Supersymmetry Breaking

The MSSM leaves the question of the origin of the supersymmetry breaking
terms unanswered. There are several theories for the origin of supersymme-
try breaking being discussed at present, the two most popular theories being
gravity-mediated and gauge-mediated supersymmetry breaking. The underlying
assumption common to all supersymmetry breaking theories is that SUSY is
dynamically broken in a “hidden sector,” which is distinct from the “visible sec-
tor” of the MSSM fields. A third sector, called “messenger sector,” is employed
to transmit SUSY breaking from the hidden to the visible sector.
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1.2 Supersymmetry

Figure 1.4: An example of the running of the soft-supersymmetry breaking parameters with
Q (from Ref. [12]).

Gravity-Mediated Supersymmetry Breaking

Gravity-mediated SUSY breaking models (SUGRA models) assume that the
dynamical or spontaneous local supersymmetry breaking occurs in a hidden
sector at energy scale

√
F (usually

√
F � MW ), giving rise to a gravitino of

mass m3/2 = F√
3MP

. The breaking is transmitted to the visible sector through
gravity-like interactions, utilizing the fact that gravity couples to all massive
fields in the hidden and visible sector. The resulting low-energy theory consists
of the unbroken MSSM together with all possible soft supersymmetry break-
ing terms. Assuming that the couplings of all gauginos and scalars to the
hidden sector superfield are equal at MGUT results in a minimal Supergravity
(mSUGRA) model. In this model, the SUSY degrees of freedom are reduced to
four continuous and one discrete parameter, commonly chosen as:

m0, m1/2, A0, tan β and sign(μ). (1.31)

The masses of all supersymmetric particles at electroweak scale can be calcu-
lated from these parameters using renormalization group equations. Over most
of the model space, μ2 is large (gaugino region) with the approximate relation:

2mχ̃0
1
≈ mχ̃0

2
≈ mχ̃±

1
. (1.32)

mSUGRA yields to a promising SUSY breaking scenario, and the presented
thesis is performed within this framework.

Gauge-Mediated Supersymmetry Breaking

Supersymmetry breaking can also be transmitted to the MSSM sector by gauge
interactions [13]. The structure of such models involves a hidden sector where
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SUSY is broken, a messenger sector consisting of particles with SU(3)×SU(2)×
U(1) quantum numbers, and the (visible) fields of the MSSM. A supersymmetry
breaking spectrum in the messenger sector is generated by the direct coupling
of the messengers to the hidden sector. The breaking is transmitted to the
MSSM via the virtual exchange of the messengers. In GMSB models, the
gravitino is the lightest SUSY particle (LSP) with a mass typically in the eV to
keV range. The phenomenology is therefore determined by the next-to-lightest
SUSY particle (NLSP), which can be either a neutralino or a slepton.

1.2.5 SUSY Mass Spectrum

As is the case for the Standard Model, the particle fields of the SUSY La-
grangian are gauge eigenstates, not mass eigenstates. The mass eigenstates
are obtained by diagonalizing the mass-squared matrix. Using the phenomeno-
logical constraints (see Section 1.2.2), the sfermion mass matrices for the first
generation are (using the abbreviations: s2

W ≡ sin2 θW and Z2
β ≡ M2

Z cos 2β):

M2
ũ,LR =

(
m2

Q + m2
u + (1

2 − 2
3s2

W )Z2
β mu(Au − μ cot β)

mu(Au − μ cot β) m2
U + m2

u + 2
3s2

W Z2
β

)
, (1.33)

M2
d̃,LR

=
(

m2
Q + m2

d + (−1
2 − 1

3s2
W )Z2

β md(Ad − μ tan β)
md(Ad − μ tan β) m2

D + m2
d − 1

3s2
W Z2

β

)
,(1.34)

M2
ẽ,LR =

(
m2

L + m2
e − (1

2 − s2
W )Z2

β me(Ae − μ tan β)
me(Ae − μ tan β) m2

E + m2
e − s2

W Z2
β

)
, (1.35)

M2
ν̃ = m2

L +
1
2
s2
W Z2

β. (1.36)

The parameters mL, mE etc. are the explicit mass terms in the soft SUSY-
breaking Lagrangian Lsoft. The remaining terms are a consequence of the cou-
pling to a Higgs field in LSUSY or Lsoft. The off-diagonal terms in each mass
matrix are proportional to the mass of the corresponding Standard Model part-
ner, hence they introduce a mixing between the two sfermion chirality states.
The effect can be neglected for the first two generations due to the small mass
of the Standard Model partner. For the third generation however, the mixing
can have a significant impact on the resulting mass terms. This is of importance
for the trilepton analysis, and a more detailed discussion of the mixing effects
follows in Chapter 6.

The neutral higgsinos and the fermion partners of the neutral B and W 3 gauge
bosons mix to neutralino mass eigenstates. Using the abbreviations sβ ≡ sin β,
cβ ≡ cos β, sW ≡ sin θW and cW ≡ cos θW , the mass matrix is given by (in the
basis B̃, W̃ 3, H̃0

1 , H̃0
2 ):

Mχ̃0 =

⎛⎜⎜⎝
M1 0 −cβsW MZ +sβsW MZ

0 M2 +cβcW MZ −sβcW MZ

−cβswMZ +cβcW MZ 0 −μ
+sβsW MZ −sβcW MZ −μ 0

⎞⎟⎟⎠ . (1.37)
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The charged higgsinos and the charged gauginos mix to chargino mass eigen-
states. The chargino mass matrix is given by (in the basis W̃+, H̃+

2 , W̃−,
H̃−

1 ):

Mχ̃± =
(

0 XT

X 0

)
with X =

(
M2

√
2sβMW√

2cβMW μ

)
. (1.38)

The chargino masses follow by diagonalizing:

m2
χ̃±

1,2
=

1
2

[ |M2|2 + |μ|2 + 2M2
W

∓
√

( |M2|2 + |μ|2 + 2M2
W )2 − 4 |μM2 − M2

W sin 2β|2
]

. (1.39)

1.2.6 Higgs Sector in the MSSM

The Higgs sector in the MSSM is based on two Higgs doublets. This is necessary
to generate the masses of the up- and down-type fermions within the MSSM
and to avoid gauge anomalies [14]. The first Higgs doublet carries hypercharge
+1 and couples to up-type fermions, while the second Higgs doublet carries
hypercharge -1 and couples to down-type fermions:

H1 =
(

H0
1

H−
1

)
, H2 =

(
H+

2

H0
2

)
. (1.40)

The vacuum expectation values of the Higgs doublets are:

〈H1〉 =
(

v1

0

)
, 〈H2〉 =

(
0
v2

)
. (1.41)

Before symmetry breaking, the two complex Higgs doublets have 8 degrees of
freedom. Three of these are absorbed to give the W and Z bosons their masses,
leaving 5 physical degrees of freedom. These are:

• two charged Higgs bosons: H±,

• one CP-odd neutral (pseudoscalar) Higgs boson: A,

• two CP-even neutral (scalar) Higgs bosons: h, H (h denotes the lighter
of the two).

Most of the experimental investigations are interpreted assuming CP conserva-
tion in the Higgs sector. In such scenarios the three neutral Higgs bosons are
CP eigenstates as described above. However, CP violation in the Higgs sector
cannot be excluded a priori [15]. Scenarios with CP violation are theoretically
appealing since they provide one of the ingredients needed to explain the ob-
served cosmic matter-antimatter asymmetry (the observed size of CP violation
in the Standard Model is not sufficient). Substantial CP-violating effects can be
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MSSM Higgs dd, ss, bb, e+e−, μ+μ−, τ+τ− uu, cc, tt ZZ, WW

h − sinα
cosβ

cosα
sin β

sin(β − α)

H
cosα
cosβ

sin α
sin β cos(β − α)

A −ig tan β −ig cot β 0

Table 1.7: MSSM correction factors to Higgs boson couplings with respect to the Standard
Model couplings to fermions and massive gauge bosons at leading order (from
Ref. [16]).

induced in the MSSM by radiative corrections, especially from third-generation
squarks. In CP-violating scenarios, the three neutral Higgs mass eigenstates
are mixtures of CP-even and CP-odd fields, hence their production and decay
properties may be widely different compared to CP conserving scenarios. For
this analysis, CP conservation in the Higgs sector is assumed.

The ratio of the vacuum expectation values of the two Higgs doublets, tanβ, is
given by:

tan β =
v2

v1
. (1.42)

The Higgs mass spectrum is determined by only two parameters, commonly
chosen to be the mass of the pseudoscalar Higgs boson mA and tan β. At
leading order the masses of the remaining Higgs bosons are given by:

m2
H,h =

1
2

[
(m2

A + m2
Z) ±

√
(m2

A + m2
Z)2 − 4m2

Am2
Z cos2 2β

]
, (1.43)

m2
H± = m2

A + m2
W . (1.44)

The couplings for the neutral Higgs bosons to fermions and massive gauge
bosons at tree level are obtained from the Standard Model Higgs couplings
(see Table 1.4) multiplied with the correction factors shown in Table 1.7. The
mixing angle α (−π

2 < α < 0) is required to diagonalize the Higgs mass matrix
and is given by:

cos 2α = −cos 2β · m2
A − m2

Z

m2
H − m2

h

. (1.45)

The tree level formulas for the Higgs boson masses and couplings are subject
to large radiative corrections, which are dominated by the exchange of virtual
top and bottom quarks and squarks in the loop diagrams. The upper limit
on the mass of the lightest Higgs boson mh, which is bound to mh ≤ MZ

at leading order, is shifted towards mh ≤ 135 GeV for mt = 175 GeV and
MSUSY = 1 TeV by including calculations up to the 2-loop level [17]. MSUSY

stands for the energy scale of the supersymmetry breaking; it is assumed to be
a common mass parameter for all sfermions at the electroweak scale.
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For high values of tan β, the A and H are degenerated regarding their mass and
couplings. Requiring tan β > 10, the couplings to down-type quarks and leptons
are strongly enhanced, while those to up-type quarks and massive gauge bosons
are suppressed. Hence, the leading decay modes of A/H are bb̄ (∼ 90%) and
τ+τ− (8-10%). The enhanced coupling to b quarks for high tan β is important
for the production of A/H: the dominating production channel is the associated
bbH/A production. A more detailed discussion of the phenomenology follows
in Chapter 7.

Benchmark Scenarios

Due to the large number of free parameters in the MSSM, different benchmark
scenarios suitable for the MSSM Higgs boson search have been proposed for
interpretation of the results [17]. As discussed above, the masses and couplings
of the neutral MSSM Higgs bosons depend, in addition to tanβ and mA, on
the SUSY parameters through radiative corrections. In a constrained model,
were unification of SU(2) and U(1) gaugino masses is assumed, the most rel-
evant parameters are the trilinear coupling in the stop sector (At), the Higgs
mass parameter (μ), the gaugino mass term (M2), the gluino mass (mg̃) and
a common scalar mass (MSUSY ). Instead of At, the stop mixing parameter
Xt := At − μ cot β is usually used. The two important benchmark scenarios,
which were also used in the LEP II Higgs boson searches [18], are:

• mh-max scenario: the parameters are chosen such that the maximum
possible Higgs boson mass as a function of tan β is obtained. For fixed
M2, μ, mSUSY and mg this is achieved by adjusting Xt. This model
provides the largest parameter space and therefore the most conservative
exclusion bounds.

• no-mixing scenario: this scenario is associated with vanishing mixing in
the t̃ sector (by setting Xt = 0) and with a higher SUSY mass scale
as compared to the mh-max scenario, resulting in a relatively restricted
MSSM parameter space. This scenario typically gives a small mass for
the lightest Higgs boson h.

The values of the SUSY parameters for the two benchmark scenarios are listed
in Table 1.8. Both scenarios are examined with positive and negative sign of
the Higgs mass parameter μ.

1.2.7 Search for Supersymmetry

So far no evidence for supersymmetry has been found experimentally. SUSY
searches have been performed as direct searches in e+e− collisions at LEP and in
pp̄ collisions at DØ and CDF, but additional constraints on supersymmetry exist
from indirect searches (e.g. anomalous magnetic moment of the muon [24]) and
cosmology. The following subsections present a brief overview of some results,
which are of interest for this thesis.
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mSUSY μ M2 Xt mg̃

[GeV] [GeV] [GeV] [GeV] [GeV]

mmax
h 1000 ±200 200 2000 800

no-mixing 2000 ±200 200 0 800

Table 1.8: Values of the SUSY parameters for the benchmark scenarios that are used in this
analysis (from Ref. [17]).

Direct searches for MSSM particles

The search for supersymmetric particles at LEP II by the four LEP collabora-
tions (ALEPH, DELPHI, L3 and OPAL) has resulted in stringent mass limits,
which are then interpreted within a specific SUSY model in order to constrain
the parameter space of the model. Figure 1.5a shows the part of the ml̃R

-mχ̃0
1

plane which is excluded by direct searches of the LEP experiments. The fol-
lowing mass limits have been established for large l̃-LSP mass differences [25]:
mẽR

> 99 GeV, mμ̃R
> 94 GeV and mτ̃R

> 86 GeV. Figure 1.5b shows the lower
limit on the mass of the lightest chargino (χ̃+

1 ) as a function of the sneutrino
mass (mν̃). For large slepton/sneutrino masses, chargino masses are excluded
nearly up to the kinematic production threshold of 104 GeV at LEP II [26].
Limits on χ̃+

1 by DØ [22] and CDF [23] using Run I data are not competitive.
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Figure 1.5: LEP combined lower limits in a constraint MSSM (a) on the slepton masses as
a function of the mass of the lightest neutralino and (b) on the chargino mass
as a function of the sneutrino mass.

Search for MSSM Higgs bosons

The four LEP collaborations have searched for neutral Higgs bosons within the
MSSM framework. Since no excess of events has been observed, absolute limits
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are set on the masses of neutral Higgs bosons, leading to lower mass limits on
mh and mA for low values of tan β [18]. The Tevatron experiments CDF and DØ
have searched for neutral Higgs bosons in recent Run II data. These searches
are complementary to the LEP search, providing sensitivity in the large tan β
region. CDF has performed an analysis using L = 310 pb−1, searching for
neutral Higgs bosons decaying into tau pairs [19]. DØ has performed a search
for neutral Higgs bosons produced in association with bottom quarks using
L = 260 pb−1 [20]. Both results agree with Standard Model expectations, and
upper limits on the production cross section have been set.

A detailed discussion of these results and a comparison to the present analysis
follows in Chapter 7.
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Fermi National Accelerator Laboratory (FNAL) [28] near Chicago is home of
the Tevatron collider [27]. Protons and antiprotons are accelerated and collide
at a center-of-mass energy of

√
s = 1.96 TeV. Until the startup of the LHC [29]

at CERN [30] (Geneva) in 2007, where proton-proton collision at a center-of-
mass energy of 14 TeV will be studied using dedicated experiments, Tevatron
remains the world’s highest energy particle accelerator. The two multi-purpose
experiments CDF [31] and DØ [32] are located along the Tevatron ring and
analyze the pp̄ collisions.

The first data taking period (Run I) from 1992 to 1996 ended successfully with
the discovery of the top quark. During Run I, each experiment collected an
integrated luminosity of about L = 120 pb−1 at a center-of-mass energy of
1.8 TeV. The second period of data taking (Run II) started in 2001, after an
extensive upgrade of both the accelerator and the two experiments. Since then,
each experiment has collected data corresponding to L ≈ 1 fb−1. By the end
of Run II, an integrated luminosity of 8 fb−1 is expected for each experiment.

This analysis is based on data collected from April 2002 to June 2004 by the DØ
detector. The following chapter describes the basic units and the coordinate
system that are used throughout this thesis, the accelerator chain used for
Run II and the DØ detector, whose data has been analyzed.

2.1 Units and Coordinate System

The total number of times a given process occurs (N) is proportional to the
cross-section of the process (σ) and the integrated luminosity (L):

N = σ · L. (2.1)

The integrated luminosity is the integral over time of the instantaneous lumi-
nosity L: L =

∫
Ldt. Since the cross-section of a process is fixed for a given

center-of-mass energy and particle beam type, the goal of the accelerator is to
maximize the integrated luminosity delivered to the experiments. The cross-
section has the dimension of an area and is usually expressed in barn:

1 barn = 1 b = 10−24 cm2. (2.2)

Typical cross-sections for interesting physical processes at the Tevatron are of
the order of pico-barns (pb), thus the integrated luminosity is often expressed

23



2 Experimental Apparatus

in inverse pico-barns, pb−1. Assuming that two bunches containing n1 and n2

particles collide with the frequency f , the luminosity is approximately given by:

L = f
n1 · n2

4πσxσy
. (2.3)

σx and σy characterize the Gaussian transverse beam profiles in the horizontal
and vertical directions. Using the luminosity, the event rate R = dN

dt is given
by R = σL.

Throughout this analysis, standard spherical coordinates are used to describe
the positions of particles: r, φ (azimuthal) and θ. The system is centered at
the interaction region, at the center of the detector. The z direction is defined
along the beam-line, the y-axis is pointing upward. Instead of the polar angle θ,
the pseudo-rapidity η is usually used to describe the position of particles. The
pseudo-rapidity is defined as:

η = − ln(tan
θ

2
). (2.4)

The pseudo-rapidity is an approximation for the true rapidity y for finite angles
in the massless limit (m

E ≈ 0):

η =
1
2
ln

2 cos2 θ
2

2 sin2 θ
2

=
1
2
ln

E(1 − cot θ)
E(1 − cos θ)

≈ 1
2
ln [(E + pz)(E − pz)] = y. (2.5)

The number of particles, which result from high-energy particle collisions, is
roughly constant as a function of η, assuming identical beam energies and par-
ticle types. The position of a particle can be described either with respect to
the vertex position using physics-η (ηphys) or with respect to the center of the
detector using detector-η (ηdet). The vertex position is the interaction point
where the two beams collide. The separation of objects is usually measured in
terms of ΔR:

ΔR =
√

(Δφ)2 + (Δη)2. (2.6)

2.2 Fermilab Accelerator Chain

The Fermilab accelerator chain consists of numerous stages of acceleration and
storage to prepare protons and antiprotons for injection into the last stage,
the Tevatron. A schematic overview of the whole accelerator chain is shown in
Figure 2.1.

In the first stage, protons are accelerated as H− ions to 0.75 MeV using a
Cockroft-Walton accelerator. A linear accelerator (LINAC) accelerates the hy-
drogen ions to 400 MeV, after which they pass through a carbon foil to strip off
the electrons, leaving only the protons. A circular synchrotron, called Booster,
is used to group the protons into bunches and to accelerate them to 8 GeV.
In the next step, proton bunches are transferred to the Main Injector, where
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they are accelerated to 150 GeV. Antiprotons are produced in a hadronic re-
action by shooting proton bunches from the Main Injector at a nickel/copper
target. Only 15 antiprotons are collected from every million protons on target,
making this the limiting factor for increasing the luminosity at the Tevatron.
The bunch structure of the antiprotons, remnant from the Main Injector pro-
ton bunches, is removed in the Debuncher. In addition, the antiprotons are
also stochastically cooled and their energies made uniform. The Accumulator is
used to store the antiprotons. A crucial part in increasing the antiproton rate
has the Recycler, a storage ring which is located in the Main Injector tunnel
directly above the Main Injector beamline. The Recycler ring provides more
antiprotons for the Tevatron by acting as a post-accumulator and receptacle for
recycled antiprotons from the previous collider store. When a sufficient number
of antiprotons is available in the Accumulator (typically about 150−200×1010

antiprotons), 36 bunches of protons from the Main Injector are loaded into the
Tevatron at 150 GeV. Four bunches of antiprotons at a time are transferred
to the Main Injector, where they are accelerated to 150 GeV and injected into
the Tevatron synchrotron. After 36 bunches of antiprotons have been injected

p

p

p

p

C0

A0

F0

E0

Debuncher
8 GeV

Main Injector
150 GeV

Recycler
8 GeV

Linac

Accumulator
8 GeV

Booster

Proton Dump

Proton Dump

Fixed Target Area

Tevatron
980 GeV

DO

CDF

Figure 2.1: Schematic view of the Fermilab accelerator chain, showing the different accelera-
tion stages and the two multi-purpose experiments DØ and CDF. The Tevatron
is the last stage of a chain of accelerators and has a circumference of 6.3 km.
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into the Tevatron, both proton and antiproton bunches are accelerated to the
maximum beam energy of 980 GeV.

In the Tevatron, protons and antiprotons are arranged into three super bunches
separated by 2.6 μs. Each super bunch is composed of 12 bunches, separated
by 396 ns. The length of each bunch is about 60 cm, which corresponds to
2 ns. The beam half-life is about 9-10 hours, and collisions are recorded for
typically about 20 hours. The beams are collided at two interaction points
where the multi-purpose experiments CDF and DØ are located, resulting in
pp̄ collisions at a center-of-mass energy of 1.96 TeV. Eventually the beams
are dumped intentionally because of decreased beam currents and focus, which
results in an exponentially decreasing luminosity.

2.3 DØ Detector

The DØ detector is a multi purpose detector that uses dedicated subsystems
to identify and precisely measure photons, electrons, muons, neutrinos (in the
form of missing transverse energy) and jets of quarks and gluons. The setup fol-
lows the classical collider detector design, where the subdetectors are arranged
cylindrically around the interaction point. The detector has been significantly
upgraded for Run II of the Tevatron collider. This upgrade was necessary
to fully take advantage of the improvements done to the accelerator system.
During Run I, the Tevatron operated using six bunches of each proton and an-
tiprotons, with 3500 ns spacing between bunch crossings and a center-of-mass
energy of 1.8 TeV.

Figure 2.2 shows a side view of the upgraded DØ detector. The detector con-
sists of three major subsystems, which will be described briefly in the following
Chapters: the central tracking system, the calorimeter system, and the muon
spectrometer. In addition, a brief introduction to the trigger and data acquisi-
tion system is given. A complete description of the original Run I detector can
be found in Ref. [36]. The upgraded Run II detector is described in detail in
Ref. [37].

2.3.1 Tracking System

The purpose of the tracking system is to measure the trajectories of charged
particles produced in a collision and to determine the primary interaction ver-
tex. A charged particle with momentum p in a solenoidal magnetic field of
strength B along the z direction will travel on a helix with radius r given by:

r[m] =
pT [GeV]
0.3 · B[T]

. (2.7)

The DØ tracking system consists of the silicon microstrip tracker (SMT) and the
central fiber tracker (CFT) surrounded by a superconducting, 2 Tesla solenoidal
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Figure 2.2: Diagram of the upgraded DØ detector (from Ref. [36]). The side view is taken
from inside the Tevatron ring.

magnet. Its performance is of vital importance for the two analyses presented
in this thesis, since both the electron and tau reconstruction rely heavily on it
(see discussion in Chapter 4). A schematic view of the central tracking system
is shown in Figure 2.3.

Silicon Microstrip Tracker (SMT)

The SMT is the innermost tracking detector, starting at a radius of 2.7 cm.
The design was driven to cover the length of the interaction region (σ ≈ 25 cm)
and to provide both tracking and vertexing over nearly the full η coverage of
the calorimeter and muon systems. Figure 2.4 provides an isometric view of
the SMT.

In the central region (|z| < 53 cm), the detector consists of six barrel modules;
each barrel being capped at high |z| with a disk of twelve double-sided wedge
detectors (F-disk). Each barrel module consists of four silicon readout layers.
Layer 1 and 2 are equipped with 12 double-sided silicon readout modules (called
ladder), layer 3 and 4 with 24 modules. Forward of each disk/barrel assembly is
a unit consisting of three F-disks. Two large-diameter disks (H-disks) provide
tracking in the far forward regions at high |η| (110 cm and 120 cm from the
detector center).
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Figure 2.3: The central tracking system (from Ref. [37]).

The barrel detectors primarily measure the r − φ coordinate, while the disk
detectors measure r− z as well as r− φ. Hence vertices for high-η particles are
reconstructed in three dimensions by the disks, and vertices of small-η particles
are measured in the barrels and the central fiber tracker.

Central Fiber Tracker (CFT)

The CFT (Figure 2.3) surrounds the SMT and provides tracking up to
|ηdet| < 1.6. It consists of scintillating fibers mounted on eight concentric sup-
port cylinders, occupying the radial space from 20 to 52 cm from the center of
the beam pipe. The scintillating fibers are 835 μm in diameter and either 1.66 m
(two innermost cylinders) or 2.52 m (outer six cylinders) long. The fibers are
optically connected to clear fiber waveguides, which carry the scintillation light
to visible light photon counters (VLPCs) for read out. Each cylinder supports
one doublet layer of fibers oriented along the beam direction (z) and a second
doublet layer at a stereo angle of +3◦ (u) or −3◦ (v). From the smallest cylinder
outward, the fiber orientation is zu-zv in alternating mode.

The CFT has a total of 76,800 readout channels. Signals from doublet layers
along the beam direction are used to form a fast hardware trigger based upon
the number of track candidates above a specific pT -threshold. More details on
the trigger system follow in Section 2.3.7.
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Figure 2.4: Schematic 3D view of the silicon microstrip detector (SMT), showing the
disk/barrel design (from Ref. [37])

Solenoid Magnet

The solenoid magnet surrounds the CFT at a radius of 60 cm and has a length
of 2.7 m. It provides a uniform magnetic field of 2 T inside the tracking volume
and consists of two concentric coils of superconducting Cu:NbTi cable. The
magnet is operated with a current of 4.7 kA at a temperature of 10 K and has
a stored energy of 5 MJ. The superconducting solenoid coil plus cryostat wall
has a thickness of about 1 electromagnetic interaction length (X0) at ηdet = 0.

2.3.2 Preshower Detectors

The preshower detectors operate as calorimeters as well as tracking detectors,
enhancing the spatial matching resolution between tracks and electromagnetic
showers. They can be used to correct the electromagnetic energy measurement
of the calorimeter system for losses in the solenoid and upstream material, such
as cables and supports. Preshower information is also used in the trigger system
due to the fast energy and position measurements.

The central preshower detector (CPS) covers the region |ηdet| < 1.3 and is lo-
cated between the solenoid and the central calorimeter. The forward preshower
detectors (FPS) cover 1.5 < |ηdet| < 2.5 and are attached to the faces of the
end calorimeters. Both detectors are made from triangular strips of scintillator,
which are arranged in a way that there is no dead space between the strips.
The CPS consists of three concentric cylindrical layers of scintillator strips.
The three layers are arranged in an axial-u-v geometry, with a u resp. v stereo
angle of +24◦ resp. −24◦. The combined electromagnetic radiation length of
the solenoid and the CPS is about 2X0.

Each of the two FPS detectors (north and south) is made of two double layers
of scintillator strips, which are separated by a 2X0-thick lead-stainless steel
absorber. The layers in front of the absorber are referred to as the minimum
ionizing particle (MIP) layers, while the layers behind the absorber are called
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Figure 2.5: Isometric view of the central and two end calorimeters (from Ref. [37]).

shower layers. All charged particles passing through the detector will produce
a hit in the MIP layer, allowing measurement of the location (in η, φ and z)
of the track. Electrons most likely start showering in the absorber, leading to
a cluster of energy in the shower layer that is matched to the signal in the
MIP layer. Photons will not generally interact in the MIP layer, but produce a
shower signal in the shower layer. Muons and hadrons are less likely to shower
in the absorber, hence producing a second hit signal in the shower layer.

For the data used in this analysis the preshower detectors were not fully included
in both online triggering and offline reconstruction, hence their information is
not used.

2.3.3 Calorimeter System

The calorimeter system provides the energy measurement for electrons, photons
and hadrons in the form of jets. By measuring electromagnetic and hadronic
shower characteristics like longitudinal profile, width and isolation it assists in
the identification of electron, photons, jets and muons. The full coverage in φ
allows to establish the transverse energy balance in an event.

The DØ calorimeter system consists of three uranium/liquid-argon calorimeters
and the intercryostat detector, which are described briefly in the following. A
good performance of the calorimeter system is essential for this analysis, which
relies on an efficient reconstruction of electrons and hadronic tau decays.

30



2.3 DØ Detector

Figure 2.6: Schematic view of a portion of the DØ calorimeter showing the transverse and
longitudinal segmentation pattern (from Ref. [37]).

Liquid Argon Calorimeter

The calorimeters are shown in Figure 2.5. The central calorimeter (CC) covers
|ηdet|<∼ 1.1, and the two end calorimeters ECN (north) and ECS (south) extend
the coverage up to |ηdet|<∼ 4. Each calorimeter contains an electromagnetic
section closest to the interaction region followed by fine and coarse hadronic
sections. Liquid argon is used as the active medium for all of the calorimeters,
and each is located within a cryostat that keeps the temperature of the liquid
argon at approximately 80 K. Calorimeter cells are the basic building blocks
of the pseudo-projective towers shown in Figure 2.6, with each tower subdi-
vided in depth. The towers in both electromagnetic and hadronic modules are
Δηdet × Δφ = 0.1 × 0.1. Cell boundaries in the central region lead to small
non-sensitive regions in each layer, which are called φ-cracks.

The electromagnetic section (EM) of the central calorimeter has four cylindrical
floors (EM1-4) representing 2 + 2 + 7 + 10 radiation lengths at ηdet = 0. The
granularity of the cells in the third electromagnetic layer (EM3), where the
maximal energy deposition of the electromagnetic shower is expected, is doubled
in both η and φ (0.05 × 0.05 in η-φ). This allows a precise measurement of the
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location and size of the shower.

The hadronic section in the central calorimeter corresponds to a thickness of
about 7 hadronic interaction lengths and is divided into four cylindrical floors
(FH1-3 and CH). The innermost layer (FH1) is included in the identification of
electromagnetic objects since it allows to sample the energy deposition in the
tail of the electromagnetic shower.

The electromagnetic section in the end calorimeters is built in the same way
as in the central part. The four floors represent 0.3 + 2.6 + 8 + 9 radiations
lengths. The cell granularity corresponds to the one in the central calorimeter
for |ηdet| < 2.6. The cell size increases with increasing η up to a maximum value
of 0.4 × 0.4 for |ηdet| ≈ 4.0 to avoid very small cells.

The hadronic section in the end calorimeters is arranged into three modules.
The two inner hadronic modules are cylindrical, consisting each of a fine hadronic
and a coarse hadronic portion (see Figure 2.5). The Inner Hadronic consists of
four fine hadronic and one coarse hadronic layer. The thickness is 4× 1.1 + 4.1
hadronic interaction lengths. The Middle Hadronic consists of four fine hadronic
and one coarse hadronic layer and has a thickness of 4 × 0.9 + 4.4 hadronic in-
teraction lengths. The Outer Hadronic modules have a maximum thickness of
6 hadronic interaction lengths.

The calorimeter system has approximately 47,000 readout channels. The sig-
nals from the calorimeter cells are amplified and shaped in the preamplifiers,
located on the cryostats, before being sent to the signal shaping and analog
storage circuits, where the signals are shaped and sampled at the peak. Base-
line subtraction is performed in order to remove low frequency noise or pile-up
present in the signal. Analog sums of the signal provide prompt inputs to the
trigger system, while the signal is meanwhile kept in an analog buffer awaiting
trigger decision. More details on the trigger system follow in Section 2.3.7.

Intercryostat Region

The calorimeter system provides incomplete coverage in the region
0.8 < |ηdet| < 1.4, as can be seen in Figure 2.6. The gap between the central
and endcap cryostat is needed for the supply lines and cabling of the tracking
system. There is a substantial amount of unsampled material in this region, de-
grading the energy resolution. This is addressed by additional layers of sampling
within this region. Single-cell structures without absorber, called massless gaps,
are located inside the CC and EC cryostat walls. In addition, the intercryostat
detector (ICD) provides scintillator sampling in the region 1.1 < |ηdet| < 1.4,
where no electromagnetic calorimeter is instrumented. The ICD consists of a
series of scintillating tiles, each tile covering an area of Δη × Δφ = 0.3 × 0.3.

2.3.4 Muon Spectrometer

For triggering and precise measurements of muons, DØ uses a dedicated muon
spectrometer. Muons, in contrast to other charged particles and hadrons, pass
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through the calorimeter leaving a MIP signal and are detected in the muon
system that surrounds the calorimeter. Hence a muon signature consists of a
signal in the muon system and a matching track from the tracking system in
order to get a precise momentum measurement.

Figure 2.7: Schematic side view of the muon system with proportional drift tubes (PDTs),
mini drift tubes (MDTs), scintillation counters, toroid magnet and shielding
(from Ref. [37]).

The muon spectrometer is the outermost part of the DØ detector (see Fig-
ure 2.2). It is located on both sides of an iron toroid magnet which surrounds
the calorimeters at a distance of 3.18 m < r < 4.27 m to the beam pipe in the
central part and in a distance of 4.54 m < |z| < 6.10 m from the interaction
region in the forward parts. The toroid creates an internal field of 1.8 T to
allow momentum measurement in the muon system.

Figure 2.7 shows a schematic view of the DØ muon spectrometer. The system
consists of a central part (|ηdet| ≤ 1) and a forward angle muon system, which
extends the coverage up to |ηdet| ≤ 2. Each part uses fast scintillation counters
for triggering and timing measurements and drift tubes for precise position
measurements, a rough momentum estimate and also for triggering.

The central region uses proportional drift tubes (PDTs) as drift chambers.
Three layers of PDTs are located inside (layer A) and outside (layer B and C)
of the central toroid magnet. The drift tubes are made of rectangular extruded
aluminum tubes of 10.1 cm across and a maximum length of 5.79 m. Each
drift tube contains an anode wire at the center, parallel to the toroidal field
lines (operated at 4.7 kV) and cathode pads located above and below the wire
(operated at 2.3 kV), to provide hit information along the wire. The gas mixture
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consists of 84 % argon, 8 % methane and 8 % CF4. The PDTs are arranged
to chambers of 3-4 decks of drift tubes with 24 tubes each. The central muon
system is only partially instrumented at the bottom region (4.25 < φ < 5.15)
to make room for support structures.

The forward region uses mini drift tubes (MDTs) for muon track reconstruc-
tion, due to their short electron drift time (< 132 ns), high segmentation and
radiation hardness. The MDTs are arranged in three layers, as in the case of
the PDTs. A layer consists of 3-4 planes of tubes, each tube comprises eight
1 × 1 cm2 cells with a maximum length of 5.83 m. The tubes are mounted
along the magnetic field lines and operated at 3.2 kV. The MDT system uses a
CF4-CH4 (90 %-10 %) gas mixture.

Shielding structures isolate the muon detectors from backgrounds generated
near the beam pipe and accelerator elements. The scintillation counters in both
central and forward regions are positioned alongside the PDTs and MDTs.

2.3.5 Luminosity Monitor

The primary purpose of the luminosity monitor is to make an accurate deter-
mination of the Tevatron luminosity at the DØ interaction region by measuring
the rate of inelastic pp̄ collisions. In addition, the luminosity monitor identifies
beam crossings with multiple pp̄ interactions, makes a fast measurement of the
z-coordinate of the interaction vertex and measures beam halo rates. Each lumi-
nosity monitor detector consists of two arrays of 24 plastic scintillation counters
with photomultiplier readout and is placed in front of the end calorimeters at
z = ±140 cm, covering 2.7 < |ηdet| < 4.4 (see Figure 2.8).

Figure 2.8: Schematic drawing showing the location of the luminosity monitor detectors
(from Ref. [37])
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2.3.6 Forward Proton Detector

The forward proton detector measures protons and antiprotons scattered at
small angles that are missed by the main DØ detector. It consists of a series
of momentum spectrometers that make use of the accelerator magnets in con-
junction with position detectors along the beam line. Special stainless steel
containers (Roman pots) house the position detectors, allowing them to func-
tion outside the accelerator’s ultra-high vacuum and to be moved away from the
beam during unstable beam conditions. The forward proton detector consists
of 18 Roman pots arranged in six steel chambers located at various distances
from the DØ interaction point.

2.3.7 Trigger and Data Acquisition

As discussed before, most of the pp̄ interactions are soft collisions and therefore
only of minor interest. In order to select the interesting physics events and in
order to reduce the data flow from approximately 2 MHz to a recordable rate of
50 Hz, DØ uses a sophisticated trigger system. Three distinct levels form the
trigger system, and each succeeding level examines fewer events but in greater
detail and with more complexity.

A schematic overview of the DØ trigger and data acquisition system in shown in
Figure 2.9. The triggers are configured by a list of individual triggers (trigger
list), which are defined by a set of requirements at each trigger level. The
following sections provide a brief overview of the tasks and structure of each
different trigger level, with emphasis on the components that are of interest for
this analysis. A block diagram of the DØ trigger system is shown in Figure 2.10.

Figure 2.9: Overview of the DØ trigger and data acquisition system (from Ref. [37]).
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Level 1 Trigger

The first trigger stage (Level 1 or L1) is implemented in custom-designed hard-
ware to provide dead-time less trigger decisions and to examine every event for
interesting signatures. A L1 trigger decision is made within 4.2 μs, resulting
in a reduction of the data flow from 1.7 MHz down to 1.6 kHz. The Level 1
trigger uses input data from the following detector systems (see Figure 2.10):
calorimeter system (L1CAL), central/forward preshower detectors and central
fiber tracker (central track trigger, L1CTT), muon system (L1MUO) and the
forward proton detector (L1FPD). Both the L1CTT and the L1CAL are im-
portant for this analysis, hence a brief discussion follows.

The L1CAL looks for local energy depositions, which exceed programmable
thresholds on transverse energy deposits. It receives fast analog signals from
the calorimeter system, which are converted to ET on input. The summed
transverse energy deposition within the electromagnetic or all layers of
Δη × Δφ = 0.2 × 0.2 calorimeter towers are the basic trigger objects. In total
there are 1280 electromagnetic and 1280 hadronic trigger towers: 40 slices in η
(covering |η| < 4) and 32 slices in φ (covering the full azimuth). Electromag-
netic objects are identified by using the EM layers only, while jets are identified
by using the total transverse energy. The trigger coverage has been increased
during the first two years of Run II data taking from |ηdet| < 0.8 to |ηdet| < 3.2.
The vast majority of the data for this analysis has been taken with full coverage.

The L1CTT reconstructs the trajectories of charged particles with pT > 1.5 GeV
using discriminator data provided by the central fiber tracker and the cen-
tral/forward preshower detectors. For fast processing, the hit information of
the three scintillator-based detectors is compared to predefined track patterns
in a φ sector of 4.5◦. To balance the available hardware resources, the prede-
fined track patterns are grouped into four pT bins: 1.5 GeV < pT < 3 GeV,
3 GeV < pT < 5 GeV, 5 GeV < pT < 10 GeV, 10 GeV < pT . In addition
to finding tracks, the L1CTT also identifies CPS clusters, matches tracks to
clusters and reports the overall occupancy of the CFT. A list of seed tracks
is provided for L1MUO, and various track and cluster information is sent to
subsystems in the second trigger level. The CFT part of the L1CTT has been
included into data taking starting with trigger version 12 in Summer 2003. The
CPS information has been included in trigger version 13 (Summer 2004), which
is not part of this analysis.

Level 2 Trigger

The second trigger level (Level 2 or L2) collects data from both front-end elec-
tronics and the L1 trigger processors in order to perform a more detailed analy-
sis. L2 can combine data across detectors to form higher quality physics objects
than Level 1 and to examine event-wide correlations in all L2 physics objects.
The system handles a maximum input rate of 10 kHz and has an accept rate
of 1 kHz at a maximum dead-time of 5 % and a maximal latency of 100 μs.
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Figure 2.10: Block diagram of the DØ trigger system (from Ref. [37]) The arrows indicate
the flow of trigger-related data.

The L2 trigger includes preprocessors for each detector subsystem and a global
processor for integration of the data (see Figure 2.10). The preprocessor sub-
systems include tracking (L2CTT, L2STT), calorimeter (L2CAL), preshower
(L2PS) and muon systems (L2MUO). All subsystems work in parallel, and the
final L2 trigger decision is made in the L2Global stage based on physics objects
reconstructed in the preprocessors. L2Global examines correlations across all
detector systems, and it imposes cuts on the physics objects according to con-
figuration information from the trigger list. Preprocessing is performed either
with serial CPU-based cards or with CPU cards plus highly parallelized DSP
or programmable logic-based cards.

The L2CAL preprocessor identifies jets and electrons/photons and calculates
the energy imbalance in the event (E/ T ) using the 2560 calorimeter trigger
towers. Algorithms calculate the total energy, isolation and the electromagnetic
fraction of specific tower combinations.

The L2CTT preprocessor combines inputs from the L1CTT and the L2STT. It
refines the pT measurement and determines the azimuthal angle using additional
hit and tracking information provided by the Level 1 readout. The L2STT
reconstructs particles found in the L1CTT with increased precision by utilizing
the finer spatial resolution of the silicon microstrip tracker, allowing to measure
the impact parameter of tracks precisely enough to tag the decays of long-lived
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particles like B hadrons.

Level 3 Trigger

The entire DØ detector is read out for events passing the Level 1 and Level 2
trigger, including the L1 and L2 systems themselves. Each event is fully re-
constructed at Level 3, with algorithms running on a CPU farm that resemble
those for offline event processing as closely as possible, given restrictions due
to available processing power. This allows Level 3 to make a final trigger deci-
sion within 200 ms and to reduce the maximum input rate of 1 kHz to 50 Hz.
Its decisions are based on complete physics objects as well as on the relation-
ships between such objects, e.g. angular separation of physics objects or their
invariant mass. Candidate physics objects (or relations between them) are gen-
erated by object-specific software algorithms (filter tools). Reference sets of
programmable algorithm parameters are input to the filter tools via the trigger
list. These reference sets define the physics objects precisely.

The L3 jet tools implement a simple cone algorithm, which relies on the high-
precision calorimeter readout and primary vertex position. The L3 electron
tools are based on a simple ΔR < 0.25 jet cone, with specific requirements on
the minimum electromagnetic fraction and the transverse shower shape. For
further reduction of background, a match to the preshower detector signal can
be required.

The L3 tracking is based on CFT and SMT information. Track finding is
performed using specific tracking algorithms for the CFT and the SMT. A
global (CFT+SMT) high-momentum track finder starts from axial CFT seed
propagated towards the SMT by a linear fit in r − φ. The primary interaction
vertex is determined in the vertexing tool using CFT tracks. L3 tracks are used
in the electron and muon filters to increase efficiency and background rejection
at low values of ET .

Data Acquisition System

The data acquisition system consists of the L3DAQ and the online host system.
The task of L3DAQ is to transport detector component data stored in readout
crates to the processing nodes of the L3 trigger filtering farm. The online host
system receives event data from the L3 farm nodes and distributes that data to
logging and monitoring tasks. The raw data is written to files and transported
to the mass storage system, consisting of disk and tape storage. Corresponding
meta data is generated and stored in a database.

The raw data is reconstructed with the software DØreco [38], which provides
two output formats: the data summary tier (DST) and the thumbnail (TMB).
The size of the DST corresponds to approximately 150 kb per event, while the
TMB size is approximately 20 kb per event. The DST contains all information
necessary to perform any physics analysis, including limited re-reconstruction
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of high-level physics objects. The TMB can be used directly to perform many
physics analyses, the size reduction is achieved by dropping part of the infor-
mation and by compression.
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3 Phenomenology of pp̄ Collisions

The following chapter gives a brief overview of the terminology common to
hadron collider physics and describes processes that are of interest for this
analysis. A short description of the event simulation closes this chapter.

3.1 General Properties of pp̄ Collisions

Protons and antiprotons are composite particles, made of quarks and gluons
(so-called partons) – hence they are hadrons. The quarks or antiquarks which
impart quantum numbers to hadrons are called valence quarks. In the case
of the proton (antiproton), these are two u (ū) quarks and one d (d̄) quark.
Apart from these valence quarks, hadrons may contain an indefinite number of
virtual quarks, antiquarks and gluons which do not contribute to their quantum
numbers. Such virtual quarks are called sea quarks.

The quarks and gluons are the fundamental degrees of freedom to participate
in the strong interactions at high energies. Therefore a collision of protons and
antiprotons at high energies has to be regarded as an interaction of the partons.
The longitudinal parton momentum inside an accelerated proton is not precisely
known, while the transverse momentum has to be zero. In addition, partons
which do not participate in the hard scattering carry a significant amount of the
energy of hadrons and form the underlying event (see below). Their longitudinal
momentum is not measurable. As a consequence, the final state objects after
a collision are characterized using transverse momentum (pT ) and transverse
energy (ET ), making use of transverse momentum/energy conservation.

In the hard-scattering interactions of quarks and gluons at a hadron collider,
the effective center-of-mass energy of the interaction (

√
ŝ) is smaller than the

the center-of-mass energy of the machine (
√

s) and given by
√

ŝ =
√

xaxbs (3.1)

with xa and xb being the fractions of the proton/antiproton momentum carried
by the two colliding partons called a and b.

The majority of interactions in a proton-antiproton collision are uninteresting,
being the result of large-distance collisions between the incoming partons. The
momentum transfer in these interactions is small, resulting in low transverse mo-
menta of the secondary particles (“soft collisions”). Interesting physics events
are characterized by large momentum transfers, leading to final state particles
with large pT (“hard scattering”). Despite of the hard scattering various other
processes might happen:
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• Initial State Radiation (ISR): Emission of e.g. a gluon or photon from
the incoming partons, which results in significant corrections to the cross
section and to the event topology by increasing the amount of final state
particles.

• Final State Radiation (FSR): Emission of e.g. a gluon or photon from
outgoing partons, having the same consequences as described for ISR.

• Beam-beam remnants: The parton, which participates in the hard scat-
tering, carries only a fraction of the energy of the hadron, while the rest
is carried by the so-called hadron remnant. The fragmentation of the
remnant leads to additional final state particles.

The term underlying event is used to describe everything but the direct products
of the hard scattering process and the final state radiation of the hard scattered
partons. It receives contributions from the beam remnants plus initial and final
state radiation.

Due to the large inelastic scattering cross section of σinel ≈ 70 mb at the
Tevatron center-of-mass energy (see Figure 3.2), a typical bunch crossing is
characterized by multiple soft interactions. These kind of events are called
minimum bias events.

The term pile-up refers to irreducible background stemming from the previous
bunch crossing. In the case where detectors are not fast enough to resolve
individual interactions, the current bunch crossing is overlayed by signals from
the previous bunch crossing. For the DØ detector, pile-up is e.g. relevant in the
calorimeter system: the shaping time of the calorimeter readout electronics is
longer than the bunch crossing time of 396 ns, hence the signal from an earlier
bunch crossing may contribute to the energy of the jet under consideration.

3.2 Parton Distribution Functions (PDF)

In order to simulate proton-antiproton collisions, the parton distribution func-
tions (PDFs) fi(x,Q2) of the constituents have to be known. The quantity
fi(x,Q2)dx is the probability that a parton of type i carries a momentum frac-
tion between x and x + dx of the momentum of the hadron, and it depends on
the 4-momentum exchanged in the interaction (Q2). At large Q2, the interact-
ing particle sees the short-distance structure of the protons, and therefore has
access to the sea quarks. Hence the parton distribution functions are shifted to
small x values. For small Q2, the valence quarks dominate and the PDFs peak
at large x values. Figure 3.1 shows a parameterization of the PDFs of valence
and sea quarks provided by the CTEQ group [39] for Q2 = 104 GeV2, which
is a typical value at the Tevatron. Although gluons are only dominating at
very small x values, electron-proton scattering experiments have revealed that
they carry half of the total proton momentum. The other half is carried by the
valence and sea quarks.
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Figure 3.1: Parton distribution function of the proton as calculated for Q2 = 104 GeV using
CTEQ6 provided by the CTEQ group [39].

The parton distribution functions are parameterizations based on results from
various experiments. Quark and gluon PDFs are mainly based on results from
deep inelastic scattering (DIS) of electrons, muons and neutrinos with nucleons.
Recent experiments which performed precise DIS measurements are ZEUS [33]
and H1 [34], both located at DESY [35] in Hamburg. Gluon PDFs are also in-
ferred indirectly from measurements of inclusive and differential jet production
cross sections at hadron collider experiments (CDF, DØ).

3.3 Factorization and Renormalization Scale

Cross sections for processes that involve strong interactions are factorized into
a short-distance (hard) part and a long-distance (soft) part. The short-distance
part depends on the particular process and is calculable with perturbative QCD
(pQCD). The long-distance part cannot be calculated with pQCD, however it
is universal and therefore experimentally measurable. The factorization scale
μf is introduced to separate the two regimes. It characterizes the boundary
between short- and long-distance physics and is usually at the order Q of the
hard interaction.

The factorization is applicable at all orders of the perturbation expansion. With
increasing order of the calculation, the dependence of the cross section on the
choice of μf decreases. The variation of the cross section with the factoriza-
tion scale gives an estimate of the magnitude of higher-order corrections. The
complete perturbation expansion is independent of the choice of μf . Renormal-
ization of the QCD expansion introduces an arbitrary scale μR, at which the
coupling constant of the strong interaction is evaluated. The renormalization
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scale μR is usually chosen to be equal to the factorization scale μf .

3.4 Cross Section

The cross section of a generic hard-scattering interaction at leading order is
given by the sum over different parton combinations:

dσ

dQ2
=

∑
a,b

∫
dxa

∫
dxb fa(xa, Q

2)fb(xb, Q
2)

σ̂ab(xa, xb)
dQ2

(3.2)

where σ̂ab is the cross section of the elementary interaction between two par-
tons, and the fa(xa, Q

2) and fb(xb, Q
2) are parton distribution functions for the

two partons. Various cross sections for selected processes at the Tevatron are
shown in Figure 3.2. It is obvious that sophisticated analyses are necessary to
select interesting processes, like the production of SUSY particles, because the
corresponding cross sections are orders of magnitude lower than the di-jet cross
section or the inelastic scattering cross section.

Figure 3.2: Cross sections (left axis) and number of expected events for an integrated lumi-
nosity of 100 pb−1 (right axis) for selected processes at the Tevatron. Precise
values with errors for all processes that are relevant for this thesis are given in
Table 5.4.
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3.5 Higher Order QCD corrections

Higher order contributions to the leading order cross section consist of virtual
corrections (e.g. emission and absorption of a gluon) and emission of real par-
ticles (e.g. emission of a gluon which can be detected as a jet). These QCD
corrections can lead to considerable corrections to the total cross section. For
hadron colliders, cross section calculations for most processes of interest are
available at next-to-leading order (NLO), where corrections up to α2

s beyond
the leading order cross section are taken into account.

Higher order corrections also affect kinematic variables and angular distribu-
tions in the final state. In most cases it is sufficient to simulate the event
topology at leading order and use approximations for higher order effects. The
total cross section is corrected using the K-factor, which is defined as the ratio
of higher order and leading order cross section:

K(N)NLO ≡ σ(N)NLO

σLO
. (3.3)

Cross sections of Standard Model processes need to be known with high accu-
racy, especially for searches for non-Standard Model physics where Drell-Yan,
Z(+jet), W (+jet) and di-boson production are major backgrounds. In addi-
tion, accurate predictions of signal cross sections are needed for interpretation
of upper cross section limits in terms of model parameters.

3.6 Event Simulation

The simulation of proton-antiproton collisions and the identification of the col-
lision products is a complex task, which makes a direct comparison of the
experimental results with theoretical predictions very complicated. A detailed
and precise event simulation is necessary to address this problem.

The generation of simulated events consists of two steps: Monte Carlo gen-
eration and detector simulation. Both steps are briefly discussed here, since
explicit predictions for experimental quantities and the process under study are
derived from event simulations. In the following, the simulated events will be
referred to as Monte Carlo events.

3.6.1 Monte Carlo Generation

Most of the signal and background events that are used in this analysis are
generated using the Pythia [40] event generator in version 6.202. Pythia is
a multi-purpose high-energy particle collision simulator capable of simulating
e+e−, pp, pp̄ and ep collisions.

Pythia simulates all Standard Model processes that result from the pp̄ colli-
sion. In addition, it also allows the simulation of processes that are expected
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from new physics like supersymmetry. For most of these processes, leading
order matrix elements are used. These leading order calculations of the hard
subprocess are supplemented by parton showering. In addition, Pythia per-
forms the hadronization of colored partons into colorless hadrons. Both the
modeling of initial/final state radiation and the fragmentation/hadronization
process are discussed below. Pythia allows the use of different parton distri-
butions functions. For this analysis, all Monte Carlo samples were produced
using Cteq4-6.

The simulation of leptonic and hadronic tau decays is of significant importance
for this thesis. The software package Tauola [41] is used for the simulation of
tau decay, which includes spin effects [42].

Modeling of ISR and FSR

In every process that contains colored and/or charged objects in the initial or
final state, initial and/or final state radiation may result in large corrections
to the overall event topology and the cross section (see Section 3.1). This is
taken into account by Pythia using the parton shower method. This method
approximates the effects from ISR and/or FSR in a probabilistic approach by
an evolution in a series of branchings of a mother parton into two daughter
partons. The momentum fractions of the two daughter partons are z and 1− z.
The branching is described by the Altarelli-Parisi splitting functions P (z) [43].
Starting from the energy scale of the hard interaction Q2

max, the evolution of
the branchings is either performed forwards (for FSR) or backwards (for ISR).
The shower evolution is cut off at some lower scale Q0 ≈ 1 GeV. The parton
shower method gives a good description of the radiation of collinear and soft
partons, but has limited predictive power for the emission of hard and wide-
angle partons. Nevertheless this method is a reasonable approach for the physics
processes that are important in this thesis.

Fragmentation/Hadronization

As stated in Section 3.3, perturbative QCD is only valid at short distances,
while the perturbation theory breaks down at long distances. In the confinement
regime, the colored partons are transformed into colorless hadrons. This process
is called fragmentation or hadronization.

The fragmentation of partons into hadrons cannot be calculated and is de-
scribed in analogy to the description of the partonic structure of the proton:
fragmentation functions di

q(z,E) give the probability that a quark produces a
hadron i with a fraction z of the quark energy E. These fragmentation functions
have been measured at LEP [44]. The most successful theoretical approach in
describing fragmentation is the string fragmentation [45]. In this model, the
confinement is represented by a string with a certain energy density between
the partons that are moving apart. Quark-antiquark pairs are created along
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the string in such a way that the string breaks up into hadrons. The resulting
products are stable and instable hadrons. The decay of instable hadrons is
simulated using decay matrix elements or results of measurements.

Pythia uses the Lund string fragmentation model [46] implemented in the
program Jetset.

3.6.2 Detector Simulation

The particles produced by the Monte Carlo generator are passed through the
detector simulation, which is handled by the programs DØgstar [47] and
DØsim [48]. In the present thesis, software version p14 is used.

DØgstar simulates the interaction of particles with the detector material. It
is based on Geant [49], a software program that describes the passage of ele-
mentary particles through matter. This step is the most time consuming in the
whole event simulation, since the software has to model all particle interactions
in detail.

In the next step, DØsim modifies the simulated events to account for various
detector-related effects. It adds minimum bias events, pile-up from previous
bunch crossings and includes the simulation of noise from the detector and
electronic readout. The output of DØsim is in the same format as the data
recorded by the data acquisition system. It contains additional Monte Carlo
information which makes it possible to correlate the detector data with gener-
ator output.

The output of the detector simulation is reconstructed with the reconstruction
software DØreco [38]. Again program version p14 is used. This is the same
reconstruction software used for the reconstruction of data events.
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4 Event Reconstruction and Object
Identification

The task of the event reconstruction and object identification is to translate
the stream of readout signals from the detector (so-called raw data) into ba-
sic physics objects and to provide an accurate estimate of the kinematics of
the interaction. Algorithms have been developed to identify tracks, electrons,
muons, taus, jets and neutrinos (in the form of missing transverse energy E/ T )
as precisely as possible. The raw energy of these physics objects is calibrated
and corrected in order to reconstruct the event kinematics.

The following chapter describes the reconstruction of the physics objects which
are relevant for this analysis. The event signature consists of an electron, a
hadronically decaying tau and missing transverse energy, hence these physics
objects are described in detail. Additional information is needed from tracks,
jets and the primary vertex, which will also be discussed. Strategies on how to
separate these physics objects from the background are also presented.

4.1 Track Reconstruction

The trajectory of a charged particle (called track) is reconstructed using hit
information in the tracking system, which consists of the SMT and the CFT
(see Section 2.3.1). Both detectors are used for tracking in |ηdet| ≤ 1.6, while
only the SMT can be used in the remaining region up to |ηdet| ≤ 3.0. The track
reconstruction relies on two algorithms: the Alternative Algorithm (AA) and
the Histogram Track Finder (HTF).

The AA [50] uses a road-following method to reconstruct tracks. Starting from
any combination of three hits in the SMT barrels or disks, the algorithm extrap-
olates the sequence of hits moving outwards to the next SMT or CFT layer. If a
hit is found within the search window, an χ2 test is performed. The found hit is
associated with the track candidate if the χ2 value is below a certain threshold.
A “miss” is recorded when no hit is found in the layer. The construction of
track candidates ends when the last CFT layer is reached or when three misses
are recorded.

The HTF [51] method relies on a histogramming method. The trajectory of
a charged particle moving perpendicular to a homogeneous magnetic field can
be characterized by ρ, the radius of the curvature, d0, the distance of closest
approach (DCA) with respect to (0, 0), and Φ, the direction of the track at
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the point of closest approach to (0, 0). For track candidates with small impact
parameters, every pair of hits in x and y that belongs to the same track corre-
sponds to a single point in the ρ − φ plane. Filling each pair of hits into the
2-dimensional ρ − φ histogram, a peak in the histogram would correspond to a
track candidate.

A final list of tracks is generated by merging the output of both algorithms and
removing duplicates. The final track list is sorted by the number of hits, fewest
misses and lowest χ2 value.

The transverse momentum of a track is calculated from the curvature of the
trajectory in the magnetic field. The track momentum resolution degrades with
increasing momentum (σpT

pT
∼ pT ), while the energy resolution of the calorimeter

improves with increasing energy (
σET
ET

∼ 1√
ET

). Hence, the calorimeter gives
a more accurate measurement of the electron kinematics for the electrons in
the interesting pT range of this analysis. In addition, the pT measurement for
electron tracks suffers from the radiation of bremsstrahlung, due to the small
electron mass. This effect can be neglected for heavier charged particles.

4.2 Primary Vertex

The vertex of the hard scattering process is called primary vertex. The mea-
surement of its position is crucial for an accurate estimate of the transverse
momentum of the physics objects, especially for the missing transverse energy.
Due to additional softer minimum-bias interactions, a second hard scattering
process in the same bunch crossing and misreconstruction, it is possible to have
more than one candidate vertex.

Primary vertex candidates are determined using reconstructed tracks (see Sec-
tion 4.1). At least three tracks with SMT hits have to point to the same vertex.
The exact vertex position is determined by a fit that uses the associated tracks.
The z position has to be within the SMT acceptance region (|z0| < 60 cm). The
primary vertex of a hard collision is picked among the vertex candidates based
on track multiplicity and the transverse momentum of the associated tracks,
since minimum bias interactions will result in tracks with smaller transverse
momentum.

4.3 Electron Reconstruction and Identification

The identification of electromagnetic objects like electrons and photons is ini-
tially based on the reconstruction of electromagnetic showers in the calorimeter
system. The longitudinal shower profile is sampled in the four electromagnetic
layers EM1, EM2, EM3 and EM4, and the first fine-hadronic layer is used
additionally to sample the tail of the shower. The shower maximum is expected
to be in EM3, hence this layer has a higher granularity (see discussion in 2.3).
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Since photons do not leave signals in the tracking system, a track associated to
the energy deposition in the calorimeter provides a tool to distinguish electrons
from photons.

The electron reconstruction software uses cell towers in the first five calorimeter
layers in a cone of ΔR < 0.4 to form the initial calorimeter clusters. This is
done by the simple cone algorithm. The simple cone algorithm defines a list of
seed towers, which is initialized with the highest ET tower. The distance ΔR
between unassigned towers and the seed is calculated, and the unassigned tower
is added to the seed if the distance is smaller than the specified cone size. If
the unassigned tower cannot be matched to the seed, it is added to the list of
seed towers. After all entries in the list of seed towers are processed, the list of
seeds contains the found clusters.

Since the reconstructed electromagnetic clusters are dominated by background
from hadronic jets, further requirements are imposed on the cluster. These
requirements utilize that jets are characterized by broad showers with a large
fraction of energy deposited in the hadronic calorimeter. The electromagnetic
clusters are assigned an ID of 10 if they have ET > 1.5 GeV and and an
electromagnetic fraction (EMfrac) above 0.9. The electromagnetic fraction is
the ratio of the cluster energy deposited in the four EM layers compared to
the total cluster energy. If the cluster has a track loosely matched to it, the
ID is set to ±11, depending on the sign of the track (electrons get ID = +11,
positrons get ID = −11). In addition, it is required that the isolation of the
cluster (iso) is less than 0.2. The isolation variable is defined as:

iso =
Etot(0.4) − EEM (0.2)

EEM (0.2)
, (4.1)

where Etot(ΔR) and EEM(ΔR) denote the total energy and electromagnetic
energy within a cone of radius ΔR. Electromagnetic clusters which fulfill these
requirements are called EM candidates. The energy of the EM candidate cor-
responds to the sum of the energy deposition in all five layers. A calibration
is performed, which has been derived by a data-Monte Carlo comparison of
the invariant di-electron mass and its resolution in Z → ee and J/Ψ → ee
events [52].

Requiring that a track is matched to the electromagnetic cluster is a powerful
discriminant between electrons and photons. There are two different ways of
how to match a track to a calorimeter cluster, which are both used in this thesis.
The first one is referred to as spatial track match, while the second one is called
track match with E/p.

Spatial Track Match

The track algorithm searches in a window of ΔR < 0.1 around the calorimeter
cluster center for candidate tracks. The φ and η position of the candidate
tracks are extrapolated into the calorimeter for this calculation. The spatial
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track match uses the difference of the z position and the azimuthal angle φ of
track and cluster axis to calculate the χ2:

χ2 =
(

Δz
σz

)2

+
(

Δφ

σφ

)2

. (4.2)

The σz and σφ are the root mean squares of the experimental distributions of
the associated quantities. The track with the largest χ2 probability is selected
as the electron track.

Track Match with E/p

The track match with E/p method uses the same approach. The track algo-
rithm searches in a window of ΔR < 0.1 around the calorimeter cluster center
for candidate tracks. Since the track momentum is expected to match the mea-
surement of the transverse energy in the calorimeter, the χ2 has an additional
term using the ratio of the track momentum (pT ) and transverse energy of the
calorimeter cluster (ET ):

χ2 =
(

Δz
σz

)2

+
(

Δφ

σφ

)2

+

⎛⎝ ET
pT

− 1

σET
pT

⎞⎠2

. (4.3)

As before, σz, σφ and σET
pT

are the root mean squares of the experimental

distributions of the associated quantities. The performance of the track match
with E/p suffers from the worse momentum resolution in the tracking system
and especially from bremsstrahlung, which results in long tails in the ET /pT

distribution and hence inefficiencies.

H-Matrix

An important calorimeter variable for electron identification is the H-Matrix
(HMx8), which makes use of the distinct shower profile of an electron or a
photon when compared to the profile of a jet. To obtain the best discrimination
against hadrons, both the longitudinal and transverse shower shapes are used
and correlations between energy deposits in the calorimeter cells are taken into
account. This is done using a covariance matrix. In the present analysis, the
matrix is 8-dimensional, using the energy fractions of the four EM layers, the
total EM energy, the vertex z-position and the transverse shower width in z
and φ. The covariance matrix is defined as:

Mij = 1/N
N∑

n=1

(xn
i − x̄i)(xn

j − x̄j) i, j = 1...8, (4.4)

where xn
i is the value of the variable i for the particle n. The inverse of the

8x8 covariance matrix is called H-Matrix: H = M−1. The χ2 is defined as [55]:

HMx8 χ2 =
n∑
ij

(xi − μi)Hij(xj − μj) (4.5)
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with the observed values xi and the means μi for the shower shape observables,
which are derived from Monte Carlo electrons. By applying a cut on HMx8, an
electromagnetic shower can be distinguished from a hadronic shower.

4.3.1 Electron Likelihood

Requiring an electron candidate with a matched track, especially when using the
track match with E/p, is well suited for suppressing QCD backgrounds. How-
ever, instrumental or “fake electron” backgrounds from QCD multijet events
still pose a serious problem, due to the overwhelming rate of this background.
The main background sources for high pT electrons are photons and jets, which
are dominated by a leading π0 which decays into two photons. In either case,
there can be a track associated to the electromagnetic cluster due to photon
conversion to an electron-positron pair or a low energy charged hadron close to
the photon or π0. Hence, the two main background sources for electrons are:

• Photon conversions;

• Hadronic overlaps.

Further components of fake electron backgrounds include:

• Charged pions that undergo charge exchange in the early layers of the
calorimeter;

• Fluctuations of QCD shower shapes.

Studies of the fake electron background composition in Monte Carlo QCD
events, requiring an EM candidate with a tight track match and pT > 15 GeV,
show that the QCD background for electrons is mainly made of neutral pi-
ons [53, 54].

In order to efficiently select real electrons while suppressing fakes resulting
from misidentification, an electron likelihood has been developed [82]. The like-
lihood function combines information from various quantities measured in the
calorimeter and in the tracking system to form a single likelihood variable:

• Electromagnetic fraction (EMfrac): neutral pions are produced in associ-
ation with other charged hadrons. Hence the electromagnetic fraction of
the calorimeter cluster is worse due to significant hadronic energy stem-
ming from the surrounding hadrons.

• Shower shape H-Matrix χ2: this variable is the most important calorime-
ter variable, since it uses the distinct shower profile of an electron (or a
photon) to distinguish these objects from jets (see discussion above).
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• ET /pT : the calorimeter quantities of photon conversions are nearly iden-
tical to that of an electron, though they might be slightly wider than an
electron shower. However photon conversions are marked by the presence
of a second track close to the electron track and a large values of ET /pT .

• χ2 probability of the spatial match: neutral pions have to overlap a track
from charged hadrons in order to fake an electron, hence their track
matching can be poor.

• Number of tracks with pT > 0.5 GeV in a ΔR < 0.05 cone around
and including the electron track: this variable is meant to suppress fake
electrons from photon conversions where one would expect more than one
track very close to the electron.

• pT sum of all tracks with pT > 0.5 GeV in a ΔR < 0.4 cone around,
but excluding, the electron track: this variable is meant to discriminate
against π0 produced in association with charged hadrons. Additional
tracks that are present around isolated electrons will tend to have ex-
tremely low pT , whereas tracks from jets are likely to have large pT .

• Distance of closest approach (DCA): measures the shortest distance of
the selected track to the line parallel to the z-axis, which passes through
the primary vertex.

Figure 4.1 shows the distribution of various quantities which are used for the cal-
culation of the electron likelihood. As a signal sample, a Monte Carlo Z/γ∗ → ee
sample with 15 GeV < M(e, e) < 60 GeV is used. The background sample is
derived from data, requiring two electrons with the same charge and an invari-
ant mass in the same mass range as in the Monte Carlo sample. In both signal
and background sample, only events with two electrons that pass the EM can-
didate requirements and have a spatial track match are retained. In addition,
the two electrons in the signal sample are required to have opposite charge.
The resulting electron likelihood distribution is shown in Figure 4.2.

4.4 Tau Reconstruction and Identification

The tau lepton has a mass of 1777 MeV/c2 and is therefore the heaviest lepton
in the Standard Model (see Table 1.1). Unlike electrons or muons, taus decay
within the detector and must be reconstructed from their decay products. Due
to its large mass, the tau does not only decay leptonically into electron or
muon, but also hadronically into quark pairs, which hadronize into resonances
like π, K, ρ, K∗ or a1. Table 4.1 provides a detailed overview of the most
relevant tau decay channels and their corresponding branching ratios. The
leptonic branching ratio sums up to 35 %, while the semi-hadronic branching
ratio (usually referred to as the hadronic decay mode) sums up to 65 %. One
distinguishes the 1-prong decay, resulting in one charged particle (plus zero or
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Figure 4.1: Distribution of various input quantities for the electron likelihood for electrons
(shaded) and jets (hatched). The plots are taken from Ref. [78].
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Figure 4.2: Distribution of the resulting electron likelihood for electrons (shaded) and jets
(hatched) for |ηdet| < 1.0 and |ηdet| > 1.0. The plots are taken from Ref. [78].

more π0), and the 3-prong decay, resulting in three charged particles (plus zero
or more π0).

The tau decay length corresponds to cτ = 87 μm, which is about 4 times smaller
than the decay length of the b quark. Identification of taus based on separation
of its decay (secondary) vertex from the production (primary) vertex is more
difficult than for b quarks, hence the leptonic tau decay can not be distinguished
from direct decay into either electron or muon.
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Decay Channel Branching Ratio

leptonic decay τ− → μ−ν̄μντ 17.37 %
(1-prong) τ− → e−ν̄eντ 17.83 %
hadronic decay τ− → π−ντ 11.09 %
with 1 charged particle τ− → π−π0ντ 25.40 %
(1-prong) τ− → π−2π0ντ 9.13 %

τ− → π−3π0ντ 1.08 %
hadronic decay τ− → π−π+π−ντ 9.49 %
with 3 charged particles τ− → π−π+π−π0ντ 4.32 %
(3-prong)

Table 4.1: Overview of the most common tau decay channels and their branching ratios
(from Ref. [3]).

4.4.1 Reconstruction Algorithm

The hadronic decay products of tau leptons appear as narrow isolated jets with
low track and π0 multiplicity. To reconstruct these decay products, the recon-
struction algorithm performs three steps. In the first step, the tau calorimeter
cluster is built. In the second step, the candidate π0 decay products are re-
solved. The final tau candidate is formed in the third step, by matching tracks
to the calorimeter cluster ([59], [60]).

In the following, all three reconstruction steps are summarized in more detail.

Calorimeter Cluster

The tau reconstruction identifies calorimeter clusters for tau candidates using
two algorithms: one seeded using calorimeter energy clusters and the other
using high pT -tracks [59].

The calorimeter seeded algorithm uses a simple cone algorithm with a cone size
of ΔR = 0.3. Starting point is a calorimeter tower with at least ET > 1.0 GeV.
The final calorimeter cluster must satisfy ET > 4.0 GeV.

The track seeded algorithm uses all tracks above pT > 5 GeV as seeds. If the
calorimeter energy in a ΔR = 0.3 cone around the track exceeds 2 GeV, the
cluster is added to the list of tau candidates.

An isolation cone is constructed around the centroid of the calorimeter cluster
of the tau candidate. The cone has a size of ΔR = 0.5, and its ET is used
later for the tau identification purposes to ensure that the calorimeter cluster
is isolated.
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4.4 Tau Reconstruction and Identification

EM Subclusters

The fine segmentation of the calorimeter system allows the reconstruction of
π0 clusters distinct from charged pions. A nearest-neighbor algorithm is used
for cells in the EM3 layer of the electromagnetic calorimeter, since this layer
has the finest granularity and is at the shower maximum of electromagnetic
showers. The cell with the highest ET is used as a seed, and the neighbor with
the highest ET is added to the cluster. These two cells and all their neighbors
sharing a common boundary are combined to an EM3 subcluster. The energy
of cells in the other EM layers overlapping with the cluster are then added
to this object. All unused cells are used to search for more subclusters. The
transverse energy of an EM subcluster has to exceed 0.8 GeV. The minimum
requirement on the EM subcluster ET is of importance for the classification of
the tau candidates, which is discussed in Section 4.4.2.

Track Matching

The aim of the track matching algorithm is to differentiate between tracks from
tau decays and those from the underlying event or QCD background. Up to
three tracks are associated to the tau candidate.

The track matching algorithm starts by sorting all tracks in a ΔR = 0.5 cone
around the centroid of the calorimeter cluster in decreasing pT . The ordered
track list is traversed in an attempt to associate tracks with the calorimeter
cluster. Only tracks with pT > 1.5 GeV are considered. After the first track is
found, up to two more tracks are considered, if they originate within 2 cm in z
of the the first track at the point of closest approach. A second track is added,
if the invariant mass of the first and the second track is less than 1.1 GeV. A
third track is added, if the invariant mass of all three tracks is less than 1.7 GeV
and the sum of their charges is either +1 or −1. Tau candidates with only two
matched tracks and a total charge of zero are discarded.

4.4.2 Classification of Tau Candidates

In the reconstruction, a tau candidate is unambiguously assigned to a certain
category, depending on the number of tracks and the calorimeter subclusters.
This classification is done to identify specific discrimination variables for each
category, which allow an optimal identification of hadronic tau decays and an
efficient rejection of backgrounds. There are three categories in total, which are
referred to as tau types:

• type 1: a single track with a calorimeter cluster but no associated elec-
tromagnetic subclusters (π±-like);

• type 2: a single track with a calorimeter cluster and at least one associated
electromagnetic subcluster (ρ-like);
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• type 3: 2 or 3 tracks consistent with the tau mass.

Neglecting type misclassification, a 1-prong tau decay will be classified as ei-
ther tau type 1 (if no electromagnetic clusters have been associated with the
tau candidate) or as tau type 2 (if at least one electromagnetic cluster has been
associated with the tau candidate). Significant amount of electromagnetic en-
ergy in hadronic tau decays is expected from the π0, which appear in nearly
40 % of the tau decays, corresponding to roughly 60 % of the hadronic decay
modes (see Table 4.1). A 3-prong tau decay will be categorized as tau type 3.

Type Misclassification

Detector peculiarities and misreconstruction of tracks as well as electromag-
netic clusters can lead to type misclassification, where e.g. a tau decaying into
a charged pion and a tau neutrino is wrongly classified as a tau of type 2. Fig-
ure 4.3 visualizes the effects of type misclassification, which have been studied
using Z → ττ Monte Carlo events.

The main sources of type misidentification are early hadronic showers that can
cause a true type 1 decay to be classified as “type 2,” and lost electromagnetic
subclusters (especially in the inter-cryostat region) that often result in classi-
fication of a true type 2 decay as “type 1.” Of lesser importance are effects of
tracking inefficiency and attaching a track from the underlying event to the tau
candidate. Due to photon conversions, a non-negligible fraction of true type 2
decays has more than one track matched to it and is therefore classified as
“type 3.”

No attempt is made at the reconstruction stage to separate electrons from
taus. Indeed, it is expected that electrons will be reconstructed with very high
efficiency as tau type 2, except in the inter-cryostat region where they will pass
as tau type 1 due to lack of electromagnetic calorimeter. Hence in both analyses
presented in this thesis a significant increase from Standard Model processes
which have an electron in the final state is expected, and the issue will be
addressed during the discussion of the analyses in Chapter 6 and 7.

4.4.3 Neural Network

The classification of the tau candidates allows to select certain variables for each
type which are suitable to identify hadronic tau decays and reject background
from QCD jets. However, for each individual tau type these variables are nat-
urally correlated, making it difficult to efficiently select tau candidates using
simple square cuts. Correlations are best taken into account by using a mul-
tivariant analysis technique, like e.g. the likelihood discriminant for electrons
in Section 4.3.1.

For the identification of hadronic tau decays, a set of neural networks has been
developed to make efficiently use of discriminating tau variables [57]. Three
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Figure 4.3: Histogram (a) shows the reconstructed tau types for a generated type 1. Early
hadronic showers lead to a misclassification as “type 2.” Histogram (b) shows
the reconstructed tau types for a generated type 2. Photon conversions lead to
additional track(s), and hence to a classification as “type 3.” Misidentified “type
1” taus are located in the ICR, which is not covered by an EM calorimeter. The
lower right plot shows the η distribution of these misidentified taus. Histogram
(c) shows the reconstructed tau types for a generated type 3 (from Ref. [59]).

neural networks – one for each tau type – have been designed in order to identify
taus, based on the track and calorimeter signature they leave in the detector. A
detailed discussion of the neural network structure, the neural network training
and the chosen discriminating variables follows.

The chosen neural network package is part of the ROOT example applica-
tions [58] and uses a vanilla back propagation method, which suits especially
for particle physics classification tasks. The selected layout is identical for all
three tau types and uses a configuration consisting of a single input layer, a
single hidden layer and a single output layer. The input layer has one node for
each input variable, resulting in five input nodes for tau type 1 and six input
nodes for tau type 2 and 3. The hidden layer consists of several nodes, the
number being equivalent to the number of input nodes. The output layer con-
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sists of a single node. There is no connection between any two nodes of a given
layer, nor is there any direct connection between input nodes and the output.

Each hidden node hj represents a neuron that performs a linear combination
of input signals:

hj =
ni∑

i=1

Wijxi (4.6)

where xi is the i-th input and Wij is a weighting factor. It generates an output
in a normalized sigmoid form:

s(hj + Bj) =
1

1 + exp(−(hj + Bj))
. (4.7)

The bias Bj is added in order to improve the response of the sigmoid function.
The output is a linear combination of the hidden node outputs, on which a
sigmoid function is also applied.

For ni inputs and nh hidden nodes, there are all together nh(ni + 1) free pa-
rameters for the weights and nh + 1 free parameters for the biases. Given a set
of signal and a set of background events for training, the program determines
the weights and biases by iterative function minimization for optimal signal-
background discrimination. The weights and biases are corrected in proportion
to the error they have generated (desired output value - computed valued) and
to the derivative of the sigmoid function s(s−1). This leads to a more important
correction if the output of a given neuron does not peak near to 0 or 1.

According to the convention, 1 (0) represents the desired signal (background)
output. Each neural network is trained with a reasonably high number of
epochs (500-1000). As a signal training sample, a Monte Carlo sample of single
tau leptons uniformly distributed in η and transverse energy overlaid with a
minimum bias event are chosen. As the background training sample, a data
sample of jets which recoil against a non-isolated muon are used. The tau
candidate used for the training is required to have a visible ET above 10 GeV
and |ηphys| < 3.0, otherwise the event is discarded.

Discriminating Variables

The neural networks use input variables, which fill directly the values of the
input node. The input variables were chosen to minimize the dependence on
the tau energy and to exploit the narrow width of the energy deposition in the
calorimeter, the low track multiplicity and the low tau mass. Table 4.2 presents
an overview of the input variables that are used for each tau type. The variables
are explained in the following:

• profile = ET1
+ET2

ET
: ET1 and ET2 are the transverse energies of the two

most energetic calorimeter towers;

• iso = ET (ΔR<0.5)−ET (ΔR<0.3)
ET (ΔR<0.3) : calorimeter isolation parameter used for all

tau types;
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• Eτ
T,iso: transverse energy of the tau cluster in the isolation cone defined

as ΔR < 0.5;

• ettr = Σptrk
T : sum of all tracks within a ΔR < 0.5 cone that are not

associated with the tau;

• ettsum = Σpτtrk
T : sum of all tracks that are associated with the tau;

• EM12isof = EEM1+EEM2

E : ratio of the tau energy deposition in the first
two layers of the electromagnetic calorimeter (EM1 and EM2) and the
total tau energy deposition. The energy is calculated in a ΔR < 0.5 cone;

• pτtrk1
T : transverse momentum of the highest pT track associated with the

tau;

• e1e2 =
√

ettsum · EEM
T : product of the pT sum of all tau tracks (see

definition above) and the transverse energy deposited in the EM layer of
the calorimeter;

• δα =
√

(Δφ/ sin θ)2 + (Δη)2: the differences are calculated between the
sum of the tau tracks and the sum of the electromagnetic clusters, while
θ is the azimuthal angle of the calorimeter cluster centroid. In the small
angle approximation, the tau mass is given by e1e2·δα.

The neural networks either use directly these variables or a combination of
them, as indicated in Table 4.2. Figure 4.4 shows the distribution of each input
variable that is used for tau type 1. As a signal, a hadronically decaying tau in
Z → ττ Monte Carlo is used. The QCD background is derived from data by
selecting events with a like-sign electron and tau candidate, where the shower
profile of the electron corresponds to a QCD jet. This is achieved by inversion of
the HMx8 variable (see Section 4.3.1). As a further requirement, both objects
have to be well-separated (ΔR > 0.5). The resulting neural network output for
signal and background sample is presented in Figure 4.5. The distributions of
the input variables for tau type 2 are shown in Figure 4.6. The resulting neural
network output is presented in Figure 4.7. The corresponding plots for tau
type 3 are shown in Figure 4.8 and Figure 4.9. In Figure 4.10 the background
rejection is shown as a function of the signal efficiency for all three tau types.
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Variable Tau type 1 Tau type 2 Tau type 3

profile yes yes yes
iso yes yes yes

ettr/ettsum yes yes yes
EM12isof yes no no

pτtrk1
T /Eτ

T,iso no yes yes
pτtrk

T /Eτ
T yes no no

e1e2/Eτ
T no yes yes

δα/π no yes yes

Table 4.2: Input variables for the three neural networks, corresponding to the three different
tau types (yes/no=variable is/is not used). The variables are explained in the
text.
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Figure 4.4: Neural network input variables for tau type 1: profile, iso, ettr/ettsum,
EM12isof, pτtrk

T /Eτ
T . The green histogram represents hadronic decays of taus in

Z → ττ Monte Carlo, the empty histogram a QCD sample that is derived using
data. All input variables have to be in the range between 0 and 1, larger values
are set to 1.
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Figure 4.5: Resulting neural network output variable for tau type 1. The green histogram
represents hadronic decays of τ s in Z → ττ Monte Carlo, the empty histogram
a QCD sample. According to the chosen convention, the Z → ττ signal Monte
Carlo leads to a peak at 1, while the background peaks at 0.
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Figure 4.6: Neural network input variables for tau type 2: profile, iso, ettr/ettsum,
pτtrk

T /Eτ
T,iso, e1e2/Eτ

T , δα/π. The green histogram represents hadronic decays
of taus in Z → ττ Monte Carlo, the empty histogram a QCD sample that is
derived using data. All input variables have to be in the range between 0 and 1,
larger values are set to 1.
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Figure 4.7: Neural network output variable for tau type 2. The green histogram represents
hadronic decays of taus in Z → ττ Monte Carlo, the empty histogram a QCD
sample. According to the chosen convention, the Z → ττ signal Monte Carlo
leads to a peak at 1, while the background peaks at 0.
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Figure 4.8: Neural network input variables for tau type 3: profile, iso, ettr/ettsum,
pτtrk

T /Eτ
T,iso, e1e2/Eτ

T , δα/π. The green histogram represents hadronic decays
of taus in Z → ττ Monte Carlo, the empty histogram a QCD sample that is
derived using data. All input variables have to be in the range between 0 and 1,
larger values are set to 1.
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Figure 4.9: Neural network output variable for tau type 3. The green histogram represents
hadronic decays of taus in Z → ττ Monte Carlo, the empty histogram a QCD
sample. According to the chosen convention, the Z → ττ signal Monte Carlo
leads to a peak at 1, while the background peaks at 0.
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Figure 4.10: Background rejection versus tau efficiency for tau type 1, 2 and 3 (from
Ref. [57]).
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4.5 Jet Reconstruction and Identification

Collimated streams of hadrons are observed as jets in the detector, since indi-
vidual quarks and gluons cannot be detected directly due to color confinement.

The jet algorithm uses the simple cone algorithm to build preclusters, which
serve as seeds for the Run II Cone Algorithm. The Run II Cone Algorithm
proceeds in three steps called clustering, addition of midpoints and merg-
ing/splitting. A detailed description can be found in [56]. In the following,
jets with a low fraction of the jet energy deposited in the electromagnetic layers
of the calorimeter (EM fraction < 0.9) are called hadronic jets, while jets with
a higher EM fraction (EM fraction > 0.9) are called electromagnetic jets.

This analysis uses ΔR = 0.5 cone jets, which have to fulfill the following iden-
tification requirements [61]:

• HOTf < 10: The ratio of the energy of the highest to the next-to-highest
calorimeter tower is used to remove jets clustered from hot cells. Hot
cells/towers are usually related to detector problems like hardware failure
or abnormal electronic noise. The energy of a hot cell is typically large
(> 1 GeV).

• N90 > 1: The number of calorimeter towers containing 90 % of the energy
of the jet is used to remove jets that are clustered from a single hot tower.

• 0.05 < EM fraction < 0.9: The fraction of the jet energy deposited in
the electromagnetic layers of the calorimeter is used to remove isolated
electromagnetic particles.

Calorimeter noise, stemming from either the calorimeter cells or the calorimeter
electronics in the readout chain, can be misidentified as jets. These jets are the
main background source after application of the jet identification criteria, and
they are suppressed by applying the following quality requirements [62]:

• The calorimeter noise from the cells is dominated by the coarse hadronic
layers (CHF). To remove jets which predominantly deposit their energy
in the coarse hadronic layers, the energy fraction in the coarse hadronic
layers (CHF) has to be smaller than 0.4.

• To remove jets originating from noise in the calorimeter readout, the L1
trigger readout chain is utilized. To confirm the presence of real jets,
the ratio of the jet energy measured by the L1 system to the jet energy
measured by the precision readout must be larger than 0.4. This is referred
to as L1 confirmation.

A jet that satisfies both the identification criteria and the quality requirements
is regarded as a good jet. This analysis uses only good jets with a corrected
transverse energy (see below) of ET > 15 GeV.

67



4 Event Reconstruction and Object Identification

Jet Energy Scale Correction

Although the calorimeter effectively absorbs the hadronic energy of the jet,
there are several mechanisms which can cause the energy of the cells clustered
into a jet to deviate from the energy of the initial parton(s). The most important
are:

• Calorimeter Response (R): The measured jet energy can be distorted due
to a varying response to different particles, a non-linear response as a
function of the particle energy, uninstrumented regions of the detector
and dead material.

• Energy Offset (O): Energy contribution to the measured jet from the
underlying event, multiple interactions, energy pile-up, electronics noise
and noise from the uranium absorber can result in an offset to the jet
energy.

• Showering Corrections (S): Due to shower leakage outside the jet cone
(ΔR < 0.5), a fraction of the jet energy is not accounted for.

In contrast to electromagnetic jets, which are corrected using the electromag-
netic scale, hadronic jets are calibrated using the jet energy scale (JES) [63].
The JES corrections attempt to correct the reconstructed jet energy (Ereco)
back to the particle level energy (Ecorr), using the following equation:

Ecorr =
Ereco − O

R × S
. (4.8)

The main contribution to the JES corrections stems from the calorimeter re-
sponse R. It is derived from studying γ + jet events, where the high energetic
photon recoils against the jet. The conservation of transverse momentum allows
the correction of the jet energy using the electromagnetic scale, which is inde-
pendently calibrated using Z → ee events. The energy offset O is determined
from energy densities in events which are triggered when a minimum activity in
the luminosity monitor is reported (so-called minimum-bias triggered events).
The showering corrections S are determined from measured energy profiles of
jets.

The JES correction factors are derived separately for Monte Carlo and data
since the calorimeter response is not modelled perfectly in the Monte Carlo
simulation. Figure 4.11 shows the JES correction factors and their errors as a
function of the jet energy and the ηdet position of the jet. Figure 4.12 shows
the same histograms for Monte Carlo. Hadronic jets with E < 15 GeV are
calibrated with the JES for jets with E = 15 GeV.

4.6 Missing Transverse Energy (E/ T )

The missing transverse energy (E/ T ) measures the imbalance of the deposited
energy in the calorimeter system. The imbalance stems from physics objects like
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e.g. neutrinos, which do not deposit their energy in the detector. The missing
transverse energy corresponds to the negative sum of the calibrated energy
depositions in the detector. It is calculated from the raw missing transverse
energy and additional corrections for the calorimeter response of physics objects.
The finite energy resolution of the calorimeter system leads to a certain E/ T

resolution, which is worsened by additional detector effects like noise in the
readout electronics. The amount of missing transverse energy in an event is
an import signature for various physics processes, and its precise knowledge is
vital for both analyses that are presented later.

The raw missing transverse energy (METB) is calculated using all calorimeter
cells within the electromagnetic and fine hadronic layers of the calorimeter that
have a non-zero energy. Cells from the coarse hadronic layer are excluded,
except for coarse hadronic cells which belong to a good jet (see Section 4.5).
This avoids mismeasured missing transverse energy from noise in the coarse
hadronic layer. The projections of METB on the x and y axis are given by:

METBx,y = −
⎛⎝ ∑

i∈{Ecell, ��CH>0}
Ei

x,y +
∑

i∈{good jets and ECH>0}
Ei

x,y

⎞⎠ ,(4.9)

METB =
√

METB2
x + METB2

y . (4.10)

The raw missing transverse energy has to be corrected for the calorimeter re-
sponse of the physics objects. For electron candidates, the difference of the fully
calibrated energy of the electron and the sum of the corresponding calorimeter
cells is propagated into E/ T . For jet candidates, the jet energy scale calibration
is propagated into the calculation of the missing transverse energy. There is
currently no dedicated energy calibration for tau candidates available, however,
Monte Carlo studies and first results from analyses that use hadronic tau decays
indicate that the energy corrections are small [60]. Muons are minimum ionizing
particles which deposit only a small amount of energy in the calorimeter. Their
presence can thus also fake missing transverse energy in the detector. Their
energy deposition is corrected by the difference to the full muon transverse
momentum as measured in the muon system and in the tracker. Insufficient
calibration of the energy measurement of the physics objects can deteriorate
the resolution of the missing transverse energy.
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Figure 4.11: Jet energy scale calibration factors and the corresponding errors for data as a
function of the uncalibrated jet energy for η = 0 (top) and as a function of ηdet

for Ejet = 50GeV (bottom) (from Ref. [64]).
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Figure 4.12: Jet energy scale calibration factors and the corresponding errors for Monte
Carlo as a function of the uncalibrated jet energy for η = 0 (top) and as a
function of ηdet for Ejet = 50 GeV (bottom) (from Ref. [64]).
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5 Data Sample and Monte Carlo
Simulation

The first part of this chapter describes the data sample that is used for both
analyses, the trigger requirements and the applied data quality criteria. The
quality criteria are needed to ensure that all detector components necessary for
the reconstruction of the final state objects have been working well.

The second part describes the Standard Model Monte Carlo samples that are
used. Due to an incomplete implementation of the detector in the full detector
simulation and a missing trigger simulation, the Monte Carlo samples do not
reproduce the data correctly. Hence efficiency corrections are derived for data
comparisons and acceptance estimations.

5.1 Data Sample

The data sample used in this thesis has been collected from August 2002 to
June 2004 by the DØ detector. During this period, roughly 1 billion events
have been recorded.

The DØ experiment provides skims of the Run II data in order to reduce the
processing effort for the individual analyses. A skim is a preselection of data
events containing specific physics objects with quality requirements. This thesis
uses the EM1TRK skim, which requires one electron with |ID| = 10, 11 (see
Section 4.3) and ET in excess of 8 GeV and a track with pT > 5 GeV matched
to the electron within Δφ < 0.1 to be present in the event. The EM1TRK skim
consists of approximately 55 million events.

5.1.1 Data Quality Criteria

Both analyses rely on good identification and a precise measurement of the
kinematic quantities of an electron, a hadronic tau, tracks and additional jets.
Furthermore, the missing transverse energy is of importance and needs to be
accurately measured. To ensure that all detector components, which are needed
for the reconstruction of these objects, have been working well, certain quality
requirements are imposed. These quality requirements are either evaluated for
a whole run, corresponding to usually several hours of data taking, or for a
luminosity block, corresponding to one minute of data taking. The following
quality requirements are imposed:
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• Calorimeter quality selection: Data units where the direct run control
or the distribution of characteristic quantities (e.g. large average E/ T )
indicate calorimeter problems are discarded [65, 66, 67].

• Tracking quality selection: Runs with known problems in either the
SMT or in the CFT are discarded [67].

• Luminosity quality selection: Luminosity blocks with problems in the
luminosity DAQ or HV settings, with online losses, incomplete events, L3
losses, unreadable tapes and problems with the reference triggers (see
Section 5.2) are discarded from the data sample [69].

5.1.2 Trigger Selection

The rate of pp̄ collisions at the Tevatron is significantly higher than the rate at
which events can be read out and stored for offline analysis. In order to select
only interesting physics events and filter them out of the large background of
inelastic proton-antiproton reactions (see discussion in Chapter 3), various ded-
icated triggers have been developed. The data sample for this thesis has been
collected during two different trigger epochs. The first trigger epoch (August
2002-June 2003) is covered by trigger list v5-v11 and contains the run numbers
151817-178721. The second trigger epoch (July 2003-August 2004) is covered
by trigger list v12 and contains the run numbers 178722-194566. Both trig-
ger epochs are treated separately due to major changes and improvements for
trigger list v12.

Based on the characteristic detector signature of an electron (see Section 4.3),
electrons can be identified very clearly at the trigger level. Hence the various
single electron triggers are used to select the data. These triggers are combined
with a logical OR as they can trigger a given data event simultaneously. Table 5.1
gives an overview of the single electron triggers that are used in this thesis. A
detailed description of the trigger names used at the different trigger levels is
presented in Table 5.2. The trigger efficiency is discussed in Section 5.5.1.

5.2 Integrated luminosity

The integrated luminosity of the data sample is calculated using the single elec-
tron trigger with the highest pT threshold. For the first trigger epoch, covering
trigger list v5-v11, the integrated luminosity is calculated using EM MX. For
the second trigger epoch, covering trigger list v12, E1 SH30 is used to calcu-
late the integrated luminosity. Table 5.3 shows the integrated luminosity for
different trigger versions and data taking periods.
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Trigger Name Level 1 Level 2 Level 3

Trigger List v5-v11
EM HI CEM(1,10) EM(1,12) L20
EM HI SH CEM(1,10) EM(1,12) SH20
EM HI SH TR CEM(1,10) EM(1,12) TK12*SH12
EM MX CEM(1,15) none L30
EM MX SH CEM(1,15) none SH20
EM MX SH TR CEM(1,15) none TK12*SH12

Trigger List v12
Ex SH30 E1-E4 none SH30
Ex SHT20 E1-E4 none SHT20
Ex T13L15 E1-E4, E6 none T13L15
Ex SHT15 TK13 E1, E2, E4-E6 none SHT15*TK13
Ex T7SHT8 2TK5 E1-E8 none T7SHT8*2TK5

Table 5.1: Single electron triggers used in both analyses. The symbol * denotes a logical
AND. The description of the trigger names is given in Table 5.2.

The integrated delivered luminosity [68] is calculated using the rate of inelastic
collisions measured with the luminosity monitor (see Section 2.3.5). The in-
tegrated reconstructed luminosity [69] corresponds to the fraction of recorded
events that is reconstructed and that pass the data quality requirements pre-
sented in Section 5.1.1.

The estimated systematic error on the integrated luminosity is 6.5 % [70]. Main
contributions to this error stem from the measurement of the inelastic proton-
antiproton cross-section followed by the understanding of the kinematic distri-
butions for diffractive processes [71].

The resulting integrated luminosity for the data set used in both analyses is:∫
L dt = 327.3 ± 21.3 pb−1. (5.1)

5.3 Standard Model Monte Carlo Samples

The search for the associated production of the lightest chargino and the second
lightest neutralino (see Chapter 6) and the search for neutral MSSM Higgs
bosons (see Chapter 7) are both performed in a final state consisting of an
electron, a hadronic tau and missing transverse energy. The third lepton in
the trilepton analysis is identified by an isolated track. There are only a few
Standard Model processes which can produce the same final state signature,
meaning that the resulting final state consists of a real electron, a real hadronic
tau decay and true missing transverse energy. However, there are a variety
of backgrounds which can produce a similar detector signature due to lepton
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Description

Level 1
CEM(N,x) N electromagnetic tower(s) with ET > x GeV
TTK(N,x) N tracks with pT > x GeV
TIS(N,x) N isolated tracks with pT > x GeV
E1 CEM(1,10)
E2 CEM(2,6)
E3 CEM(1,9)*CEM(2,3)
E4 CEM(1,9)*TTK(1,10)
E5 CEM(1,6)*CEM(2,3)*TTK(1,10)
E6 CEM(1,6)*TIS(1,10)
E7 CEM(1,6)*CEM(2,3)*TTK(1,5)*TTK(2,3)
E8 CEM(1,10)*TTK(2,5)*TIS(1,5)

Level 2
EM(1,12) One EM candidate with ET > 12 GeV

Level 3
L20 One electron with |η| < 3.0 and ET > 20 GeV passing

loose EM cluster requirements (EM fraction>0.9).
L30 One electron with |η| < 3.0 and ET > 30 GeV passing

loose requirements.
SH20 One electron with |η| < 3.0 and ET > 20 GeV passing

loose requirements including shower shape cuts.
TK12*SH12 One electron with |η| < 3.0 and ET > 12 GeV passing

loose requirements including shower shape cuts.
Event must contain one track with pT > 12 GeV.

SH30 One electron with |η| < 3.6 and ET > 30 GeV passing
loose shower shape requirements.

SHT20 One electron with |η| < 3.6 and ET > 20 GeV passing
tight shower shape requirements.

T13L15 One electron with |η| < 3.6 and ET > 15 GeV passing
loose requirements with a matched track with pT > 13 GeV.

SHT15*TK13 One electron with |η| < 3.6 and ET > 15 GeV passing
tight shower shape requirements.
Event must contain one track with pT > 13 GeV.

T7SHT8*2TK5 One electron with |η| < 3.6 and ET > 8 GeV passing
tight shower shape requirements with a matched track
with pT > 7 GeV.
Event must contain two tracks with with pT > 5 GeV.

Table 5.2: Description of the trigger names that are used at the different trigger levels. The
symbol * denotes a logical AND.
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Trigger Version Reference Delivered Luminosity Reconstructed Luminosity
Trigger (data quality applied)

v5-v11 EM MX 179.0 pb−1 121.3 pb−1

v12 E1 SH30 247.8 pb−1 206.0 pb−1

Sum 426.8 pb−1 327.3 pb−1

Table 5.3: Integrated delivered and reconstructed luminosity for the data of the two trigger
epochs used in this thesis. The data quality criteria presented in Section 5.1.1
are applied.

misidentification and/or E/ T mismeasurement. All background processes are
summarized in Table 5.4. They are simulated using Monte Carlo methods
described in Section 3.6. The leading order cross sections are scaled with a
K-factor to take higher order QCD corrections into account (see Section 3.5).
The background from QCD multijet production (QCD background) is derived
from data, the exact procedure is described in Section 5.4.

The reconstructed electron usually stems from a real electron or a misidentified
jet, while the reconstructed tau can stem from either a real tau decay or from a
misidentified electron, muon or jet. The events can contain true missing trans-
verse energy arising from neutrino(s) in the final state, or the energy imbalance
can be a consequence of an energy mismeasurement. Since the various Standard
Model background sources are of different importance for the trilepton and the
Higgs analysis, a further discussion follows in Chapters 6 resp. 7.

5.4 Background from QCD Jet Production

The Standard Model background from QCD jet production corresponds to
events where jets are misidentified as an electron and a hadronically decaying
tau. The contributions of QCD multijet processes are determined from data by
selecting a sample that is dominated by QCD events. This QCD sample will
be used in both analyses to determine the QCD background at various stages
of the selection.

The QCD sample is determined by selecting events where the electron and the
tau candidate have the same charge (so-called like-sign events). Since a typical
jet is composed of numerous hadronization products, both like-sign and unlike-
sign events occur in QCD multijet processes. The like-sign sample is expected
to be dominated by QCD multijet events.

A variety of the Standard Model processes listed in Table 5.4 can also result
in a like-sign e + τh final state. Their contribution to the QCD sample is
estimated by selecting like-sign e+ τh events in Monte Carlo. This contribution
is subtracted from the QCD sample. The probability to measure the wrong
electron charge in Z/γ∗ → ee event is significantly lower in Monte Carlo than
in data. To correct for this effect, a charge misidentification factor of 4.5 is
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Process Mass Range [GeV] K-factor σ × BR [pb] # Events

Z/γ∗ → ee 15< Mee <60 NNLO 434 ± 15 300k

Z/γ∗ → ee 60< Mee <130 NNLO 254 ± 8 300k

Z/γ∗ → ee 130< Mee <250 NNLO 2.0 ± 0.6 261k

Z/γ∗ → ee 250< Mee <500 NNLO 0.167 ± 0.006 50k

Z/γ∗ → ee Mee >500 NNLO 0.00070 ± 0.0003 25k

Z/γ∗ → ττ 15< Mττ <60 NNLO 434 ± 15 300k

Z/γ∗ → ττ 60< Mττ <130 NNLO 254 ± 8 400k

Z/γ∗ → ττ 130< Mττ <250 NNLO 2.0 ± 0.6 104k

Z/γ∗ → ττ 250< Mττ <500 NNLO 0.167 ± 0.006 48.5k

Z/γ∗ → ττ Mττ >500 NNLO 0.0070 ± 0.0003 23k

W (→ e) incl. NNLO 2600 ± 93 1.80M

W (→ μ) incl. NNLO 2600 ± 93 2.83M

W (→ τ ) incl. NNLO 2600 ± 93 1.74M

WW (→ 2 leptons) NLO 1.67 ± 0.07 170k

WZ incl. NLO 3.58 ± 0.25 53k

ZZ incl. NLO 1.42 ± 0.08 53.5k

tt̄→ bbllνν NLO 0.67 ± 0.04 101k

tt̄→ bbjjlν NLO 2.68 ± 0.13 150k

Υ(1s) 35 ± 10 30k

Table 5.4: Cross section times branching ratio (σ × BR) and number of generated events
for the different background Monte Carlo samples. The error on the cross section
is given by the PDF uncertainty (see Ref. [72]). The leading-order cross section
is scaled with a K-factor (see Section 3.5). For the Z/γ∗ and W inclusive sam-
ples KNNLO from Ref. [73] is used. Cross sections for the di-boson samples are
calculated in [74], while the cross sections for the tt̄ samples are taken from [75].

derived in a data/Monte Carlo comparison of the invariant mass distribution of
the electron and the tau at preselection stage. The correction factor is applied
to the like-sign Z/γ∗ → ee events before they are subtracted from the QCD
sample.

In order to estimate the QCD background in both analyzes correctly, the QCD
sample is normalized to data. This normalization is done at an early selection
stage in a region of phase space where QCD multijet events dominate, the
backgrounds from other Standard Model processes are small and where the
signal contribution can be neglected.

In the search for associated neutralino/chargino production, the normalization
of the QCD sample to the data is performed in the M(e, τh) > 130 GeV region of
the invariant electron and tau mass at preselection stage. In the search for neu-
tral MSSM Higgs bosons, the NN < 0.3 region of the tau neural network output
at preselection state is used. The latter method can not be used for trilepton
analysis, since a tau neural network output that exceeds 0.3 is required in the
preselection to keep the amount of data manageable. For both methods a scale
factor for each tau type is derived, and the uncertainty on these scale factors
is taken into account as a systematic error. Within the errors, both methods
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result in the same QCD scale factors for each tau type, which are presented in
Table 5.5. Figure 5.1 shows the invariant e+τh mass distribution at preselection
level, Figure 5.2 shows the neural network distributions for all three tau types
at preselection level. The QCD scale factors are applied, demonstrating a good
modeling of the QCD background.

Tau Type QCD Scale Factor

1 2.09 ± 0.09
2 2.32 ± 0.05
3 1.96 ± 0.02

Table 5.5: QCD scale factors with their respective errors.
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Figure 5.1: QCD background normalization using the invariant e+ τh mass distribution.
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Figure 5.2: QCD background normalization using the tau neural network distributions for
tau type 1 (left), tau type 2 (middle) and tau type 3 (right). All distributions
are shown at preselection level.

5.5 Monte Carlo Efficiency and Resolution Corrections

The various signal and background Monte Carlo samples are used to estimate
the number of Standard Model background events at each selection stage and
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to determine signal efficiencies. In addition, they are used to optimize the event
selection criteria. Hence it is required to cross-check that the simulated events
reproduce the data events. If necessary, corrections have to be applied.

The Monte Carlo samples do not reproduce the data correctly due to the fact
that the triggers are not simulated in Monte Carlo and due to an incomplete
implementation of the detector in Geant [49]. These effects lead to corrections
of the electron identification efficiency and the resolution of the missing trans-
verse energy. Further corrections have to be determined for the pT resolution
of the tracker and the calorimeter.

The corrections which are derived in the following sections affect mainly the
electron candidate. Hence they play an important role in the correct modeling
of signal and background samples like the Z/γ∗ → ee and W → eν backgrounds,
which are both relevant for the optimization of the selection criteria. The
uncertainties of all corrections are included in the systematic error on the final
results.

5.5.1 Trigger Efficiency

The efficiencies of the single electron triggers used in both analyses have to be
measured in data and then be folded into both signal and background Monte
Carlo. This is done separately for data taken with trigger version v5-v11 and
for data taken with trigger version v12.

The trigger efficiency is measured for each selected trigger in a di-electron
selection using the tag-and-probe method. The di-electron selection requires
two EM candidate objects (|ID| = 10, 11, EMfrac > 0.9, iso < 0.15) with
pT > 8 GeV. The tag electron is required to have a likelihood value that ex-
ceeds 0.8 and to pass a single electron trigger, either EM HI or EM HI SH
in the case of trigger list v11 respectively E1 SH30 or E1 SHT20 for trigger
list v12. The probe electron has to fulfill the electron identification criteria
that are applied in each analysis: HMx8 < 20 and track match with E/p in the
case of the trilepton analysis, respectively likelihood > 0.8 in the case of the
search for neutral MSSM Higgs bosons. For each trigger (see Table 5.1) it is
tested whether the probe electron has passed the corresponding requirements
at each trigger level. The trigger efficiency corresponds to the ratio of the num-
ber of probe electrons passing the trigger requirements and the number of all
probe electrons. It is a function of the electron transverse momentum. For the
tag-and-probe method, both electrons are considered as possible tags to avoid
any bias. Due to the tight di-electron selection cuts, the QCD contribution is
negligible and is accounted for by a systematic error. In the final analysis, the
trigger version to correct for is chosen randomly for each Monte Carlo event ac-
cording to the luminosity share. The measured trigger efficiencies are presented
below.

As discussed in Section 4.4, no attempt is made at reconstruction stage to
separate electrons from taus. Therefore real electrons will be reconstructed with
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a very high efficiency as tau type 2 candidates (resp. tau type 1 candidates in
the inter-cryostat region), and the tau candidate can fire the single electron
trigger and contribute to the total trigger efficiency of the event. A further
discussion follows in Chapter 6 and 7.

Trigger List v11

The trigger list v11 single electron triggers selected for this thesis are listed
in Table 5.1. The triggers EM HI, EM HI SH, EM MX and EM MX SH are
purely based on the energy measurement in the calorimeter system, and they are
combined into a single trigger efficiency measurement. The result is presented
in Figure 5.3. The trigger efficiency is fitted using a Gaussian error function
with the halfpoint H, the slope S and the plateau P:

εtrigger = 0.5 × P × (1 + Errorfct(
pT − H√
pT × S

)) (5.2)
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Figure 5.3: Trigger efficiency for the combined EM HI, EM HI SH, EM MX and
EM MX SH triggers in trigger list v11: the Level 3 ET threshold of 20 GeV
is clearly visible.

The kinematic range for electron triggering is extended to lower transverse mo-
menta by adding tracking information. Since the L1CTT (see Section 2.3.7) was
not commissioned for this run period, tracking information within the trigger
system was not available until Level 3. Both EM HI SH TR and
EM MX SH TR require one track with pT > 12 GeV at Level 3. This leads
to an η dependence of the trigger efficiency since the CFT acceptance region
extends only up to |ηdet| = 1.6. Given that there is no matching performed at
Level 3 between the calorimeter cluster and the track, the track can either stem
from the electron or the tau candidate. It is therefore necessary to study the
trigger efficiencies for the calorimeter requirement and the track requirement
of the trigger separately. Both efficiencies are shown in Figure 5.4. The trig-
ger efficiency for EM HI(MX) SH TR is a combination of the calorimeter and
track trigger efficiency. Times when EM HI SH TR or EM MX SH TR were
turned off or prescaled lead to an inefficiency, which is folded into the trigger
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efficiency. Hence the low plateau efficiency of approximately 0.5 for the track
trigger efficiency. The trigger efficiencies are fitted using Eqn. 5.2.
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Figure 5.4: Trigger efficiency for EM HI(MX) SH TR: the left plot shows the trigger effi-
ciency for the calorimeter requirement with a Level 3 ET threshold of 12 GeV,
the right plot shows the track trigger efficiency with a pT threshold of 12 GeV.
EM HI(MX) SH TR extends the kinematic range of the single electron triggers
shown in Figure 5.3 at lower electron transverse momenta.

Trigger List v12

The trigger list v12 single electron triggers selected for this thesis are summa-
rized in Table 5.1. Each trigger is simulated separately, taking into account a
possible η dependence stemming from a track requirement at Level 1 or Level 3.
The resulting trigger efficiencies are fitted with either a Gaussian error function
(see description for trigger list v11) or using the sum of a Gaussian error func-
tion (with the half point H, the slope S and the plateau P) and a polynomial
of 2nd order:

εtrigger = 0.5 × P × (1 + Errorfct
(

pT − H√
pT × S

)
) (5.3)

+ p0 + p1 × pT + p2 × p2
T (5.4)

Due to the large amount of available single electron triggers in v12, only a subset
of the eligible triggers are chosen to be visualized here. The combined trigger
efficiency of the most important single electron triggers for this thesis, restricted
to |ηdet| < 1.6, is shown in Figure 5.5. Due to the two tracks which are required
to satisfy E8 T7SHT8 2TK5, the efficiency of the resulting trigger combination
is shown as a two-dimensional function of electron pT and tau pT . Fixing the
transverse momentum of the tau to 25 GeV, the single electron trigger efficiency
for trigger list v12 can be plotted as a function of the electron pT . This displays
the contributions of each trigger individually.

5.5.2 Electron Efficiency and Resolution Corrections

Both analyses use electrons over the whole ηdet-range without constraints on the
azimuthal angle φ. This includes less sensitive detector regions which consist of
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Figure 5.5: The upper plot shows the combination of the most important v12 single trigger
efficiencies as a function of tau pT and electron pT . The lower plot shows a slice
plane at tau pT = 25 GeV. The various colors represent the contribution of the
most important single electron triggers.

the φ-cracks at the borders of the calorimeter tower in the central calorimeter
(see Section 2.3.3), referred to as non-fiducial regions. Due to the poor modeling
of the energy deposition at the borders of calorimeter towers, electrons that are
located in these regions are studied separately.

EM Candidate Efficiency

Efficiencies for the identification of EM candidates (see Section 4.3) are mea-
sured for data and Monte Carlo in Z/γ∗ → ee events using a tag-and-probe
method [77, 78]. The EM candidate efficiency comprises the calorimeter clus-
tering and the requirements on the electromagnetic fraction and the isolation.
Events are required to have one electron (tag) that passes all the EM candidate
selection criteria (|ID| = 10, 11, EMfrac > 0.9, iso < 0.15), is matched to a
track and is identified as the trigger object. A second isolated track (probe) is
required in each event, and the invariant mass of the electron and the track is
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required to be in a window of ±20 GeV around the Z boson mass. This sam-
ple is used to search for electromagnetic clusters that can be matched to the
extrapolated track within ΔR < 0.1. The EM candidate efficiency is given by
the ratio of the number of events where the track is successfully matched to an
electromagnetic cluster and the total number of events in the sample. The QCD
background is estimated by performing an exponential fit to the sidebands of
the Z mass peak and is subtracted. The resulting EM candidate efficiencies are
shown in Table 5.6. Since the efficiencies for Monte Carlo and data agree within
the errors, no correction factor is applied for the EM candidate identification.

|ηdet| < 1.05 1.5 < |ηdet| < 2.3

EM Candidate Efficiency (Data) 0.988±0.003 0.995±0.011
EM Candidate Efficiency (Monte Carlo) 0.991±0.001 0.991±0.001
Monte Carlo Correction Factor 0.997±0.003 1.004±0.011

Table 5.6: EM candidate efficiencies in data and Monte Carlo and the resulting Monte Carlo
correction factor as measured in Z → ee events. The efficiencies for data are taken
from [77], the efficiencies for Monte Carlo are taken from [78].

Likelihood Efficiency

The electron likelihood efficiency is measured in a similar way as the EM can-
didate efficiency, using Z/γ∗ → ee events in data and Monte Carlo and a tag-
and-probe method. Starting from events with at least two EM candidates
(|ID| = 10, 11, EMfrac > 0.9, iso < 0.15) with pT > 15 GeV and |η| < 3.0, the
tag electron is required to have a likelihood value that exceeds 0.8 and to pass
a single electron trigger. The invariant mass of the two electrons has to be in a
window of ±30 GeV around the Z mass. The QCD background contribution is
estimated by performing a fit to the sidebands of the Z peak. This background
contribution is subtracted for the efficiency calculation. The measurements are
performed in different ηdet bins for fiducial CC electrons, non-fiducial CC elec-
trons and EC electrons. The resulting ratio in data and Monte Carlo is shown
in Figure 5.6. The η-dependent efficiency correction is applied to the Monte
Carlo electron candidate if the likelihood cut is performed.

Efficiency for Track Match with E/p Requirement

The efficiency for the track match with E/p requirement (see Section 4.3) is
measured in a similar way as the EM candidate and likelihood efficiency. Start-
ing from events with at least two EM candidates (|ID| = 10, 11, EMfrac > 0.9,
iso < 0.15) with HMx8 < 20, pT > 25 GeV and |η| < 2.5, the tag electron
is required to be located in the CC region, to have a track match (with E/p
requirement) and to pass a single electron trigger. The invariant mass of the
two electrons has to be in a window of ±30 GeV around the Z mass. The QCD
background contribution is estimated by performing a fit to the sidebands of the
Z peak and is subtracted. The resulting efficiencies for both data and Monte
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Figure 5.6: Electron efficiency correction for likelihood > 0.8 as a function of ηdet. The
efficiency correction in the central calorimeter is shown separately for fiducial
and non-fiducial regions.

Carlo are shown as a function of ηdet in Figure 5.7. The resulting Monte Carlo
correction factor is shown in Figure 5.8. The η-dependent factor is applied to
the Monte Carlo electron candidate if the track match with E/p requirement is
applied.
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Figure 5.7: Efficiency for the track match with E/p requirement as a function of ηdet in data
(left) and Monte Carlo (right).

Electron Smearing

The calorimeter energy resolution for electrons is not perfectly modeled in the
detector simulation. This is mainly due to an incomplete description of the
material in front of the calorimeter and to an insufficient modeling of the elec-
tronic noise. Hence the reconstructed electron energies in Monte Carlo have to
be smeared. The smearing is optimized by comparing the pT and invariant mass
distributions for Z → ee candidates in data and Monte Carlo. The procedure is
performed separately for fiducial electrons in CC, non-fiducial electrons in CC,
electrons in the ICR and electrons in EC. The electron energies are smeared
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Figure 5.8: Monte Carlo efficiency correction for the electron with track match with E/p
requirement as a function of ηdet.

with a Gaussian of rms = σel and scaled with correl according to:

Enew = Eold ∗ correl ∗ (1. + gauss(σel)). (5.5)

The smearing and scaling parameters for the four detector regions are listed in
Table 5.7. All electron energy corrections are propagated into the calculation
of the missing transverse energy. Figure 5.9 shows the distribution of the di-
electron mass in Z → ee events in data and Monte Carlo for different detector
regions. Smearing and efficiency corrections are applied to the Monte Carlo
electrons.

Region σel correl
CC fiducial 0.040±0.004 1.006±0.001
CC non-fiducial 0.080±0.004 0.950±0.002
ICR 0.055±0.010 0.984±0.001
EC 0.035±0.006 0.990±0.001

Table 5.7: Smearing parameters for electrons as defined in Eqn. 5.5 (from Ref. [78]).

5.5.3 Tau Efficiency and Resolution Corrections

The Monte Carlo tau candidate is corrected for the different track reconstruc-
tion efficiency in data and Monte Carlo events. The track reconstruction ef-
ficiency is measured in a sample consisting of isolated muon events. These
muons are reconstructed using information from the muon and calorimeter sys-
tem only. In this sample, the track reconstruction efficiency is measured by
noting the probability of there being a central track pointing toward the muon.
The measurement is performed in two different run periods [83], and the fol-
lowing Monte Carlo efficiency correction factors are derived:

• Run number < 175757: ε = 0.981 ± 0.027
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Figure 5.9: Distribution of the invariant di-electron mass in data and Monte Carlo for both
electrons in fiducial detector regions (a), for one electron near a φ-crack (b)
and one (c) or both electrons (d) with |ηdet| > 1.5. Smearing and efficiency
corrections have been applied to the Monte Carlo electrons.

• Run number ≥ 175757: ε = 0.993 ± 0.026

The electromagnetic fraction of the tau energy is smeared with the same pre-
scription that is used for the electron smearing. This is necessary in order to
correctly describe the large amount of tau fakes stemming from electrons. In
addition, the transverse momentum of all tracks associated to the tau candidate
have to smeared since the 1/pT resolution of the tracker is not modeled correctly
in the detector simulation. The track smearing is described in Chapter 5.5.5.

All described tau efficiency and resolution corrections are cross-checked in a
Z/γ∗ → ττ cross section measurement, which is described in Ref. [97].

5.5.4 pT (Z) Reweighting

The pT distribution of the Z boson is not properly described in Monte Carlo
events generated with Pythia 6.202. To correct for this, a tuning of the Pythia
samples via input parameters based on the differential Z boson production cross
section dσ

dpT
as measured in Z/γ∗ → μμ events in Run I and Run II data has

been performed [84]. Figure 5.10 shows the ratios of the number of events in
the tuned and default Monte Carlo in four different mass windows, which are
fitted using a modified Fermi function. The correction factors which result from
these fits are used to reweight the Z/γ∗ → �� Monte Carlo that is used in this
thesis.
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Figure 5.10: Ratio between tuned and default Pythia 6.202 Monte Carlo as a function of
the transverse momentum of the Z boson pT (Z). The following four mass
ranges were considered: (a) 15 GeV < M(Z/γ∗) < 30 GeV, (b) 30 GeV <
M(Z/γ∗) < 60 GeV, (c) 60 GeV < M(Z/γ∗) < 130 GeV and (d) 130 GeV <
M(Z/γ∗) < 250 GeV (from Ref. [84]).

5.5.5 Track Smearing

Due to the fact that the Monte Carlo uses an idealized geometry of the tracking
system, the 1/pT resolution of the tracker is not modeled correctly in the de-
tector simulation. Hence the track pT needs to be smeared. The Monte Carlo
is tuned to describe the data by smearing the inverse of the track transverse
momentum using the following function:

1
pT

→ 1
pT

+ (A + B/pT) ∗ Gaussian(0, 1) (5.6)

with A=0.0013 and B=0.017 for tracks with SMT hits and with A=0.0023
and B=0.028 for tracks without SMT hits. These parameters are derived
by comparing the width of the invariant mass distribution in Z → μμ and
J/ψ → μμ events in data and Monte Carlo [85].

5.5.6 E/ T Smearing

The correct modeling of the missing transverse energy distribution in back-
ground events is necessary for the optimization of both analyses, since it is an
important quantity in the signal selection.

The raw missing transverse energy (see Section 4.6) is corrected for the calorime-
ter response of the physics objects. In addition, the smearing of the electron
and tau candidate (see above) is propagated into the E/ T calculation. Prob-
lems in the calorimeter simulation do not only affect the energy of the clustered

86
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objects and lead to the resolution corrections mentioned above, but also affect
the unclustered energy. Hence the missing transverse energy distribution is
not modeled properly in Monte Carlo. To correct for this effect, the x- and y-
component of the missing transverse energy in Monte Carlo have to be smeared.
This smearing is done using a Gaussian with σ = 2.55 + 0.00895 ∗ SUET [86],
which is proportional to the scalar sum of the unclustered transverse energy
(SUET) in the event. The missing transverse energy and its azimuthal direc-
tion are recalculated from the smeared x- and y-components.
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6 Search for Associated
Chargino/Neutralino Production in
e + τh Final States

One of the most promising channels to search for supersymmetry in R-parity
conserving models at the Tevatron is the associated production of the second
lightest neutralino and the lightest chargino decaying into final states with three
charged leptons and missing transverse energy. This channel is also referred to
as the trilepton channel. The following chapter discusses the phenomenology
of this channel and describes the signal selection, which is optimized for a final
state consisting of an electron, a hadronic tau decay, an additional lepton and
missing transverse energy. This final state is particularly important for high
tan β scenarios, where the branching ratio into taus is enhanced due to stau
mixing. A dedicated event selection has been tuned on Monte Carlo in order to
efficiently separate the signal from Standard Model backgrounds. The obtained
results of this analysis are presented and discussed at the end of the chapter.

6.1 Trilepton Signature at the Tevatron

6.1.1 Production of Supersymmetric Particles

At hadron colliders like the Tevatron, SUSY particles can be produced by ei-
ther strong or electroweak interactions. Colored particles (squarks, gluinos) are
mainly produced in strong interactions, while electroweak interactions result in
charginos, neutralinos and sleptons. The cross sections for the production of su-
persymmetric particles are comparable to the cross sections for the production
of the respective Standard Model partners (at same Q2), since the couplings
of SUSY particles are identical to the couplings of their Standard Model part-
ners. Assuming R-parity conservation, supersymmetric particles are produced
in pairs and the lightest supersymmetric particle (LSP) is stable.

The dominant source of SUSY particles at hadron colliders is expected to be
the strong production of squarks and gluinos, assuming that these particles
are sufficiently light [87]. This is followed by the electroweak production of
charginos and neutralinos. Indirect searches for squarks and gluinos at LEP II
in GUT-constrained supersymmetry models resulted in lower mass limits of the
order of 300-400 GeV [88]. At this mass scale, however, the cross section for
the strong production of SUSY particles at the Tevatron is low.
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Production of Charginos and Neutralinos

At leading order, charginos and neutralinos are produced in electroweak s- and
t-channel reactions of a quark and an antiquark [89]. Figure 6.1 shows the re-
spective Feynman diagrams. The relative contributions of the two amplitudes
depends on the chargino and neutralino field contents and on the squark masses.
The vector boson in the s-channel couples to the gaugino and higgsino compo-
nents of the charginos and neutralinos. The squarks in the t-channel exchange,
which are partners of light quarks, couple mainly to the gaugino components.
For large squark masses, the t-channel contributions are suppressed, leading to
an enhanced cross section since there is a destructive interference between the
amplitudes.

Figure 6.1: Leading order diagrams for the production of chargino/neutralino pairs in quark-
antiquark collisions (from Ref. [89]).

At the Tevatron, the processes of interest are the pair production of the lightest
chargino (χ̃±

1 χ̃±
1 ), the associated production of chargino/neutralino (χ̃±

1 χ̃0
2) and

the pair production of the next-to-lightest neutralino (χ̃0
2χ̃

0
2). All other combi-

nations in the gaugino region have either a very low cross section or lead to final
states which cannot be detected or separated from the background. The NLO
cross sections as a function of the gaugino mass for these three processes are
shown in Figure 6.2. While the NNLO corrections are expected to be small, the
NLO contributions increase the cross sections [89]. In the mass range beyond
the lower bounds of LEP II, between 100 GeV and 150 GeV, the K-factor for
chargino/neutralino production is in the range 1.26 > KNLO > 1.23. The NLO
production cross sections range from 0.1 to 1 pb.

6.1.2 Decay of Supersymmetric Particles

Assuming R-parity conservation, charginos and neutralinos decay directly or
via cascades into the LSP and Standard Model particles. Their decays, which
are mediated by gauge bosons or sfermions, will be discussed in the following.

The chargino decay modes are shown in Figure 6.3. The chargino can decay
via a virtual W boson into two fermions and a lighter neutralino. 2-body
decays into a lighter neutralino and a real W become dominant if the mass
difference between the chargino and the neutralino is large enough. If the W
decays leptonically, the final state consists of the light neutralino, a charged
lepton and the corresponding neutrino. If the decay via W boson is suppressed
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Figure 6.2: NLO cross sections for chargino/neutralino pair production as a function of the
gaugino masses (from Ref. [89]). The cross sections are shown in the mSUGRA
scenario with the parameters: m1/2 = 150 GeV, m0 = 100 GeV, A0 = 300 GeV,
sgn(μ) = +1 and tan β = 4. This leads to the masses m

χ̃±
1

= 101 GeV, mχ̃0
2

=

104 GeV and mχ̃0
1

= 56 GeV. The dashed lines show the predictions for the
Tevatron center-of-mass energy, the continuous lines are the predictions for the
LHC center-of-mass energy.

or if the sfermions are light enough, 3-body decays mediated by a sfermion
become important. The chargino decays into a sfermion and the Standard
Model weak isospin partner. Since the sfermion decays further into its partner
fermion and a lighter neutralino, the final state is the same as expected from
W boson mediated decays. However, the resulting final state products have
different kinematics. If the sfermion mass is low enough, 2-body decays into a
real sfermion and a fermion become dominant.

χ̃±

W

χ̃0

f

f

χ̃±

f̃

f

χ̃0

f

Figure 6.3: Decay modes of the chargino via a W boson (left) and via a sfermion (right).
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The neutralino decay modes are shown in Figure 6.4. In large regions of the
SUSY parameter space the 3-body decay via a virtual Z boson into a fermion
pair and a lighter neutralino dominates. 2-body decays into a lighter neutralino
and a real Z are possible if the mass difference between the neutralinos is large
enough. If the Z boson decays into charged leptons, the final state consists of
the light neutralino and a charged lepton pair. As already discussed for the
chargino decay, sfermion mediated 3-body decays can also become important
for the neutralino decay. In contrast to the chargino, the neutralino couples to
a sfermion and its Standard Model partner. 2-body decays into a real sfermion
and a fermion become dominant if the the sfermion mass is light enough.

χ̃0
i

Z

χ̃0
j

f

f

χ̃0
i

f̃

f

χ̃0
j

f

Figure 6.4: Decay modes of the neutralino via a Z boson (left) and via a sfermion (right)
for i > j.

Stau Mixing Effects

The leptonic final states are in general not equally composed of the three lep-
ton generations due to a potential difference in the slepton masses. The large
Standard Model tau mass can lead to different masses and field contents for
the two stau particles τ̃1 and τ̃2 (lighter and heavier stau) in comparison to
the other two slepton generations. This results in different branching ratios for
final states with taus and final states with electron or muons.

The off-diagonal elements in the stau mass matrix, which are proportional to
the Standard Model tau mass and Aτ − μ tan β (see Section 1.2.5), introduce a
mixing between the two stau chirality states. As a result, the lightest stau can
become significantly lighter than the lightest selectron or smuon and therefore
increasing the branching ratio into taus. In addition it acquires a left-handed
component which couples to the SU(2)L gauginos. Assuming that Aτ and μ are
at the order of the electroweak scale, the stau mixing is mostly a function of
tan β. This dependence is shown in Figure 6.5, where the gaugino and slepton
masses and σ×BR into three lepton final states is shown. From the dependence
on tan β follows that final states with tau leptons dominate for large tan β. The
scan is performed for low values of m0, leading to a low sfermion mass and 2-
body decays of χ̃0

2 into a light slepton and its Standard Model partner.
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Figure 6.5: Masses of SUSY particles (left) and total cross section of the associated pro-
duction of the lightest chargino and the second lightest neutralino into vari-
ous trilepton final states as a function of tanβ for μ > 0, m1/2 = 200 GeV,
m0 = 100 GeV and A0 = 0.

6.1.3 Signal Topology

The associated production of chargino/neutralino with the subsequent decay
into charged leptons leads to final states with three charged leptons and missing
transverse energy. Leptonic final states can be separated more easily from the
large background of hadronic Standard Model background processes and are
therefore of particular interest. Examples of the s- and t-channel leading order
Feynman diagrams for this process are shown in Figure 6.6.

The available phase space for the three final state leptons (electrons, muons
or taus) depends strongly on the mass differences of the involved particles.
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Figure 6.6: Examples of Feynman diagrams for the associated chargino/neutralino produc-
tion via the s-channel (upper row) and t-channel (lower row) and the subse-
quent decay in trilepton final states. Diagrams with mixed W/Z-	̃ decays are
not shown.
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Figure 6.7: Parton level pT distributions of leptons resulting from the associated production
of charginos and neutralinos for different mass relations. The SUSY reference
points C1 (left) and D4 (right) are shown (see Section 6.2).

Figure 6.7 shows the pT distribution of the three leptons in two scenarios. If the
slepton mass is larger than the gaugino masses, the 3-body decays are dominant.
If the sleptons are considerably lighter than the gauginos, 2-body decays into
real sleptons are dominant. Both scenarios lead to final states objects with
transverse momenta which are usually large enough to be reconstructed with
high efficiency. Problems arise in the transition region, when the mass difference
between chargino and/or neutralino and its direct decay products is very small.
In this region the available phase space for the lepton is rather small, which
results in a small transverse momentum of the lepton.

Due to the neutrino which is produced in the hadronic tau decay, the pT spec-
trum of the reconstructed decay products is always softer than for the tau itself.
Hence hadronically decaying taus have to be reconstructed and identified with
high efficiency down to very small values of pT . This is of particular importance
in the case where both chargino and neutralino decay into taus, and the electron
is stemming from a leptonic tau decay. Due to two neutrinos in the leptonic
tau decay, the resulting transverse momentum of the electron is significantly
smaller than of the original tau. Hence the electron identification has to be
highly efficient down to very small values of pT . The same applies to the muon
identification.

6.1.4 Standard Model Background

Although most Standard Model processes can be effectively suppressed by re-
quiring three charged leptons and missing transverse energy, a variety of these
processes can produce a similar detector signature due to lepton misidentifica-
tion or E/ T mismeasurement. Especially the tau candidate suffers from large
background contributions, where e.g. an electron or a QCD jet is misidentified
as a tau. These so-called tau fakes make the e+τh +� final state challenging. A
brief overview of the most important backgrounds is presented here, the selec-
tion strategy to suppress these backgrounds is discussed in Section 6.4. Cross
sections for the background processes are listed in Table 5.4.

• QCD Jet Production
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The QCD jet production is the largest background source due to its very
high cross section, although no isolated leptons are produced in this pro-
cess. Jets can be misidentified as leptons, especially as tau candidates,
and a mismeasurement of the jet energy can lead to artificial missing
transverse energy.

• W → �ν
Another large background source due to its large cross section is the
W + jet → �ν + jet process, especially the W production with a sub-
sequent decay into an electron. A jet from W + jet production can be
misidentified as the tau, and the third lepton can be faked by an additional
jet or photon.

• Z/γ∗ → ��
The Z/γ∗ → �� process creates two opposite sign leptons in the final
state. The Z/γ∗ → ee process is an important background source because
real electrons are not only reconstructed as electron candidates, but also
pass all tau selection criteria and end up as tau candidates. Significant
missing transverse energy can arise from mismeasurement. The event
is selected if an additional jet or photon is misreconstructed as a third
lepton. The Z/γ∗ → ττ final state, with subsequent hadronic decay of
one tau and leptonic decay into an electron of the second tau, is selected
if an additional jet or photon is misreconstructed as a third lepton.

• Di-boson: WW , WZ, ZZ
The most important irreducible background consists of the associated
production of a W and a Z boson with subsequent leptonic decays of
both gauge bosons. The resulting final state is identical to the trilepton
final state, with the missing transverse energy stemming from the W → �ν
decay. However, the invariant mass of two opposite sign leptons of the
same generation is expected to be in the range of the Z mass.

Another irreducible background can result from ZZ production, when
one Z decays into an electron pair and the second Z decays into a tau
pair. Other Z decay modes can lead to final states with a real electron
and a tau fake stemming from either an electron or a jet. These events
are selected if the third lepton is either a real lepton or a misidentified jet
and if the missing transverse energy is the result of mismeasured energy
or stemming from Z → νν.

The production of two W bosons can lead to final states with two leptons
of opposite sign and real missing transverse energy. A jet or a photon
from W + jet or W + γ can be misreconstructed as a third lepton.

• tt̄
The production of a tt̄ pair with subsequent semileptonic decay of both
top quarks leads to two leptons, two hard b jets and missing transverse
energy in the final state. The tau candidate can either be a real tau or
a fake stemming from one of the leptons or jets. The event is selected if
one of the remaining objects is misidentified as a third lepton.
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6.2 Signal Monte Carlo

The different SUSY reference points which are considered for optimization of
the event selection are outlined in Table 6.1. The NLO corrections for the cross
section are taken from Ref. [89] and range from 1.23 < KNLO < 1.26 for the
gaugino masses analyzed in this analysis.

With the current data set, the sensitivity1 for supersymmetry is limited to mod-
els with a low value of tan β. This leads to a small mixing in the stau sector, and
therefore to a minimal suppression of decays into electron or muon. The sig-
nal Monte Carlo samples are also characterized by low chargino and neutralino
masses, which leads to a large χ̃±

1 χ̃0
2 cross section (see Figure 6.2), and low

slepton masses, which leads to a large leptonic branching ratio of the chargino
and the next-to-lightest neutralino. Common features of the GUT-constrained
models at the SUSY mass scale of interest are the wino-like lightest chargino and
second-lightest neutralino and the following specific mass relations: mχ̃±

1
≈ mχ̃0

2

and mχ̃0
2
≈ 2 ·mχ̃0

1
. The Monte Carlo samples are also used in trilepton searches

covering the final states e + e + � [78], e + μ + � [92], μ + μ + � [93], likesign
μ + μ [94] and μ + τh + � [95].

The signal acceptance of this analysis has also been studied for a SUSY param-
eter space with high values of tan β. In this case chargino and neutralino decay

1The statistical methods used in this thesis are presented in detail in the established text
books [90, 91].

m0 m1/2 A0 tan β sgn(μ) # Events

[GeV] [GeV] [GeV]

C1 64 175 0 3 + 21500

D1 68 180 0 3 + 25500

D4 92 180 0 3 + 21500

E1 72 185 0 3 + 31000

mχ̃0
2

mχ̃± mχ̃0
1

m�̃ mτ̃ mν̃

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV]

C1 110 106 60 99 98 122

D1 114 110 62 103 101 128

D4 114 110 62 120 119 142

E1 118 114 65 107 105 133

BR(χ̃0
2) BR(χ̃±) BR(	) σ×BR*KNLO

(e/μ) (τ ) (e/μ) (τ ) [pb]

C1 0.29 0.42 0.04 0.82 0.86 0.692

D1 0.29 0.42 0.04 0.82 0.85 0.579

D4 0.18 0.21 0.15 0.19 0.28 0.180

E1 0.29 0.42 0.04 0.81 0.85 0.489

Table 6.1: Properties of SUSY reference points which are considered in this analysis.
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mainly into taus (see Figure 6.5), and at least one tau is required to decay lep-
tonically into an electron in order to be triggered by the single electron trigger.
Due to two neutrinos coming out of the leptonic tau decay, the transverse mo-
mentum of the electron is too small to be triggered with reasonable efficiency
with the current single electron triggers. Additional problems arise from the
fact that the tau reconstruction/identification efficiency is low for low-pT . A
more detailed discussion follows in Section 6.7.

6.3 Reference Signal: Z/γ∗ → ττ → e + τh

As a first step towards the trilepton analysis in the e + τ final state, a basic
comparison of the Z/γ∗ → ττ → e + τh signal in data and Monte Carlo is
performed. The purpose of this cross check is to show the ability to select the
e + τh final state and to verify the applied Monte Carlo correction factors and
the trigger simulation. DØ has performed a cross section measurement of the
process pp̄ → Z → ττ → μ + τh [97], however the Z → ττ → e + τh signal has
not yet been established.

6.3.1 Event Selection

The selection strategy for the reference signal is equivalent to the initial steps of
the trilepton search, making it an ideal testbed for the latter. Both analyses use
the same data set, and the object identification cuts on the electron and the tau
are identical. A summary of the selection procedure is given in Table 6.2. The
number of events selected in data and expected from Standard Model processes
are presented in Table 6.3.

(1) Preselection Electron: |ID| = 10, 11, EMfrac > 0.9, iso<0.15, HMx8<20
track match with E/p, pT > 8 GeV

Tau: pT > 8 GeV, τ -type 1, 2, 3, |ηdet| < 1.1 or 1.6 < |ηdet| < 2.5
ΔR(e, τ ) > 0.4
Δz0(e, τ ) < 2 cm
Δz0(e/τ, primary vertex) < 1 cm

(2) Anti-Electron 35 GeV < M(e, τ ) < 75 GeV
E/ T > 5 GeV for τ -type 1, 2; E/ T > 10 GeV for τ -type 3

EτHAD
T /pτ trk

T > 0.3

(3) Anti-W τ -type 1: MT (e,E/ T ) < 20 GeV;
τ -type 2, 3: MT (e,E/ T ) < 15 GeV

(4) Anti-QCD NN > 0.9, unlike-sign
τ -type 1, 2: Δφ(e, τ ) > 2.75; τ -type 3: Δφ(e, τ ) > 2.9

Table 6.2: Summary of the selection criteria for the Z/γ∗ → ττ → e+ τh signal.

(1) Preselection

The events have to be triggered by one of the single electron triggers (see
Section 5.1.2). As pointed out Section 5.5.1, the tau candidate can fire the
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single electron trigger due to the large amount of tau fakes from electrons.
Hence the total trigger efficiency of the event is a combination of the trigger
efficiency of the electron and the trigger efficiency of the tau. The tau trigger
efficiency is calculated by matching the tau to an EM candidate object (with
spatial track match) in a ΔR < 0.4 cone. The trigger efficiency of the matched
EM candidate object is taken as the trigger efficiency of the tau, and combined
with the electron trigger efficiency to give the total trigger efficiency of the
event.

The leading electron candidate passing the following identification cuts is se-
lected: standard electron identification (see EM candidate description in Chap-
ter 4.3), HMx8 < 20, track match with E/p requirement and pT > 8 GeV. A
tau candidate of type 1, 2 or 3 with pT > 8 GeV, which is well separated from
the electron candidate (ΔR > 0.4), is required. Both particles have to stem
from the same vertex (distance of the vertex z positions Δz0 < 2 cm), and this
vertex is required to be identical with the primary vertex (Δz0 < 1 cm). To
avoid phase space regions with unfavorable signal-to-background ratios, both
the electron and tau candidate must be detected in |ηdet| < 2.5. In addition,
the tau candidate is required to be outside the inter-cryostat region.

Figure 6.8 shows the invariant e + τh mass, the neural network output, E/ T
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Figure 6.8: Various distributions at preselection stage (1): invariant e+τh mass (upper left),
neural network output (upper right), missing transverse energy (lower left), tau
type (lower right). In all distributions, the Z/γ∗ → ττ signal is scaled by a factor
of 25 in order to see the expected shape. All three tau types are combined.
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and the tau type distribution at this preselection stage, before further selection
criteria are applied. The QCD multijet background is estimated from data
and normalized at preselection using the invariant e+ τh mass distribution (see
description in Section 5.4). The Z/γ∗ → ττ signal is scaled by a factor of 25
in order to see the expected shape in the distributions. The neutrinos in both
leptonic and hadronic tau decay lead to significant missing transverse energy.
Hence the Z → ττ → e + τh mass peak is not located at 90 GeV, but shifted
towards low values in the invariant mass plot.

The main background contributions at the preselection stage are QCD di-jets,
where both electron and tau are faked by a jet, Z/γ∗ → ee, where the second
electron is reconstructed as a tau candidate, and W → eν, where the tau
is faked by an additional jet. These background contributions are orders of
magnitude larger than the reference signal. The selection strategy to suppress
these backgrounds is discussed in the following.

(2) Anti-Electron

A major background source for the e + τh final state is the Z/γ∗ → ee process,
where one of the two electrons fakes the tau. As discussed in Section 4.4, it is
expected that electrons are reconstructed with high efficiency as tau candidates.
Hence the Z → ee mass peak in Figure 6.8. These tau fakes can be reduced by
cutting on the invariant e + τh mass and by requiring a significant amount of
hadronic energy to be present for the tau. This is done by comparing the track
pT of the tau candidate with its energy deposition in the hadronic calorimeter.
Assuming that an electron has faked the tau, the hadronic energy is the result
of calorimeter noise. Hence the ratio EτHAD

T /pτ trk
T is very small. For a real

hadronic tau decay, this ratio of transverse hadronic energy and track pT is
more balanced. This is shown for Monte Carlo events in Figure 6.9. Requiring
the ratio to exceed 0.3 reduces the tau fakes from electrons significantly. The
electron contamination is studied in more detail in Section 7.3. Further rejection
is achieved by requiring a minimal amount of missing transverse energy to be
present in the event, since Z/γ∗ → ee events are expected to be balanced in the
transverse plane.

(3) Anti-W

The W background is reduced by cutting on the transverse mass MT of the
electron and the missing transverse energy, defined as:

MT =
√

2 · E/ T · pe
T · (1 − cos Δφ) (6.1)

where Δφ is the azimuthal angle between E/ T and the electron. For Z → ττ
events, the missing transverse energy is dominated by the neutrinos from the
leptonic tau decay: τ → eνeντ . Hence the missing transverse energy vector
points into the direction of the leptonic tau decay, leading to small values of
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Figure 6.9: Ratio of the transverse hadronic tau energy and the associated tau track(s)
(Eτ HAD

T /pτ trk
T ) for hadronic tau decays (red line) and for tau fakes from elec-

trons (black line). In contrast to real hadronic tau decays, tau fakes stemming
from electrons show a large imbalance and peak at very small values.

MT . In contrast to this, leptonic W decays have the E/ T vector pointing in
the opposite direction to the lepton, leading to large values of MT . Figure 6.10
shows the transverse mass distribution at preselection stage (1) and before the
cut on the transverse mass is applied
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Figure 6.10: Distribution of the transverse mass of the electron and missing transverse en-
ergy at preselection stage (1) (left) and before the anti-W selection criteria (3)
are applied (right). All three tau types are combined.

(4) Anti-QCD

After the anti-W selection criteria are applied, the dominant background contri-
bution stems from QCD jet production (see Table 6.3). The QCD contribution
can be significantly reduced by cutting on the neural network output of the
tau candidate, by using the back-to-back topology of the Z → ττ signal, and
by requiring that the electron and the tau have opposite charge. Figure 6.11
shows the azimuthal angle between the electron and tau and the neural network
output before the corresponding cuts are applied.
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Figure 6.11: Distribution of the azimuthal angle between the electron and tau (left) and
the neural network output (right) before the anti-QCD selection criteria are
applied. All three tau types are combined.

6.3.2 Results

The number of events selected in data and expected from Standard Model
processes is shown in Table 6.3. After all selection criteria are applied, the
selected data sample is dominated by the Z/γ∗ → ττ → e + τh signal. The
systematic error is estimated to be 7.4 % without and 9.8 % with the error on
the luminosity measurement of 6.5 % taken into account. Main contributions
arise from the QCD normalization (5.5 %), the tau identification (2.8 %) and
the jet energy scale (1.8 %).

The distribution of the invariant e + τh mass, tau type, electron pT and tau pT

after application of all cuts is shown in Figure 6.12. The fully corrected
Monte Carlo (see Section 5.5 for the efficiency corrections) describes the data for
all relevant quantities, giving confidence that the corrections for Monte Carlo
with respect to data are correctly determined. Within the systematic and sta-

Cut Data Sum BGND QCD

(1) Preselection 331130 329427±763±32284 271266±755

(2) Anti-Electron 81096 81402±368±7977 68227±361

(3) Anti-W 22579 22517±214±2206 21594±213

(4) Anti-QCD 374 365.0±15.2±35.8 97.9±14.3

Cut Z/γ∗ → ττ Z/γ∗ → ee W → eν W → τν

(1) Preselection 1745±20 32461±57 22606±93 1349±23

(2) Anti-Electron 790±9 703±18 11021±65 661±16

(3) Anti-W 476±6 138±5 190±11 119±7

(4) Anti-QCD 242.7±4.6 24.4±2.6 < 0.5 < 0.5

Table 6.3: Number of events observed in data and expected for Standard Model processes
at different stages of the Z/γ∗ → ττ → e + τh selection. All three tau types
are combined. The errors for the numbers of the individual backgrounds are
statistical. For the sum of all backgrounds, both statistical and systematic errors
are given.
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tistical errors the result agrees with the Z → ττ Standard Model cross section
of 245 pb (see Table 5.4).
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Figure 6.12: Distributions of important variables of the Z/γ∗ → ττ selection after applica-
tion of all cuts. The upper row shows the invariant e + τh mass distribution
(left) and the tau type distribution. The lower row shows the pT distribution
of the electron (left) and the tau (right). All three tau types are combined.

6.4 Trilepton Event Selection and Data/Monte Carlo
Comparison

The selection uses the trilepton selection criteria which have been developed for
the e + e + � final state. A detailed description of the individual cuts and their
optimization is described in Ref. [78]. For the e + τh + � final state, the second
electron is replaced by a hadronic tau. The individual cut values are optimized
for the e + τh + � final state.

Table 6.4 briefly summarizes the selection procedure. All cut values were chosen
to achieve a maximal sensitivity for the analysis. The number of events selected
in data and expected from Standard Model processes are presented in Table 6.6.

The signal event topology contains a third lepton, which is exploited by requir-
ing an isolated high-quality track or by requiring an additional tau candidate
with a high neural network output in the event. If both objects are present,
the second tau candidate is used. The considerable amount of missing energy
in the event stemming from the LSP and the neutrinos is used to discriminate
the signal from di-jet and Z backgrounds.
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(1) Preselection Electron: |ID| = 10, 11, EMfrac > 0.9, iso < 0.15, HMx8 < 20

track match with E/p, pT > 8 GeV

Tau: pT > 8 GeV, type 1 or 2, |ηdet| < 2.5

ΔR(e, τ ) > 0.4

Δz0(e, τ ) < 2 cm

Δz0(e/τ, primary vertex) < 1 cm

Anti-QCD: electron track isolation, tau NN>0.95

(2) Z Veto 10 GeV < M(e, τh) < 60GeV

Δφ(e, τ ) < 2.9

(3) Significant MET tt̄ veto: HT < 60 GeV

Scaled MET> 8.0
√

GeV

Min(MT(e,E/ T ),MT(τ,E/ T )) > 10 GeV

E/ T > 25 GeV

(4) 3rd Track or 2nd tau track: pT > 5 GeV, track + calorimeter isolation

2nd tau: all three tau types, pT > 8 GeV, NN > 0.95,

Δφ(τ,E/ T ) > 0.3, Δφ(e, τ ) < 2.9

(5) Boson and Δφ(track,E/ T ) > 0.3

Di-boson Veto M(tau track, track) < 70 GeV

W veto: ptrack
T > 9 GeV if 50 GeV < MT(e,E/ T ) < 90 GeV

(6) ptrk
T and E/ T ptrk

T × E/ T > 350 GeV2

Table 6.4: Summary of the applied selection cuts in order to discriminate between signal
and background.

The QCD multijet background is estimated using like-sign e + τh events (see
Section 5.4). Since the signal sample also contains like-sign events, rejection fac-
tors are derived for the final cuts in the event selection (selection stages: (4), (5)
and (6)) to estimate the expected QCD contribution. These rejection factors
are derived using a loose e+τh selection, which differs from the presented event
selection only by changing the electron and tau identification criteria: the elec-
tron track is not required to be isolated, the cut on the electron shower shape
variable is loosened (HMx8<100) and the tau neural network output is required
to exceed only 0.3. The remaining QCD events in this loose preselection ex-
ceed the expected signal events by a factor of 60 after requiring a third track.
Therefore the signal contribution to the like-sign event sample can be neglected
and rejection factors are derived. These rejection factor are applied to scale the
QCD jet contribution in the trilepton selection.

(1) Preselection

The object identification criteria of the electron and tau candidate are identical
to the requirements that are used to extract the Z → ττ reference signal. There
are however the following differences:

• Due to the large QCD background in tau type 3 (see e.g. the tau type
distribution in Figure 6.8), only tau type 1 and 2 are retained for the
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analysis.

• The tau candidate is allowed to be in the inter-cryostat region
(1.1 < |ηdet| < 1.6) in order to regain some of the efficiency loss of the
e + e + � final state [78]. This detector region is not equipped with an
electromagnetic calorimeter, hence an electron deposits all its energy in
the hadronic calorimeter.
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Figure 6.13: Distribution of the invariant e + τh mass in data (points with error bars),
background simulation (histograms, complemented with the QCD expectation)
and signal expectation for SUSY point D4 (empty histogram). Tau type 1 and 2
are combined for this plot.

Figure 6.13 shows the invariant e+τh mass distribution in data, background and
signal point D4 at this stage. A good agreement between data and Monte Carlo
is observed. The dominant background contribution stems from Z/γ∗ → ee
events, where the second electron fakes the tau. Additional important back-
ground sources include QCD jet production, Z/γ∗ → ττ events, W → eν and
Di-Boson events (mainly WZ production). To significantly reduce background
from QCD multijet production, anti-QCD selection criteria are already per-
formed at preselection stage.

Anti-QCD: Neural Network Output and Electron Track Isolation

A large amount of the background consists of QCD multijet events, where both
the electron and the tau are faked by a jet. This background can be significantly
reduced by cutting on the tau neural network output and by requiring a tight
cut on the electron track isolation.

Figure 6.14 shows the neural network distribution of the tau candidate. A large
fraction of the QCD background is rejected by requiring the neural network
output to be larger than 0.95.
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Figure 6.14: (left) Distribution of the neural network output before the corresponding cut
is applied. Tau type 1 and 2 are combined for this plot.
(right) Distribution of

P
ptrk

T in the isolation cone ΔR(trk,EM trk) < 0.4
after the NN cut and before the corresponding cut is applied. Tau type 1
and 2 are combined for this plot.

If a QCD jet is misidentified as an electron, additional (low-pT ) tracks from
charged particles which form the jet are expected. An isolation cone around
the electron track of ΔR < 0.4 is defined, and the scalar sum of the transverse
momentum of additional tracks in this cone can be used to distinguish a real
(isolated) electron from a jet fake. The distribution of this quantity in data,
background and Monte Carlo is shown in Figure 6.14. The sum is required to
be smaller than 1 GeV.

(2) Z Veto

The Z/γ∗ → ee background can be significantly reduced by cutting on the in-
variant e+ τh mass and by cutting on the azimuthal angle between the electron
and the tau.

The invariant e + τh mass distribution in Figure 6.13 shows that vast majority
of the di-electron background are Z → ee events, resulting in a mass peak at
90 GeV. Since the invariant mass distribution of the SUSY signal peaks at lower
values, Z → ee events are rejected by requiring the invariant electron and tau
mass to be in the range 10 GeV < M(e, τh) < 60 GeV.

Electron and tau from chargino and neutralino decays have no preferred az-
imuthal angle Δφ(e, τh), while Z/γ∗ → �� events are mainly back-to-back in
the transverse plane. Figure 6.15 shows the Δφ distribution in data, back-
ground and Monte Carlo. The selection criteria described in (1) and the cut
on invariant e + τh mass are applied. Data and background expectation are in
good agreement after the pT (Z) reweighting (see Section 5.5.4). The azimuthal
angle between the electrons is required to be less than 2.9.

The anti-QCD cuts and the Z veto cuts reduce the background by a factor of 11
while losing 23 % of the SUSY signal.
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Figure 6.15: Distribution of Δφ between the electron and the tau candidate. The cuts
described in (1) and the invariant e + τh mass cut are applied. Tau type 1
and 2 are combined for this plot.

(3) Significant Missing Transverse Energy

Missing Transverse Energy (E/ T )

The two LSPs and the neutrinos in the signal topology lead to a considerable
amount of missing transverse energy, while Z/γ∗ → ee and QCD di-jet events
are characterized by small values of missing transverse energy. Figure 6.16
shows the E/ T distribution in data and for the background expectation at
selection stage (2). Data and Monte Carlo are in reasonable agreement. All
events with E/ T ≤ 25 GeV are discarded.
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Figure 6.16: Missing transverse energy distribution (left) and minimum of MT (e,E/ T ) and
MT (τh,E/ T ) (right) at selection stage (2). Tau type 1 and 2 are combined for
this plot.

Minimum Transverse Mass (MT )

Large reconstructed missing transverse energy in background events without
true E/ T is often due to poorly measured electron or tau energy. As a conse-
quence, the azimuthal angle between the missing transverse energy vector and
the electron or the tau is small. This results in small values for the minimal
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Figure 6.17: Distribution of the E/ T significance (left) and of the sum of the jet transverse
momenta HT (right) at selection stage (2). Tau type 1 and 2 are combined for
this plot.

transverse mass (see Eqn. 6.1) of either the electron and E/ T or of the tau
and E/ T . The signal, in contrast, is characterized by larger values of the trans-
verse mass. Figure 6.16 shows the minimum of the electron and tau transverse
mass before the corresponding cut is applied. Events with a minimal transverse
mass below 10 GeV are discarded.

Significance of E/ T and HT

Large values of the missing transverse energy in Z + jets and QCD multijet
events stem mostly from fluctuations of the reconstructed jet energies. An E/ T

significance [78] is calculated, defined as:

MET Significance =
E/ T√∑

Jets σ2
ET (jet)||E/ T

. (6.2)

Figure 6.17 shows the distribution of this quantity at selection stage (2). Back-
ground events from Z + jet and QCD jet production are characterized by small
values of the missing transverse energy significance. To further reject these
events, the E/ T significance is required to be in excess of 8.0

√
GeV.

As discussed in Section 6.1.4, tt̄ events become an important background source
in later stages of the selection due to the considerable amount of true missing
transverse energy. In contrast to the signal, these events are characterized by
the presence of at least two hard jets, stemming from the top decay into b
quarks. As a consequence, the tt̄ contribution can be reduced by a cut on the
scalar sum of the pT of the good jets in the event, called HT . The distribution of
the quantity is shown in Figure 6.17 after the Z veto. The tt̄ background shows
a broad distribution with a mean value around 100 GeV. Data and background
expectation are in reasonable agreement in the selected HT range. A large part
of the tt̄ background is rejected by requiring HT < 60 GeV, while still keeping
a high efficiency for SUSY signal events.

107



6 Search for Associated Chargino/Neutralino Production in e+ τh Final States

The combined cuts on the missing transverse energy, the MET significance and
HT reduce the background by a factor of 13, while losing 34 % of the SUSY
signal.

(4) Selection of a Third Track or a Second Tau Candidate

The most important backgrounds remaining after selection stage (3) are
W → eν and QCD multijet events (see Table 6.6). W events are characterized
by genuine missing transverse energy, hence they become important once the
other backgrounds are reduced by cutting on E/ T . The QCD jet production
remains important throughout the analysis due to its large cross section. Both
the W and QCD background events, and to a minor extent also the remaining
Z/γ∗ events, can be significantly reduced by exploiting the fact that there is a
third isolated charged lepton in the SUSY final state.

One approach is to require a third identified lepton in the event, which is well
separated from both the electron and tau and which stems from the same vertex.
Since the third lepton has only a small transverse momentum (see Figure 6.7),
the efficiency of this method suffers from a decreasing identification efficiency
at low values of pT .

An alternate approach, which leads to a higher signal-to-background ratio, con-
sists in requiring an isolated high-quality track. This track needs to be sepa-
rated from both the electron and tau and stem from the same vertex. While this
method works well if the third lepton is an electron or a muon, the efficiency
for hadronic tau decays suffers from a higher hadronic activity.

This analysis makes use of both methods by requiring either a second recon-
structed tau with a high neural network output (all three tau types are used) or
an additional isolated high-quality track. If both a tau and a track are present
and meet the corresponding requirements, the second tau is selected.

Selection of a Third Track

The third track has to be separated from the both the electron and tau candi-
date (ΔR(e/τh, track) > 0.2), and it must stem from the same vertex
(|Δz0| < 2 cm). The signal is characterized by an isolated high-pT track, while
the background has either low-pT tracks or consists of non-isolated tracks. To
ensure good transverse momentum measurement and to retain only isolated
tracks, the following quality criteria are applied:

• ≥ 17 hits (at least 1 CFT hit) or ≥ 14 CFT hits;

• Track χ2/Ndf < 3.0;

• Track isolation: the scalar pT sum of all tracks in a hollow cone of
0.1 < |ΔR| < 0.4 around the track is required to be smaller than 1 GeV.
The tracks that are used for this quantity are required to originate from
the same vertex;
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• Calorimeter isolation: the scalar ET sum of in the electromagnetic and
the fine hadronic cells in a hollow cone of 0.2 < ΔR < 0.4 around the
extrapolation of the third track into the calorimeter is required to be less
than 3 GeV and less than 60 % of

√
pT (track).

Figure 6.18 shows the distribution of the track transverse momentum in data
and background expectation after selection stage (2) and before the cut on the
transverse momentum of the track is applied. This analysis requires a third
track with pT > 5 GeV. The Monte Carlo efficiency corrections derived for the
tracking (see Chapter 5.5.5) are applied.
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Figure 6.18: Distribution of the transverse momentum of the third track at selection
stage (2) (left) and before the pT cut on third track (right). Tau type 1 and 2
are combined for this plot.

Selection of a Second Tau

The second tau has to be separated from both the electron and the leading
hadronic tau candidate (ΔR(e/τh, track) > 0.2), and it is required to originate
from the same vertex (|Δz0| < 2.0 cm). Its transverse momentum has to be
larger than 8 GeV, and the neural network output must exceed 0.95. All three
tau types are allowed. Figure 6.19 shows the transverse momentum and the
neural network distribution of the second tau at selection stage (2), and before
a cut on the second tau is applied. Requiring Δφ between the leading electron
and the second tau to smaller than 2.9 removes Z/γ∗ → ee events where the
second electron fakes the second tau. Events with poorly measured tau energy
are removed by requiring the azimuthal angle Δφ between the E/ T vector and
the second tau to be larger than 0.3.

The reconstructed final state consists of three fully identified leptons: one elec-
tron and two taus with a high neural network output. Due to the low back-
ground of less than 0.15 events (mostly from WZ events), no further cuts are
applied to these events. As stated above, the signal efficiency suffers from the
small identification efficiency and contributes to 15 % of the overall signal ef-
ficiency. The overlap between the second tau and third track requirement is
taken into account in this number.
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Figure 6.19: The upper row shows the transverse momentum distribution of the second
tau at selection stage (2) (left) and before the cut on the second tau is ap-
plied (right). The lower row shows the neural network output distribution for
the second tau at the same stages. The neural network cut at 0.3 is of technical
nature to keep data volume small. the Tau type 1 and 2 are combined for this
plot.

(5) Boson and Di-boson Veto

The WZ process is one of the main backgrounds at the end of the selection,
despite of its small production cross section. Leptonic decays of the W and
the Z bosons result in the same final state topology as in the search for neu-
tralino/chargino production: three leptons and missing transverse energy. Re-
quiring that the invariant mass of the tau track and the third track is smaller
than 70 GeV rejects WZ events where the Z boson decays into an electron or
muon pair, where the electron/muon is misidentified as the tau. Events where
the Z decays into a tau pair (with subsequent hadronic and/or leptonic tau de-
cay) are irreducible background since the Z boson mass cannot be reconstructed
due to the escaping neutrinos in the tau decay.

The W → eν background sums up to 0.6 events at this selection stage. It
consists of a reconstructed electron, a jet faking the tau and an additional low-
pT track. These events are effectively reduced by raising the pT threshold of the
third track to 9 GeV if the transverse mass of the electron and E/ T is between
50 and 90 GeV (see Ref. [95]). This results in a background rejection factor
of 2.6 for the W → eν background.
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(6) Combined Cut on ptrk
T and E/ T

A further reduction of the background events is necessary and achieved by cut-
ting on the value of ptrk

T ×E/ T . This cut exploits two important characteristics
of the signal final state: the presence of a third lepton with relatively high
transverse momentum and a substantial amount of missing transverse energy.
The final cut value has been determined by varying the cut value in the range
between 250 and 400 GeV2 in steps of 50 GeV2, and the position is chosen such
that it gives the best expected 95% confidence limit on the signal cross section
in the absence of a SUSY signal using the LEP CLs method [96]. All events
with ptrk

T × E/ T ≤ 350 GeV2 are discarded. Figure 6.20 shows the distribution
of data and expected background after selection stage (2) and before the cut is
applied.

The last cut reduces the expected background to 0.582+0.112
−0.105(stat), while no

event is selected in data. A detailed discussion of the obtained results follows
in Section 6.6, after a study of the systematic uncertainties.

]23rd track pT x MET [GeV
0 100 200 300 400 500 600 700

E
n

tr
ie

s

-110

1

10

210

310
DATA

 ee→Z 
QCD

ττ →Z 
ν e→W 
ντ →W 

tt
WW/WZ/ZZ
Y 1s
SUSY D4

]23rd track pT x MET [GeV
0 100 200 300 400 500 600 700

E
n

tr
ie

s

-310

-210

-110

1

DATA
QCD

ττ →Z 
ν e→W 
ντ →W 

tt
WW/WZ/ZZ
SUSY D4

Figure 6.20: Distribution of ptrk
T × E/ T after selection stage (2) (left) and before the cor-

responding cut is applied (right). Tau type 1 and 2 are combined for this
plot.

6.5 Systematic Uncertainties

Various sources of systematic uncertainties have been studied to investigate
their influence on signal efficiencies and background expectations. The most
important contribution stems from the detector modeling, which includes the
electron/tau reconstruction efficiencies, the electron smearing and the calibra-
tion of the jet energy scale. Other contributions arise from the modeling of
the trigger efficiencies, the modeling of the physics process, the calculation of
the expected QCD background and from the measurement of the integrated
luminosity.

• QCD Scale Factor
The contribution from the description of the QCD multijet background,
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in particular the tau type dependent reweighting of the QCD sample (see
Table 5.5 in Section 5.4), is estimated by varying the corresponding scale
factors within the error of the global normalization.

• PDF/Scale Error on Cross Section
The PDF-related errors on the Standard Model background cross sections,
which are presented in Table 5.4, are calculated according to Ref. [72].
The PDF uncertainty on the SUSY signal cross section increases with the
chargino and neutralino masses and has been conservatively estimated
as 3.5 %.

• Jet Energy Scale
The calibration of the jets (jet energy scale) is an important source of sys-
tematic uncertainty due to the fact that it is propagated into the missing
transverse energy. Its contribution is calculated by varying the jet energy
scale corrections for data and Monte Carlo within their errors.

• E/ T Smearing
The smearing of the missing transverse energy in Monte Carlo increases
the number of events that are expected to pass the E/ T requirement in the
event selection. This uncertainty is taken into account conservatively by
calculating the difference in the number of expected events for background
and signal with smeared and unsmeared Monte Carlo.

• Electron Reconstruction/Track Match Efficiency
Another important contribution to the systematic error stems from the
modeling of the electron efficiency, in particular the reconstruction effi-
ciency (which comprises the identification efficiency) and the track match
efficiency. Both contributions are calculated by varying the Monte Carlo
efficiency corrections within their errors, as listed in Table 5.6 and shown
in Figure 5.8.

• Electron Smearing
The electron smearing in Monte Carlo has an impact on the number of
the selected events, mainly via propagation of the modification of the
transverse momenta of electron and tau into the missing transverse en-
ergy calculation. The contribution to the systematic error is estimated
by comparing the results with and without smearing, which leads to a
conservative estimation for this error.

• Trigger Efficiency
An incorrect modeling of the trigger efficiency leads to a wrong estimate
of the Standard Model background and to an incorrect signal efficiency.
The effect of the trigger efficiency is calculated by varying the parameters
of the resulting fits to the trigger acceptance within the 1σ error of the
fit.

• Tau Track Efficiency
The contribution of the tau track efficiency (see Section 5.5.3) to the
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systematic error is estimated by varying the correction factors within its
errors (see Section 5.5.3).

The individual contributions are summarized in Table 6.5 for Standard Model
processes and for SUSY processes after the last selection cut. The total system-
atic error is calculated as the square root of the quadratic sum of the individual
errors, assuming that they are independent.

The systematic error for the background estimate after all cuts is, as expected,
largely dominated by the contribution from the jet energy scale. Further domi-
nant sources for the background sample arise from the modeling of the physics
processes, the tau track efficiency, the trigger efficiency and the E/ T smearing.
In combination with the error of the luminosity measurement of 6.5 % (see
Ref. [70]), the total systematic error for the background is 19.4 %. The main
contribution to the systematic error of the signal efficiency stems from the mod-
eling of the physics process, the tau track efficiency and the trigger efficiency.
The systematic error on the signal expectation adds up to 8.2 %.

The size of the systematic error for both signal and background is to a large
part due to an incomplete understanding of the detector. This error is expected
to be reduced in the future.

Source Background Signal

QCD Scale Factor 7 % –

Jet Energy Scale 15.4 % 0.1 %

PDF/Scale Error on Cross Section 5.4 % 3.5 %

E/ T Smearing 1.6 % 1.1 %

Electron Reconstruction Efficiency 0.6 % 0.4 %

Electron Track match Efficiency 0.8 % 0.5 %

Electron Smearing 1.5 % 0.4 %

Trigger Efficiency 2.5 % 1.8 %

Tau track Efficiency 2.8 % 2.8 %

Quadratic Sum 18.3 % 5.0 %

Integrated Luminosity 6.5 % 6.5 %

Quadratic Sum Total 19.4 % 8.2 %

Table 6.5: Systematic uncertainties on the number of events expected from Standard Model
processes and from SUSY processes after the last selection cut (relative errors are
quoted).

6.6 Results

The number of candidate events observed and background events expected after
application of the successive selection cuts are listed in Table 6.6. The com-
parison of data and Monte Carlo shows a good agreement at all stages of the
selection. After the final selection criteria, the total background expectation is
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Cut Data Sum BGND

(1) Preselection 33466 32572.5±105.9±6319.0
(2) Z veto 2977 2952.4±54.1±572.8
(3) Significant MET 215 220.6±19.0±42.8
(4) 3rd Track OR 2nd tau 3 3.271+0.800

−0.800±0.635
(5) (Di-)Boson Rejection 1 0.977+0.225

−0.189±0.190
(6) ptrk

T × E/ T 0 0.582+0.112
−0.105±0.113

Cut QCD Z/γ∗ → ee Z/γ∗ → ττ

(1) Preselection 3092.9±75.7 28289.2±72.7 668.5±6.7
(2) Z veto 1037.9±51.4 1564.8±13.9 136.3±3.9
(3) Significant MET 86.6±17.1 15.7±1.7 8.2±0.9
(4) 3rd Track OR 2nd tau 0.908±0.712 0.588±0.294 0.772±0.188
(5) (Di-)Boson Rejection 0.445±0.174 0.0+0.120

−0.0 0.059±0.017
(6) ptrk

T × E/ T 0.218±0.086 0.0+0.039
−0.0 0.050±0.015

Cut W → eν W → τν WW/WZ/ZZ

(1) Preselection 272.7±12.8 8.5±1.9 48.6±1.3
(2) Z veto 144.6±9.1 7.3±1.7 12.7±0.9
(3) Significant MET 98.5±7.8 2.5±1.0 9.6±0.9
(4) 3rd Track OR 2nd tau 0.600±0.080 0.103±0.042 0.287±0.059
(5) (Di-)Boson Rejection 0.231±0.046 0.103±0.042 0.126±0.034
(6) ptrk

T × E/ T 0.154±0.036 0.031±0.031 0.116±0.032

Cut tt̄ Υ(1s)

(1) Preselection 16.3±0.3 192.4±4.1
(2) Z veto 5.3±0.2 49.9±2.1
(3) Significant MET 0.7±0.1 0.3±0.2
(4) 3rd Track OR 2nd tau 0.013±0.008 0.0+0.009

−0.0

(5) (Di-)Boson Rejection 0.013±0.008 0.0+0.002
−0.0

(6) ptrk
T × E/ T 0.013±0.008 0.0+0.002

−0.0

Table 6.6: Number of candidate events observed and background events expected at different
stages of the selection. The errors for the numbers of the individual backgrounds
are statistical. For the sum of all backgrounds, both statistical and systematic
errors are given.

0.582+0.112
−0.105(stat) ± 0.113(sys) events, while no event is observed in the data.

The remaining background stems mostly from QCD, W → eν and di-boson
events. The dominant contribution in the di-boson sample is caused by WZ
events.
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Cut C1 D1

m
χ̃±
1

[GeV] 106 110

(1) Preselection 11.20±0.29±0.92 9.58±0.21±0.79

(2) Z veto 9.23±0.25±0.76 7.57±0.18±0.62

(3) Significant MET 5.90±0.20±0.48 4.80±0.15±0.39

(4) 3rd Track OR 2nd tau 1.986±0.115±0.160 1.747±0.111±0.143

(5) (Di-)Boson Rejection 1.271±0.093±0.104 1.077±0.071±0.088

(6) ptrk
T × E/ T 1.116±0.087±0.092 0.969±0.068±0.079

Cut D4 E1

m
χ̃±
1

[GeV] 110 114

(1) Preselection 4.67±0.09±0.38 8.73±0.17±0.72

(2) Z veto 3.59±0.08±0.29 6.90±0.15±0.57

(3) Significant MET 2.38±0.07±0.20 4.46±0.12±0.37

(4) 3rd Track OR 2nd tau 0.973±0.044±0.080 1.382±0.069±0.113

(5) (Di-)Boson Rejection 0.691±0.037±0.057 1.059±0.059±0.087

(6) ptrk
T × E/ T 0.634±0.035±0.052 0.968±0.057±0.079

Table 6.7: Number of signal events expected at different stages of the selection with statis-
tical and systematic errors.

C1 D1 D4 E1

ε(e+ τh + 	) [%] 0.45±0.04±0.03 0.49±0.03±0.04 1.03±0.06±0.08 0.52±0.03±0.04

Table 6.8: Selection efficiencies for the four SUSY reference points after application of all
selection criteria with statistical error. The branching ratio into e + τh + 	 is
included.

Table 6.7 gives an overview of the expected number of SUSY signal events at
all stages of the selection. The number of expected signal events is in the range
from 0.6 to 1.1 for the chosen reference points. The selection efficiencies for
these signal points are presented in Table 6.8. The largest efficiency is achieved
for reference point D4, despite of its unfavorable branching ratio into leptons
(see Table 6.1). In the case of SUSY point D4, the neutralino and the chargino
decay mainly via virtual sfermions and gauge bosons (3-body decays), resulting
in a large transverse momtum of the electron. Hence the electron is the leading
lepton, yielding to a high trigger effciency.

Since no evidence for the associated chargino/neutralino production in e+τh+�
final state is observed, upper limits on the product of the production cross
section and the leptonic branching ratio, σ(χ̃0

2χ̃
±
1 )× BR(3�), are extracted. As

discussed in Section 6.2, the studied parameter space is characterized by low
values of tan β. To probe the supersymmetric parameter space beyond the
existing LEP II limits, a combination of various trilepton analyses is necessary.
The combined result is presented in Section 6.6.2.
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6.6.1 Flavor Composition of the Signal Final State

In order to combine the obtained results with the results from other trilepton
searches and to study the combined sensitivity in the SUSY parameter space,
it is necessary to understand the flavor composition of the signal final state.
Overlap between the e + τh + � final state and other final states is expected,
and has to be taken into account when combining all results.

As discussed in Section 4.4, an electron (muon) from a leptonic tau decay cannot
be distinguished from a direct decay into an electron (muon). Hence it is of no
interest in the following if the reconstructed electron or muon originates from
a leptonic tau decay or a direct decay.

Since real electrons are reconstructed as hadronic tau decays with a very high
efficiency (see discussion in Section 4.4.2), it is expected that the selected signal
final states consist to some extent of two electrons (stemming from the next-to-
lightest neutralino decay) and an additional lepton (from the chargino decay).
In the e + τh + � analysis, one of the two electrons is reconstructed as the
electron, while the second electron is reconstructed as the hadronically decaying
tau. The additional lepton – which can either be an electron, a muon or a tau
– is identified as the third track. Hence there is a significant overlap with the
search for associated chargino/neutralino production in the e+ e+ � final state.
In order to recover efficiency losses of the e+ e+ � analysis, there is no attempt
made to separate electrons from hadronic tau decays. The main efficiency
loss occurs for events where one electron is located in the inter-cryostat region
(1.1 ≤ ηdet ≤ 1.6). This detector region is not equipped with an electromagnetic
calorimeter, hence the electron reconstruction fails. However, these electrons
are reconstructed as taus of type 1, since their detector signal (one isolated
track pointing to a narrow calorimeter cluster with only a small amount of
electromagnetic energy) matches the tau type 1 reconstruction criteria (see
Section 4.4.2). The overlap with the e+e+� final state is studied for each SUSY
reference point separately. It amounts to up to 40 % for reference point D4 and
up to 30 % for the remaining SUSY points.

The efficiency for selecting signal final states that consist of one or more real
muons is small. The rate at which a muon fakes an electron (using the applied
electron identfication criteria) is insignificant. The fake rate for taus from muons
is in the order of 20 % for tau type 1 and 10 % for tau type 2. The probability
that a real muons fakes a tau of type 3 is tiny due to the requirement that at
least two tracks have to point to the calorimeter cluster. Large contributions
to the e + τh + � analysis are therefore only expected in the signal final state
with two muons and an electron (μ+μ+ e) and with two electrons and a muon
(e + e + μ). The first case, where one muon fakes the hadronic tau decay and
the second muon leads to the third track, amounts to 5 % overlap. The latter
case, where the muon primarily leads to the third track, is already covered in
the overlap with the e + e + � analysis.
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6.6.2 Combination with Additional Trilepton Analyses

A combination of six analyses which search for the associated production of the
lightest chargino and the second-lightest neutralino in final states with three
leptons and missing transverse energy is performed to increase the sensitivity.
The combination consists of analyses that cover the following final states:

• two electrons and a third lepton (e + e + �) [78];

• an electron, a muon and a third lepton (e + μ + �) [92];

• two muons and a third lepton (μ + μ + �) [93];

• two likesign muons (LS μ + μ) [94];

• a muon, a hadronically decaying tau and a third lepton (μ + τh + �) [95];

• an electron, a hadronically decaying tau and a third lepton (e + τh + �).

A set of reference parameter points has been simulated for chargino masses
in the region near and beyond the LEP II chargino mass limit of 103 GeV.
These SUSY points are characterized by an equal branching ratio of chargino
and neutralino into leptons. Table 6.9 presents an overview of these reference
points and lists the most important properties. The obtained efficiencies for
each analysis are shown in Table 6.10. The number of signal events expected
for the six analysis channels for each SUSY point is given in Table 6.11. To
avoid double-counting, a signal selected by more than one analysis channel is
assigned to one channel and removed from the other channels in a way which
maximizes the combined sensitivity.

Point m0 m1/2 sgn(μ) mχ̃0
2

mχ̃± m�̃R
mχ̃0

1
BR(	) σ× BR(3	)

[GeV] [GeV] [GeV] [GeV] [GeV] [GeV] [pb]

A5 88 165 − 102 103 114 55 0.35 0.536

A6 200 126 + 102 103 208 52 0.35 0.400

B6 200 132 − 106 107 209 54 0.34 0.331

C6 200 138 − 110 111 210 57 0.33 0.264

D6 200 142 − 114 114 210 58 0.32 0.231

E6 200 148 − 118 119 211 61 0.30 0.179

F6 200 166 − 132 132 212 69 0.23 0.102

Table 6.9: Properties of SUSY reference points used in the combination. All points have
tanβ=3 and A0 = 0.

The number of events observed in data and the number of background events
expected from Monte Carlo for each analysis at the end of the selection is
shown in Table 6.12. Combining all six analyses, the expected background
sums up to 3.85 ± 0.57(stat) ± 0.48(sys) events, while 4 events remain in data.
Since no evidence for supersymmetry is observed, an upper limit on the total

117



6 Search for Associated Chargino/Neutralino Production in e+ τh Final States

Point ε(e+ e+ 	) [%] ε(e+ μ+ 	) [%] ε(μ+ μ+ 	) [%]

A5 1.77±0.08±0.14 1.21±0.04±0.10 0.83±0.02±0.11

A6 2.18±0.08±0.18 1.57±0.03±0.12 0.91±0.02±0.12

B6 2.37±0.08±0.19 1.75±0.04±0.14 0.87±0.02±0.11

C6 2.46±0.09±0.20 1.70±0.05±0.13 0.91±0.03±0.12

D6 2.79±0.10±0.23 1.92±0.05±0.15 0.90±0.05±0.11

E6 2.71±0.09±0.22 1.85±0.06±0.15 0.87±0.02±0.11

F6 2.97±0.10±0.24 2.11±0.11±0.17 0.76±0.02±0.10

Point ε(LS μ+ μ) [%] ε(μ+ τh + 	) [%] ε(e+ τh + 	) [%]

A5 0.58±0.11±0.09 0.60±0.03±0.05 0.35±0.01±0.03

A6 0.62±0.14±0.10 0.85±0.02±0.07 0.47±0.01±0.04

B6 0.68±0.11±0.11 0.90±0.02±0.07 0.45±0.01±0.03

C6 0.74±0.14±0.12 0.99±0.03±0.08 0.57±0.01±0.04

D6 0.83±0.15±0.13 0.99±0.03±0.08 0.51±0.01±0.04

E6 0.86±0.18±0.13 0.99±0.03±0.08 0.48±0.01±0.04

F6 0.87±0.17±0.14 1.33±0.08±0.11 0.59±0.01±0.04

Table 6.10: Selection efficiencies for the SUSY reference points used in the combination
(see Table 6.9) for all six trilepton analysis channels, given with statistic and
systematic error. Overlaps between the different channels are taken into account
and are subtracted.

Point e+ e+ 	 e+ μ+ 	 μ+ μ+ 	

A5 3.19±0.14±0.26 2.17±0.07±0.17 1.41±0.04±0.18

A6 2.94±0.11±0.24 2.11±0.04±0.17 1.16±0.03±0.15

B6 2.62±0.09±0.21 1.92±0.04±0.15 0.91±0.02±0.12

C6 2.15±0.08±0.17 1.48±0.04±0.12 0.75±0.02±0.10

D6 2.15±0.07±0.17 1.47±0.04±0.12 0.65±0.03±0.08

E6 1.63±0.06±0.13 1.11±0.04±0.09 0.49±0.01±0.06

F6 0.97±0.03±0.08 0.68±0.04±0.05 0.23±0.01±0.03

Point LS μ+ μ μ+ τh + 	 e+ τh + 	

A5 1.03±0.19±0.16 1.02±0.04±0.08 0.65±0.02±0.05

A6 0.82±0.19±0.13 1.08±0.03±0.09 0.65±0.01±0.05

B6 0.73±0.12±0.11 0.93±0.02±0.08 0.51±0.01±0.04

C6 0.63±0.12±0.10 0.82±0.02±0.07 0.51±0.01±0.04

D6 0.62±0.12±0.10 0.72±0.02±0.06 0.41±0.01±0.03

E6 0.51±0.11±0.08 0.56±0.02±0.04 0.30±0.01±0.02

F6 0.28±0.05±0.04 0.41±0.02±0.03 0.20±0.00±0.02

Table 6.11: Number of expected signal events at the end of the selection for the SUSY ref-
erence points used in the combination (see Table 6.9). All six trilepton analysis
channels are shown with statistic and systematic error. Overlaps between the
different channels are subtracted as described in the text.

cross section times branching ratio into three leptons using the likelihood ratio
method (LEP CLs method [96]) is extracted. Systematic and statistical errors
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are taken into account in the combination including their correlations. The
flavor composition of the selected e + τh + � final state and the overlap with
the other trilepton analyses is discussed in Section 6.6.1. The overlap between
backgrounds is negligible.

Analysis Data Total Background

e+ e+ 	 0 0.21 ± 0.11 ± 0.05

e+ μ+ 	 0 0.31 ± 0.13 ± 0.03

μ+ μ+ 	 2 1.75 ± 0.37 ± 0.44

LS μ+ μ 1 0.64 ± 0.36 ± 0.13

e+ τh + 	 0 0.58 ± 0.11 ± 0.11

μ+ τh + 	 1 0.36 ± 0.12 ± 0.06

SUM 4 3.85 ± 0.57 ± 0.48

Table 6.12: Number of candidate events observed and background events expected in the
six trilepton analysis channels. The errors for the numbers are statiscial and
systematic.

Extraction and Interpretation of the Cross Section Limits

The upper limits on the production cross section times branching ratio into
three leptons are derived using the selection efficiencies for the SUSY signal
presented in Table 6.10 as a function of the chargino mass.

The combined results are compared with predictions from the MSSM in order
to restrict the allowed SUSY parameter space. Due to the large number of
unknown parameters in the general MSSM, resulting from the parametrization
of the supersymmetry breaking (see Section 1.2), the derived cross section limits
are compared with selected benchmark models. The derived constraints on the
chargino mass are specific for the chosen benchmark scenarios, but they can
be applied to any MSSM model with comparable mass relations and branching
ratios.

The upper limit on the cross section of chargino/neutralino production times
branching ratio into three leptons in the 3-body region are compared with the
predictions for chargino mass scans from the following benchmark scenarios:

• 3l-max scenario: The leptonic branching ratio is maximally enhanced in
this scenario, since the sleptons are mass degenerated with the second-
lightest neutralino and the latter decays dominantly via sfermion me-
diated 3-body topologies. Due to mχ̃±

1
≈ mχ̃0

2
, the sfermion mediated

3-body decay is also the dominating chargino decay mode. Scalar mass
unification is assumed in calculating the cross section.

• heavy-squarks scenario: The squarks are assumed to be very heavy (TeV
scale), which suppresses the destructive interference from t-channel con-
tribution to the production cross section, leading to a maximally enhanced
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cross section (see Section 6.1.3). This model is a variation of the 3l-max
scenario, where the unification of slepton and squark masses is dropped. It
provides an upper bound on the trilepton cross section for 3-body topolo-
gies without stau mixing.

• large m0 scenario: Assuming scalar mass unification and raising m0 to
the TeV scale, this model results in large slepton and squark masses.
Charginos and Neutralinos decay via gauge boson mediated 3-body de-
cays. The impact of the stau mixing on the branching ratios is negligible,
since the slepton mass difference is small compared to the slepton mass
and since decay via W/Z dominate.

Figure 6.21 compares the results of the chargino mass scan in the 3-body domain
for the combined analysis with the model predictions for negligible stau mixing
(low tan β regime). The obtained upper cross section limit for the trilepton
analyses without taus can be improved by 10 % when adding the two dedicated
tau analyses e + τh + � and μ + τh + �. Lower limits on the chargino mass of
mχ̃±

1
> 114 GeV in the 3l-max scenario and mχ̃±

1
> 125 GeV in the heavy-

squarks scenario are derived by combining the trilepton analyses without taus.
These mass limits can be improved by adding the two dedicated tau analyses,
resulting in a combined limit on the chargino mass of

mχ̃±
1

> 116 GeV (6.3)

for the 3l-max scenario and

mχ̃±
1

> 128 GeV (6.4)

for the heavy-squarks scenario.

The combination of all trilepton analyses is sensitive to SUSY models with
chargino masses beyond the limits from SUSY searches at LEP II and Tevatron
Run I.

6.6.3 Further Prospects

The sensitivity of all six trilepton analyses is mainly limited by data statis-
tics, hence the mass coverage of these analyses is expected to increase with
the integrated luminosity. Using only the electron and muon final states and
combining both Tevatron experiments DØ and CDF, a study in Ref. [78] shows
that chargino masses up to 200 GeV can be excluded in the 3l-max scenario
with the full Run II data set of L = 8 fb−1. Improvements in understanding
and simulating the detector are expected to further increase the sensitivity of
the SUSY searches.
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Figure 6.21: Limits on the total cross section times branching ratio into three leptons for
associated chargino and neutralino production with leptonic final states. Three
model lines are plotted as a reference: The top line corresponds to the signal
cross section times leptonic branching fraction predicted for models with heavy
squark masses and low slepton masses. The middle line corresponds to the sig-
nal expectation for low slepton masses in mSUGRA. The bottom line describes
the signal expectation for large m0 with the chargino and the neutralino de-
caying via virtual gauge bosons. The PDF and scale uncertainties are shown
as shaded bands. The expected limit is shown for the trilepton final state
without the two tau analyses and with the tau analyses. The observed limit is
calculated using all trilepton final states. Chargino masses below 103 GeV are
excluded by direct searches at LEP.
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6.7 Outlook: Sensitivity for the SUSY Parameter Space
with Large Values of tan β

The ultimate goal of the trilepton searches in tau final states is to search for
supersymmetry in a parameter space which is characterized by high values of
tan β. Due to stau mixing effects (see Section 6.1.2), the lightest chargino
and the second-lightest neutralino decay dominantly into final states with tau
leptons in the considered mSUGRA model. In these parameter regions, the
selections that are optimized on final states with electrons and muons have a
low efficiency. These domains can only be covered with dedicated tau analyses
as developed in this thesis.

A feasibility study is performed in order to estimate the signal efficiency for
high tan β scenarios with the current trilepton analyses. For this study, a set of
reference parameter points has been simulated with a chargino mass of 104 GeV
(motivated by the LEP limit of 104 GeV [26]) and a neutralino mass of 108 GeV.
The low chargino and neutralino masses lead to a large χ̃±

1 χ̃0
2 cross section (see

Figure 6.2). The relevant gaugino and slepton masses for the simulated SUSY
points are outlined in Table 6.13. By varying the selectron/smuon and stau
mass, different branching ratios of the second-lightest neutralino into tau final
states are simulated. The branching ratio of the lightest chargino into charged
leptons is kept constant for all SUSY points, and corresponds to approximately
30 % for each lepton flavor. Table 6.14 gives an overview of the different branch-
ing ratios of chargino and next-to-lightest neutralino into lepton final states.

Point m
χ̃±
1

mχ̃0
2

m�̃R
m�̃L

mτ̃ BR(3	)*KNLO

[GeV] [GeV] [GeV] [GeV] [GeV] [pb]

T1 104 108 1000 1100 109 0.214

T2 140 172 109 0.238

T3 130 164 109 0.244

T4 120 156 109 0.257

T5 115 152 109 0.280

T6 112 150 109 0.296

T7 109 148 109 0.327

T8 109 148 112 0.308

T9 109 148 120 0.297

T10 109 148 1000 0.281

Table 6.13: Properties of SUSY reference points that are used to study the parameter space
with large values of tan β. The chargino and next-to-lightest neutralino mass
are kept constant for all points.

Figure 6.22 shows the selection efficiency of all trilepton analyses for the various
reference points. The branching ratio of the next-to-lightest neutralino into tau
final states decreases from left (T1) to right (T10), while the branching ratio
into electron/muon increases. Hence, the expected final state for T1 consist
of electron/muon from the chargino decay and a tau pair from the next-to-
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Point BR(χ̃0
2 → e/μ) BR(χ̃0

2 → τ ) BR(χ̃±
1 → e/μ) BR(χ̃±

1 → τ )

[%] [%] [%] [%]

T1 0.005 0.570 0.180 0.253

T2 0.080 0.491 0.242 0.234

T3 0.127 0.446 0.260 0.229

T4 0.213 0.375 0.286 0.221

T5 0.286 0.323 0.303 0.215

T6 0.351 0.283 0.315 0.212

T7 0.455 0.227 0.329 0.207

T8 0.512 0.159 0.336 0.192

T9 0.591 0.084 0.348 0.164

T10 0.706 0.001 0.380 0.085

Table 6.14: Branching ratio into leptons for the SUSY reference points considered in this
study. The gaugino/slepton masses are shown in Table 6.13.

lightest neutralino decay. For SUSY point T10, the expected final state consist
of electron/muon from the chargino decay and an electron/muon pair from the
next-to-lightest neutralino decay.

The trilepton analyses without taus show an increasing selection efficiency from
T1 to T10. The small efficiency for T1 is expected, since the electron/muon
fake rate from taus is tiny. The efficiency for SUSY point T10 is in the order of
1 %. This is comparable to the selection efficiencies quoted in Table 6.10, which
are achieved for SUSY parameter points with low tan β and hence without stau
mixing.

The trilepton analyses with taus (e+τh +� and μ+τh +�) are expected to have
a selection efficiency for T1 which is comparable to T10. However, the selection
efficiency shows the same behavior as for analyses without taus. Although it
has to be noted that the relative importance of the tau analyses for T1 is higher
than for T10, the decrease for the dedicated tau analyses is not expected and
needs explanation. For the studied SUSY parameter space, two problem areas
are identified: the single electron trigger efficiency and the tau reconstruction
efficiency.

Single Electron Trigger

The left plot in Figure 6.23 shows the parton level transverse momentum of
the electron, stemming from the chargino decay, and the visible decay prod-
ucts of the two hadronically decaying taus, which stem from the neutralino
decay. The slepton mass for SUSY point T3 – which is used as a reference –
is m
̃ = 130 GeV, hence 3-body decays are dominant. The electron transverse
momentum spectrum is rather soft and has a mean value of pT = 14 GeV, which
makes it difficult to trigger on these events using the single electron triggers.
The efficiency of the single electron triggers (see e.g. Figure 5.5) is fully efficient
for pT > 18 GeV and decreases drastically for low-pT objects, which results in
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Figure 6.22: Efficiency of the different trilepton analyses for the various SUSY reference
points. The branching ratio χ̃0

2 → ττ χ̃0
1 decreases from SUSY point T1 (left)

to T10 (right).

a large trigger inefficiency for the signal events in the e + τh + � analysis. The
μ + τh + � analysis [95] profits from the lower pT thresholds of the single muon
triggers, leading to a higher trigger efficiency in comparison to the e + τh + �
analysis and hence to a higher selection efficiency.

Tau Reconstruction Efficiency

Figure 6.23 (right) shows the reconstruction efficiency for tau candidates as a
function of the visible tau transverse momentum. The plot indicates that the
tau reconstruction efficiency for low-pT objects is strongly diminished, resulting
in a small efficiency for taus with pT < 7 GeV. This leads to an additional
inefficiency for analyses searching for trilepton final states with hadronic tau
decay. Due to the escaping neutrino in the hadronic tau decay, the pT spectrum
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Figure 6.23: left: Parton level pT distribution of the electron and the two hadronically de-
caying taus for SUSY point T3.
right: Reconstruction efficiency for tau candidates as a function of the trans-
verse momentum.
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for the two hadronically decaying taus is softer than for the electrons or muons
if the second-lightest neutralino decays into an electron or muon pair.

Both problems, the small trigger efficiency for low-pT objects and the insufficient
reconstruction efficiency for low-pT taus, are currently addressed in order to gain
sensitivity for the SUSY parameter space at high values of tan β.
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7 Search for MSSM Higgs Bosons in
e + τh Final States

A discovery of supersymmetry is not only possible by searching directly for
supersymmetric particles, but also by searching for the five physical Higgs boson
states. While the search for associated chargino/neutralino production in e+τh

final states (see description in Chapter 6) is currently limited to low values of
the mSUGRA parameter tan β, the focus of the search for neutral MSSM Higgs
bosons are large values of tan β – hence both analyses can be regarded as
complementary.

The following chapter gives an overview of neutral MSSM Higgs boson pro-
duction and decay at the Tevatron. A search for the production of a neutral
Higgs and subsequent decay into a tau pair is described. Over a large region of
the supersymmetric parameter space, the rates for this process are significantly
larger than in the Standard Model case for a Higgs boson of the same mass.
The signal selection is optimized for a final state consisting of an electron, a
hadronically decaying tau and missing transverse energy. The result of this
search is combined with results from analyses that cover the μ + τh and e + μ
final states. DØ has performed a search for neutral MSSM Higgs bosons decay-
ing in bb̄ final states, where the Higgs is produced in association with a pair of
b quarks. The results of the bb̄ final state are combined with the results from
the ττ final state and presented at the end of this Chapter.

7.1 MSSM Higgs Boson Signature at the Tevatron

As discussed in Section 1.2.6, both hypercharge Y = −1 and Y = +1 Higgs
doublets are required to avoid anomalies in the supersymmetric extension of
the Standard Model and to generate mass for both up-type and down-type
fermions. The resulting Higgs sector after electroweak symmetry breaking con-
sists of five physical Higgs bosons. In the absence of explicit CP-violation in
the soft symmetry-breaking terms, these are the light and heavy CP-even neu-
tral Higgs bosons, h and H, the CP-odd neutral Higgs boson, A, and the two
charged Higgs bosons H±. At tree level, the following ordering of masses is
valid:

Mh < (MZ , MA) < MH and MW± < MH± .

This ordering is substantially modified by radiative corrections [98], the largest
contribution arising from incomplete cancellation between top and stop loops.
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Figure 7.1: Feynman diagrams for the neutral MSSM Higgs boson production processes of
interest at the Tevatron: gluon fusion (left), associated production with heavy
quarks (middle), associated production with gauge bosons (right).

The corrections affect mainly the neutral Higgs boson masses and decay branch-
ing ratios.

At leading order, the MSSM Higgs sector is fully specified by two parameters,
which are generally chosen to be MA, the mass of the CP-odd Higgs boson, and
tan β, the ratio of the vacuum expectation values of the two Higgs doublets (see
Section 1.2.6). In the region of large tan β, the A boson is nearly degenerated in
mass with either the h or the H boson and their production cross sections can
be added. In the following, the neutral MSSM Higgs bosons will be generally
denoted as φ.

7.1.1 Neutral Higgs Boson Production

Neutral supersymmetric Higgs boson production at hadron colliders occurs in
various channels. At the Tevatron, the following processes are of interest (see
Figure 7.1):

• gg → φ [φ = h,H,A]: The gluon fusion process is mediated by heavy top
and bottom quark triangle loops and the corresponding supersymmetric
partners. Production cross sections for the light scalar h and the pseu-
doscalar A Higgs bosons easily exceed 10 pb at large values of tan β and
for Mφ < 180 GeV. At small tan β, the production cross sections range
from 0.1 pb to 1 pb for Mφ < 180 GeV.

• gg → φtt̄, φbb̄ [φ = h,H,A]: In the Standard Model, the associated Higgs
production with heavy quarks has a production cross section of less than
0.01 pb (for Mh > 110 GeV [99]) and suffers from small event rates.
In the MSSM, however, radiation off bottom quarks becomes important
for large tan β with cross sections exceeding 10 pb for h and A (with
Mφ < 180 GeV).

• qq̄ → V ∗ → V φ [V = W,Z][φ = h,H]: In comparison to the gluon fusion
and the associated production with b quarks, the associated production
with weak gauge bosons has a smaller cross section. Over most of the
parameter space, one of the two CP-even Higgs bosons has very suppressed
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couplings to VV, while the other one couples to VV with Standard Model
strength. For the latter, this production process can be important. The
light CP-even scalar Higgs boson h has Standard Model-like couplings to
vector bosons in the decoupling regime (MA → ∞). The heavy CP-even
scalar Higgs boson H has Standard Model-like couplings to vector bosons
for large tan β and low MA. In either case, the corresponding scalar φ has
a mass of less than 130 GeV.

The production cross section for neutral MSSM Higgs bosons is given in Fig-
ure 7.2 for the mmax

h scenario and for tan β values of 5 and 40. Figure 7.3 shows
the same plots for the no-mixing scenario. A description of both the mmax

h and
the no-mixing scenario, which are considered as benchmark scenarios, is pre-
sented in Section 1.2.6. At the Tevatron, the dominant production mechanisms
for the neutral supersymmetric Higgs bosons at high tan β are the gluon fusion
and the associated production with b quarks.

In contrast to the Standard Model, the MSSM Higgs boson production cross
section is strongly enhanced for large values of tan β. This is the result of
enhanced couplings of the Higgs bosons to down-type fermions (see discussion
in Section 1.2.6 and Table 1.7). At leading order, the production cross section
is proportional to tan2 β. Figure 7.4 shows the cross section times branching
ratio for the process pp̄ → φ → ττ as a function of Mφ for different values of
tan β in the two benchmark scenarios that are considered in this analysis.

7.1.2 Neutral Higgs Boson Decay

The branching ratios of the neutral MSSM Higgs bosons have to be considered
as a function of their mass as well as tan β and the SUSY parameters. Figure 7.5
shows the branching ratios of h, H and A for two different tan β values as a
function of their mass. The following list presents a brief discussion of the
neutral Higgs boson decays:

• φ → f f̄ : The decay modes h,H,A → bb̄, τ+τ− are the dominant decay
modes for large tan β. The branching ratio into bb̄ is in the order of
90 %, while the branching ratio for ττ reaches 8− 10 %. For small values
of tan β, they are only important for neutral Higgs masses smaller then
200 GeV.

• φ → WW, ZZ: In the MSSM, the decays of h and H into WW and
ZZ are generally suppressed by kinematics and Higgs couplings. Their
branching ratios are sizeable only for small and moderate values of tan β
or in the decoupling regime MA → ∞, where the light CP-even Higgs
h effectively behaves like a Standard Model Higgs boson while all others
MSSM Higgs bosons are heavy.

• φ → gg, γγ: The gluonic and photonic decays of the Higgs bosons h,H,A
have only relatively small branching ratios and are only of interest in a
very limited region of the supersymmetric parameter space.
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Figure 7.2: Cross section for neutral MSSM Higgs boson production as a function of their
masses in the mmax

h scenario for tanβ = 5 (left) and tan β = 40 (right). The
histograms are taken from Ref. [100].
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Figure 7.3: Cross section for neutral MSSM Higgs boson production as a function of their
masses in the no-mixing scenario for tan β = 5 (left) and tan β = 40 (right).
The histograms are taken from Ref. [100].
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Figure 7.4: Cross section times branching ratio for the process pp̄→ φ+X → ττ +X as a
function of Mφ for different values of tan β. The first row shows the dependence
for the mmax

h scenario with μ < 0 and μ > 0, the second row shows the same
for the no-mixing scenario.

• H → hh: For small tan β and MH < 200 GeV, the decay mode H → hh is
significant in the MSSM only for a very small range of H masses. It is dom-
inant for small values of tan β and a Higgs mass range of
200 GeV < MH < 2Mt.

• H → ZA; A → Zh: The decay modes H → ZA and A → Zh are only
important for small tan β below the tt̄ threshold. The decay A → Zh is
only relevant for MA > 200 GeV and tan β near its experimental lower
limit.

• φ → supersymmetric particles: The decays into charginos, neutralinos
and third-generation squarks and sleptons can become important if they
are kinematically allowed. For Higgs masses below 130 GeV, the range
of SUSY parameter space in which decays into supersymmetric particles
are dominant is rather small, if the current bounds on SUSY masses are
taken into account. The branching ratio of h → χ̃0χ̃0 (“invisible decay”)
could become sizable for large values of Mh near its upper theoretical
limit, assuming the decay is kinematically possible.

In this analysis it is assumed that supersymmetric particles are sufficiently
heavy, hence they do not play an important role in the phenomenology of MSSM
Higgs boson decays.
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Figure 7.5: Branching ratios of neutral MSSM Higgs bosons as a function of their masses for
tanβ = 3 and tan β = 30 assuming a SUSY mass scale of 1 TeV and no mixing
(from Ref. [101]).
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7.1.3 Higgs Width

The total decay width of neutral MSSM Higgs bosons is studied as a function
of tan β using Feynhiggs [102] in version 2.3. Figure 7.6 shows the result for
the mmax

h scenario with μ < 0, which gives the largest values for the total decay
width. The plot indicates that, for a given neutral Higgs boson mass Mφ, the
total decay width shows a large increase with tan β. The broadening of the
total decay width, which is the result of an increasing φ → bb̄ and φ → ττ
coupling, impacts directly the limit calculation by changing the shape of the
reconstructed mass distribution and can lead to a decreasing signal efficiency.
Its impact on the results of this analysis is studied in Section 7.5.1.
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Figure 7.6: Higgs width as a function of tan β. The spread for a given tan β is the result of
the different neutral Higgs boson masses (90 GeV < Mφ < 300 GeV).

7.1.4 Signal Topology

The Feynman diagrams for the neutral MSSM Higgs boson production via
gluon-gluon fusion and via associated production with b quarks, followed by
a subsequent decay into a tau pair, are given in Figure 7.7. As discussed above,
the rates for these processes are strongly enhanced in the MSSM over a large
region of the parameter space. Although the branching ratio into a tau pair is
significantly smaller compared to the branching ration into a pair of b quarks
(φ → bb̄), the bb̄ final state suffers from large di-jet backgrounds and is normally
only searched for in processes where the Higgs boson is produced in association
with heavy quarks.

The further decay of the tau pair into either leptons or hadrons leads to six
possible final states for the φ → ττ process, which are presented in Table 7.1
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Figure 7.7: Production of a neutral MSSM Higgs boson with subsequent decay into two tau
leptons: pp̄→ φ+X → ττ +X.

Decay Mode Fraction

τ+τ− → e+νeν̄τ + e−ν̄eντ 3 %

τ+τ− → μ+νμν̄τ + μ−ν̄μντ 3 %

τ+τ− → e+νeν̄τ + μ−ν̄μντ 6 %

τ+τ− → e+νeν̄τ + τ−h ντ 23 %

τ+τ− → μ+νμν̄τ + τ−h ντ 23 %

τ+τ− → τ+
h ν̄τ + τ−h ντ 41 %

Table 7.1: Illustration of the possible φ→ ττ final states.

together with the corresponding branching fractions. The di-lepton final states
ee and μμ are not observable due to the small branching ratios and the over-
whelming Z/γ∗ backgrounds. The dominating di-jet background makes the
fully hadronic final state quite challenging. Despite the small branching frac-
tion for the eμ final state, the clean detector signature consisting of an opposite
sign back-to-back electron-muon pair and missing transverse energy can be used
to reject a large part of the Standard Model background. The e+ τh and μ+ τh

final states are both considered the most promising channels to search for neu-
tral MSSM Higgs bosons decaying into a tau pair. They have a relatively large
branching ratio and suffer only from moderate Standard Model backgrounds.

The search for the neutral MSSM Higgs boson production with subsequent
decay into a tau pair is performed in the three most promising channels e + τh,
μ + τh and e+ μ. The focus of this analysis is the e+ τh final state. This signal
is characterized by an isolated electron resulting from a leptonic tau decay, a
hadronic tau decay and missing transverse energy.

7.1.5 Standard Model Background

There is a variety of Standard Model processes which can produce a detector
signature consistent with an electron and a hadronically decaying tau. The
final state of these processes can consist of a real electron and a real hadronic
tau decay, or it can be the result of lepton misidentification or E/ T mismea-
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surement. The e + τh signature resembles the trilepton final state, except for
the third lepton which is not present here. Hence the Standard Model back-
grounds that are already discussed in the trilepton analysis (see Section 6.1.4)
play an important role in this selection. The relevance of the different Standard
Model background types however changes. Cross sections for the background
processes are listed in Table 5.4.

• Z/γ∗ → ��
The most important background contributions arise from Z/γ∗ → �� pro-
cesses. The final state with two electrons contributes significantly in the
e + τh selection due to the high rate of electrons faking a hadronic tau
decay. The two electrons have opposite sign, and missing transverse en-
ergy can occur due to E/ T mismeasurement. One of the challenges of the
event selection is to reduce this background to an acceptable level.

The di-tau final state, with subsequent hadronic decay of one tau and
leptonic decay into an electron of the second tau, is the most important
irreducible background source. The final state is identical to the expected
signal final state, and the invariant mass distribution represents the only
discriminant. The missing transverse energy can be included in the cal-
culation of the invariant mass to get a better discrimination.

• QCD Jet Production
The QCD jet production is a large background source due to its very high
cross section. A jet can be misidentified as an electron, and especially as
a hadronic tau decay. Large missing transverse energy can be faked by a
mismeasurement of the jet energy.

• W → �ν
The W → �ν process is another large background source due to its large
cross section. Especially W → eν decays lead to a final state with a real
electron and significant missing transverse energy. An additional jet from
QCD radiation in those events can be misidentified as the tau.

• Di-boson: WW , WZ, ZZ
Background contributions from di-boson processes (WW , WZ, ZZ) can
result in e + τh final states with significant missing transverse energy.
However, these processes have only small cross sections times branching
ratios and have found to be negligible.

• tt̄
The production of tt̄ pairs is only of minor importance due to its small
cross section.

7.2 Signal Monte Carlo

The signal Monte Carlo samples are produced using the Pythia [40] event gen-
erator in version 6.202 using CTEQ5L parton distribution functions. The Monte
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Carlo covers the mass range from 90 GeV to 300 GeV. The threshold of 90 GeV
represents the upper limit of the LEP experiments for all tan β values up to 50
(larger values were not studied) [18]. Due to the small production cross sec-
tion at the Tevatron, there is currently no sensitivity for Higgs masses beyond
300 GeV. The production cross sections, widths and branching ratios of the
neutral MSSM Higgs bosons in the different reference scenarios have been cal-
culated using the program Feynhiggs [102], which incorporates the complete
set of one-loop corrections and all known two-loop corrections. The contribu-
tions from SUSY particles in the loop of the gluon fusion process are taken into
account. The different MSSM Higgs mass points which have been simulated are
outlined in Table 7.2. Both the production via gluon-gluon fusion and via asso-
ciated production with b quarks are taken into account. The cross sections are
given for tan β = 30 in the mmax

h scenario with positive μ: mSUSY = 1000 GeV,
μ = +200 GeV, M2 = 200 GeV, Xt = 2000 GeV, mg̃ = 800 GeV. The top quark
mass is set to the world average of 172.7 GeV [103].

Point Mφ [GeV] σ × BR [pb] # Events

A0 90 21.50 47k

A1 100 12.56 47k

A2 110 7.57 48k

A3 120 4.73 48k

A4 130 3.05 49k

A5 140 2.03 47k

A6 150 1.20 106k

A7 160 0.98 47k

A8 170 0.70 48k

A9 180 0.50 48k

A10 190 0.37 47k

A11 200 0.28 56k

A12 250 0.096 59k

A13 270 0.073 49k

A14 300 0.057 59k

Table 7.2: σ × BR and number of generated events for the process φ → ττ . The cross
section for each point has been calculated using Feynhiggs 2.3 [102] and is given
for tanβ = 30 in the mmax

h scenario with positive μ: mSUSY = 1000 GeV,
μ = +200 GeV, M2 = 200 GeV, Xt = 2000 GeV, mg̃ = 800 GeV. The top quark
mass is set to the world average of 172.7 GeV [103].

7.3 Event Selection and Data/Monte Carlo Comparison

The event selection is based on the single electron triggers described in Sec-
tion 5.1.2. Since the tau candidate can fire the single electron trigger, the same
strategy as described in Section 6.3 is applied. The QCD multijet background
is estimated from data and normalized at preselection stage using the neural
network distribution (see Section 5.4). In contrast to the trilepton analysis,
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the electron identification is based on the multivariant likelihood variable (see
Section 4.3.1) instead of a cut on the shower profile (HMx8) and requiring a
track match with E/p. All three tau types are retained for this analysis to get
maximal sensitivity.

The signal is characterized by an electron, a hadronically decaying tau, missing
transverse energy and little jet activity. For large Higgs boson masses, it would
stand out as an enhancement above the background from Standard Model pro-
cesses in the invariant electron and tau mass, while all backgrounds tend to be
at lower invariant masses. In order to increase the separation between signal
and background, the missing transverse energy is included in the calculation of
the invariant mass, which will be referred to as visible mass Mvis. The visible
mass is calculated using the four-vectors of the electron, the tau and E/ T . The
z component of E/ T is set to zero, and the energy equals the magnitude of E/ T :

Mvis =
√

(pe + pτh
+ E/ T )2 (7.1)

The event selection is optimized to achieve the best expected limit, using the
high-mass region defined as Mvis > 120 GeV. The calculation of the limit uses
the full visible mass spectrum. For the optimization of the event selection, a
Higgs mass of Mφ = 150 GeV is chosen.

Table 7.3 briefly summarizes the applied selection procedure, which is discussed
in the following. The number of events selected in data and expected from
Standard Model background processes are presented in Table 7.5 for tau type 1,
in Table 7.6 for tau type 2 and in Table 7.7 for tau type 3.

(1) Preselection pe
T > 14 GeV, EM ID with likelihood > 0.8

p
τh
T > 20 GeV

ΔR(e, τh) > 0.4

Δz(e, τh) < 1 cm

Δz(e/τh, primary vertex) < 1 cm

(2) Anti-Electron τ -type 1: remove ICR

τ -type 2: EτHAD
T /pτtrk

T > 0.4, remove ICR

τ -type 3: EτHAD
T /pτtrk

T > 0.2, remove ICR

(3) Tau Identification τ -type 1: NN > 0.90

τ -type 2: NN > 0.90

τ -type 3: NN > 0.95

(4) Anti-W MW < 20 GeV

(5) Opposite sign

Table 7.3: Summary of the selection criteria applied to discriminate between signal and
background.

(1) Preselection

The preselection requires an electron with pT > 14 GeV and a tau candidate
with pT > 20 GeV, which are both well separated (ΔR > 0.4). The transverse
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momentum threshold for the electron is lowered to account for the additional
neutrino in the leptonic tau decay. The leading electron passing the following
identification cuts is selected: standard electron identification (see EM candi-
date description in Chapter 4.3) and a likelihood value which exceeds 0.8. All
three tau types are considered for this analysis, and the tau candidate with the
highest transverse momentum is chosen. Both particles are required to origi-
nate from the same vertex (distance of vertex z positions Δz0 < 1 cm), and this
vertex is required to be identical with the primary vertex (Δz0 < 1 cm). The
electron and tau candidate must be detected in |ηdet| < 2.5 to avoid topologies
with unfavorable signal-to-background ratios.

Figure 7.8 shows the transverse momentum distributions for the electron and
the tau candidate as well as their invariant mass, the missing transverse energy
and the neural network output at this selection stage for all three tau types
separately. A good agreement between data and Monte Carlo is observed in
tau type 2 and 3. There is a small disagreement in the transverse momentum
distribution for tau type 1 at high-pT , which also affects the invariant mass and
E/ T distribution for this tau type. The discrepancy is the result of an incor-
rect tau resolution correction for electrons that fake taus of type 1. Since tau
fakes from electrons are successfully removed by the anti-electron cut described
below, the slight discrepancy at preselection level is understood and not of rel-
evance for the further selection. A signal sample is also shown in all selection
plots, corresponding to Mφ = 150 GeV and normalized with a cross section at
tan β = 40.

The dominant background contribution at preselection stage results from
Z/γ∗ → ee events, where the second electron is reconstructed as the tau can-
didate. This background has been extensively studied, and dedicated selection
criteria have been developed to remove the Z/γ∗ → ee events. A detailed dis-
cussion follows below. Additional important background sources include QCD
and W → eν, where the tau is faked by a jet. Di-boson and tt̄ backgrounds are
only of minor importance. The irreducible Z/γ∗ → ττ background is hardly
visible at preselection stage, but will become more pronounced at the latter
stages of the selection.

(2) Anti-Electron

A major background source for the e + τh final state is the Z/γ∗ → ee process,
where one of the two final state electrons fakes the tau candidate. All three tau
types are affected by this electron contamination, however, to various degrees.

The detector response for an electron (an isolated track matched to a narrow
calorimeter cluster), resembles the detector response for a 1-prong hadronic
tau decay. Since no attempt is made at reconstruction level to separate elec-
tron from taus, the vast majority of electrons are reconstructed as tau type 2
candidates. If no electromagnetic subclusters are found, the electrons are re-
constructed as tau type 1 candidates. A small fraction will be reconstructed as
tau type 3, when more than one track is associated to the calorimeter cluster.
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Figure 7.8: Various distributions for each tau type (left: type 1, middle: type 2, right:
type 3) at preselection stage (1). Each column shows pe

T , pτ
T , E/ T , the invariant

e+ τh mass and the neural network output.
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In the following, the selection criteria applied to reduce the Z/γ∗ → ee back-
ground are described.

Tau Type 1 Fakes

Figure 7.9 shows the invariant e + τh mass and the tau ηdet distribution for
tau type 1 at preselection stage (1). The detector eta distribution shows that
electrons which are identified as type 1 taus are located in the inter-cryostat
region (1.1 < |ηdet| < 1.6). This detector region is not equipped with an electro-
magnetic calorimeter, hence the electron deposits all its energy in the hadronic
calorimeter. These tau fakes can be eliminated by applying a topological cut
which removes this region. To increase the signal efficiency, the topological cut
is done as a function of the z position of the primary vertex. The z dependence
takes into account that the electrons hit the edges of the calorimeters under
different angles. The cut is also applied to tau type 2 and 3 tau candidates.
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Figure 7.9: Electron contamination for tau type 1: distribution of the invariant e + τh

mass (left) and tau detector eta (ηdet) (right).

τ -type 2 fakes

The majority of electrons are identified as type 2. This tau type requires that at
least one electromagnetic subcluster with a transverse energy of ET > 0.8 GeV
is associated. These tau fakes can be significantly reduced by cutting on ra-
tio of the transverse hadronic energy of the tau candidate and the transverse
momentum of the associated tracks: Eτ HAD

T /pτ trk
T . This ratio is plotted in

Figure 7.10 at preselection stage (1). Tau fakes from electrons show a large
imbalance and peak at very small values, since most of the electron energy
is deposited in the electromagnetic calorimeter. Only events where this ratio
exceeds 0.4 are retained for the analysis. To further reduce the electron contam-
ination for this tau type in the central detector region, only events are retained
where the tau candidate is not located close to a φ-crack (see Section 2.3.3).
Figure 7.11 shows the φ position in data and background, after the cut on
the ratio of the transverse hadronic tau energy and the transverse momentum
of the associated tracks has been performed. The insensitive detector regions
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7.3 Event Selection and Data/Monte Carlo Comparison

at the cell boundaries lead to a higher tau fake rate from electrons. By re-
taining only events where the tau candidate is not located close to a φ-crack
(0.02 < φ position < 0.18), the electron contamination can be reduced further.
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Figure 7.10: Electron contamination in tau type 2: distribution of the invariant e+ τh mass
(left) and the ratio of the transverse hadronic tau energy and the associated
tau tracks (Eτ HAD

T /pτ trk
T ) (right). The distributions are shown at preselection

stage (1).

Phi Position in CAL Towers
0 0.05 0.1 0.15 0.2 0.25 0.3

E
ve

n
ts

 / 
0.

01
 

50

100

150

200

250

300

350

400

DATA

 ee→Z 

ττ →Z 

ν e→W 

ντ →W 

tt
WW/WZ

QCD
 100× ττ →(m=150 GeV)0A

Figure 7.11: Electron contamination in tau type 2: distribution of the tau φ position in
the central calorimeter towers. For this plot, Eτ HAD

T /pτ trk
T > 0.4 has bee

required.

τ -type 3 fakes

Z/γ∗ → ee events are also reconstructed in tau type 3, although to a much
lesser extent than in tau type 1 and 2. The tau candidate is either faked by
an electron or – to a much greater extent – by a jet from Z + jet production.
In the first case, when a real electron fakes the tau, an additional track from
the underlying event or a fake track has been associated with the tau candidate
in addition to the electron track. These events can be removed with the same
strategy that is described in the case of tau type 2 fakes: by applying a cut
on the ratio of the transverse hadronic energy and the transverse momentum
of the tau tracks (Eτ HAD

T /pτ trk
T ). Requiring this ratio to exceed 0.2 removes

most of these fakes. Type 3 taus faked by a QCD jet are removed by tighten
the cut on the neural network requirement (see below).
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Figure 7.12: Electron contamination in tau type 3: distribution of the invariant e+ τh mass
(left) and the ratio of the transverse hadronic tau energy and the associated
tau tracks (Eτ HAD

T /pτ trk
T ) (right) at preselection stage (1).

Figure 7.13 shows the transverse momentum distributions for the electron and
tau candidate, their invariant mass, the missing transverse energy of the event
and the tau neural network output distribution. The plots are presented sepa-
rately for all three tau types after application of the anti-electron cuts (2). A
good agreement between data and Monte Carlo is observed for all three tau
types, the discrepancy in tau type 1 is not visible any more. After selection
stage (2), the remaining background is dominated by QCD jet production. This
background can be reduced by applying a cut on the tau neural network output.

(3) Tau Identification

To significantly reduce the QCD background, while retaining a large fraction of
the signal, a cut on the neural network output of the tau is applied. The value
has to exceed 0.9 for tau type 1 and 2, and 0.95 for tau type 3. The neural
network cut for tau type 3 is tighter due to a significantly larger background
from multi–jet events.

Figure 7.14 shows the transverse momentum distributions for the electron and
tau candidate, their invariant mass and the missing transverse energy of the
event for each tau type after the tau identification (3) is applied. A reasonable
agreement between data and Monte Carlo is observed for all three tau types.
The remaining background is dominated by QCD jet production and W events.

(4) W Veto

The main selection criteria is a veto on W bosons to reject W → �ν events.
These events can be misidentified as high-mass e+τh pairs if they are produced
in association with an energetic jet which fakes the hadronic tau decay. Since
the tau pT is required to exceed 20 GeV, the W recoils against a high-ET jet
and is therefore strongly boosted. Characteristic for these events is a small
angle between the missing transverse energy vector and the electron. The mass
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Figure 7.13: Various distributions for each tau type (left: type 1, middle: type 2, right:
type 3) after anti-electron cuts (2). Each column shows pe

T , pτ
T , E/ T , the

invariant e+ τh mass and the neural network output.
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Figure 7.14: Various distributions for each tau type (left: type 1, middle: type 2, right:
type 3) after tau identification cuts (3). Each column shows pe

T , pτ
T , E/ T and

the invariant e+ τh mass.

of the W boson can be reconstructed in the following approximation:

MW =
√

2 · Eν · Ee · (1 − cos(Δφ)) (7.2)

with

Eν = E/ T × Ee

pe
T

, (7.3)

Δφ = � (pe
T ,E/ T ). (7.4)

The distribution of the MW for all three tau types is shown in Figure 7.15. The
majority of the signal events are located at low values of MW due to the small
opening angle between the missing transverse energy vector and the electron.
The missing transverse energy is resulting from the neutrino. In order to remove
backgrounds from W + jet processes, MW is required to be less than 20 GeV.
Several values of this cut were considered and compared by optimizing for the
best expected limit.
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Figure 7.15: Distributions of the W mass for tau type 1 (upper left), tau type 2 (upper
right) and tau type 3 (bottom) before the corresponding cut is applied.

(5) Opposite Sign Event Selection

The signal consists of an electron and a hadronic tau with opposite charge.
Hence all like-sign events in data and Monte Carlo are discarded. Since the
QCD background is estimated from a like-sign e + τh QCD sample, it is scaled
with a factor of 0.5.

After the last cut, the expected Standard Model background sums up to
43.90±1.64(stat) events for tau type 1, 150.80±3.08(stat) events for tau type 2
and 232.57 ± 3.43(stat) events for tau type 3. The number of observed events
in data is 57 for tau type 1, 171 for tau type 2 and 256 for tau type 3. Taking
only the statistical error into account, the Standard Model prediction is approx-
imately 10 % lower than the number of observed events for each tau type. A
detailed discussion of the obtained results follows in Section 7.5, after a study
of the systematic uncertainties.

7.4 Systematic Uncertainties

Various sources of systematic uncertainties are identified and studied to inves-
tigate their influence on signal efficiencies and background expectations. As in
the trilepton analysis, import contributions result from the QCD modeling, the
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7 Search for MSSM Higgs Bosons in e + τh Final States

measurement of the integrated luminosity, the modeling of the physics process
and the modeling of the detector (e.g. efficiency corrections, smearing). How-
ever, the importance of the individual contributions differ significantly from the
trilepton analysis.

• QCD Normalization
The most dominant contribution to the systematic error stems from the
description of the QCD jet background. It is estimated by varying the
QCD scale factors, which are derived independently for each tau type (see
Section 5.4), within their statistical errors and found to be 9.1 %. The
large contribution to the systematic error is the result of the significant
QCD jet background contribution in the final selected sample.

• Jet Energy Scale
The calibration of the jets (jet energy scale) contributes to the systematic
error since the jet corrections are propagated into the missing transverse
energy. The effect is calculated by varying the jet energy scale corrections
for data and Monte Carlo within their errors. This results in a 1.8 %
contribution to the systematic error on the background and in a 3.8 %
systematic error on the signal efficiency.

• E/ T Smearing
The smearing of the missing transverse energy in Monte Carlo impacts the
number of events that are expected to pass the cut on the reconstructed
W mass (see Section 7.3). This uncertainty is conservatively taken into
account by calculating the difference in the number of expected events
for background and signal with smeared and unsmeared Monte Carlo,
resulting in a 1.2 % contribution to the systematic error on the background
and in a 0.6 % systematic error on the signal efficiency.

• Electron Reconstruction/Identification Efficiency
The modeling of the electron reconstruction and identification efficiency
are calculated by varying the Monte Carlo efficiency corrections within
their errors, as listed in Table 5.6 and shown in Figure 5.6. This results
in a systematic error of 0.6 % for the background and of 1.2 % for the
signal efficiency.

• Electron Smearing
The electron smearing in Monte Carlo can result in a different number of
selected events after the transverse momentum selection. The modifica-
tions are also propagated into the missing transverse energy, affecting the
W mass reconstruction. Its impact on the systematic error is estimated
conservatively by comparing the results with and without smearing. The
electron smearing gives rise to a contribution of 0.1 % in both background
and signal sample.

• Trigger Simulation
An incorrect modeling of the trigger efficiency has an impact on the ex-
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Source Background Signal

QCD normalization 9.1 % –

Jet Energy Scale 1.8 % 3.8 %

MET smearing 1.2 % 0.6 %

EM reconstruction and identification 0.6 % 1.2 %

EM smearing 0.1 % 0.1 %

Trigger simulation 2.5 % 1.8 %

Tau identification 3.6 % 3.6 %

Tau track efficiency 2.7 % 2.7 %

Z/γ∗ cross section 3.3 % –

pT (Z) reweighting 0.7 % –

Quadratic sum 11.2 % 6.3 %

Integrated luminosity 6.5 % 6.5 %

Quadratic sum total 13.0 % 9.1 %

Table 7.4: Systematic uncertainties on the number of events expected from Standard Model
processes and for the signal process after the last selection criteria (relative errors
are quoted).

pected number of Standard Model background events and the signal ef-
ficiency. The effect of the trigger efficiency is calculated by varying the
parameters of the individual fits (see Section 5.5.1) within their 1σ error.

• Tau Identification/Track Efficiency
Systematic errors stemming from the tau identification and the tau track
efficiency contribute with 3.6 % resp. 2.7 % to both the systematic error
on the background and the signal efficiency. A detailed study of system-
atic errors stemming from the tau neural network, which is referred to as
tau identification, has been performed in Ref. [97]. The impact of the tau
track efficiency is estimated by varying the correction factors within its
errors (see Section 5.5.3).

• PDF/Scale Error on Cross Section and pT (Z) Reweighting
The PDF-related errors on the Standard Model background cross sections
(see Table 5.4), especially on the dominant Z/γ∗ background, lead to
a 3.3 % systematic error on the background. The error on the pT (Z)
reweighting (see Section 5.5.4) is estimated by varying the fit weights
within their errors, resulting in a contribution of 0.7 % to the systematic
error on the background.

All contributions are summarized in Table 7.4 for Standard Model processes
and a MSSM Higgs signal after the last selection cut. The systematic error on
the signal has been studied using a Higgs boson mass of 150 GeV. The total
systematic error is calculated as the square root of the quadratic sum of the
individual errors, assuming that they are independent.

After application of all selection criteria, the systematic error on the back-
ground sample is 11.2 %. Dominant sources of this error arise from the QCD
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background modeling, the tau reconstruction and identification and the Z/γ∗

cross section. In combination with the error on the luminosity measurement of
6.5 % (see Ref. [70]), the total systematic error on the background is 13.0 %.
The systematic error on the signal expectation adds up to 6.3 % without and
9.1 % with the error on the luminosity measurement taken into account. Main
contributions stem from the jet energy scale and the tau reconstruction and
identification.

7.5 Results

7.5.1 The e + τh Result

A detailed comparison between the number of events observed and background
events expected after each cut stage is shown in Table 7.5 for tau type 1, in
Table 7.6 for tau type 2 and in Table 7.7 for tau type 3. Each table lists the
contributions from the different background sources. Taking both statistical
and systematic error into account, the numbers of expected events for each tau
type are in agreement with the numbers of observed events. However, there
is a slight disagreement in the last stages of the selection affecting all three
tau types: the background expectation underestimates the number of observed
data events.

After the final cut, the combined background expectation for all three tau types
is 427.3±4.9(stat)±55.5(sys) events, while 484 events are observed in data. The
excess seen in data is within 1σ of the background expectation, hence no clear
evidence for the production of neutral MSSM Higgs bosons in e+τh final states
is observed. At the end of the selection, the dominant background contributions
stem from Z/γ∗ → ττ and QCD jet production, while further backgrounds from
Z/γ∗ → ee, W → �ν, di-boson and tt̄ are negligible.

The signal efficiency, given by the ratio of the number of events after each
selection stage and the total number of φ → ττ events, is presented in Table 7.8
for a neutral MSSM Higgs boson of mass Mφ = 150 GeV. At the end of the
selection, the signal efficiency is (0.12± 0.01) % for tau type 1, (0.52± 0.05) %
for tau type 2 and (0.44±0.04) % for tau type 3 – including the branching ratio
into e + τh final states.

Figure 7.16 shows the distribution of the visible mass Mvis for each tau type
after all selection criteria are applied. As discussed in Section 7.3, a neutral
MSSM Higgs boson signal is expected to stand out as an enhancement over the
Standard Model prediction at large values of Mvis. The excess in data events
is not confined to a definite range in the visible mass spectrum, supporting
the conclusion that no evidence for neutral MSSM Higgs boson production
decaying into e+ τh final states is observed. The visible mass plots show that a
large part of the QCD background is located at low values (Mvis ≤ 100 GeV),
where an excess stemming from neutral MSSM Higgs bosons decaying into a tau
pair is not expected. The cross section limit calculation is using the complete
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Tau Type 1

Cut Data Sum BGND

(1) Preselection 7200 7273.06±94.32±945.50

(2) Anti-Electron 1765 1777.97±68.20±231.14

(3) Tau ID 191 167.97±4.59± 21.84

(4) W Veto 71 58.76±2.43±7.64

(5) Opposite Sign 57 43.90±1.64±5.71

Cut QCD Z/γ∗ → ττ Z/γ∗ → ee W → eν

(1) Preselection 2104.00±90.04 131.30± 2.68 4541.00±21.37 470.70±17.84

(2) Anti-Electron 1400.00±66.76 74.72± 2.12 21.11±2.26 271.20±13.47

(3) Tau ID 87.56± 4.12 52.00± 1.63 3.22±0.35 22.69±1.13

(4) W Veto 28.89± 2.06 28.72± 1.26 0.31±0.10 0.68±0.20

(5) Opposite Sign 14.45± 1.03 28.71± 1.26 0.20±0.08 0.38±0.13

Cut W → τν WW/WZ tt̄

(1) Preselection 15.70±2.52 8.42±0.19 1.94±0.11

(2) Anti-Electron 8.73±1.86 1.44±0.07 0.77±0.08

(3) Tau ID 1.17±0.25 1.15±0.05 0.18±0.02

(4) W Veto 0.11±0.08 0.04±0.01 0.01±0.01

(5) Opposite Sign 0.11±0.08 0.04±0.01 0.01±0.01

Table 7.5: Number of events observed in data and expected for background at different
stages of the selection for tau type 1. The errors for the numbers of the individual
backgrounds are statistical. For the sum of all backgrounds, both statistical and
systematic errors are given.

Tau Type 2

Cut Data Sum BGND

(1) Preselection 40345 41825.78±191.47±5437.35

(2) Anti-Electron 5963 5684.00±127.68±738.92

(3) Tau ID 647 655.33±10.58±85.19

(4) W Veto 217 204.33±5.16±26.56

(5) Opposite Sign 171 150.80±3.08±19.60

Cut QCD Z/γ∗ → ττ Z/γ∗ → ee W → eν

(1) Preselection 7443.00±181.00 459.90±4.48 32130.00±56.31 1607.00±25.86

(2) Anti-Electron 4196.00±125.80 195.40±2.89 238.20±6.09 969.00±20.11

(3) Tau ID 333.20±9.95 151.70±2.41 77.33±1.98 82.05± 1.70

(4) W Veto 92.57±4.72 94.32±1.86 12.08±0.84 3.62± 0.36

(5) Opposite Sign 46.29±2.36 93.74±1.86 7.23±0.59 2.31± 0.28

Cut W → τν WW/WZ tt̄

(1) Preselection 102.40±6.30 54.18±0.51 29.30±0.47

(2) Anti-Electron 62.25±5.10 5.01±0.15 15.14±0.38

(3) Tau ID 6.61±0.52 3.07±0.09 1.37±0.03

(4) W Veto 1.30±0.23 0.32±0.05 0.12±0.01

(5) Opposite Sign 0.90±0.20 0.26±0.04 0.07±0.01

Table 7.6: Number of events observed in data and expected for background at different stages
of the selection for tau type 2. For a description of the errors see Table 7.5.
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7 Search for MSSM Higgs Bosons in e + τh Final States

Tau Type 3

Cut Data Sum BGND

(1) Preselection 47343 47396.30±321.97±6161.52

(2) Anti-Electron 35529 35882.27±281.49±4664.70

(3) Tau ID 1635 1764.47±16.84±229.38

(4) W Veto 447 392.54±5.98±51.03

(5) Opposite Sign 256 232.57±3.43±30.23

Cut QCD Z/γ∗ → ττ Z/γ∗ → ee W → eν

(1) Preselection 32130.00±314.20 552.60±6.02 2714.00±20.24 10930.00±64.61

(2) Anti-Electron 24540.00±274.60 402.30±5.14 1516.00±16.57 8575.00±57.26

(3) Tau ID 1216.00±16.50 135.90±2.48 57.88±0.63 325.40±2.17

(4) W Veto 277.50±5.59 90.72±2.06 5.73±0.23 13.41±0.45

(5) Opposite Sign 138.75±2.80 80.26±1.93 2.76±0.16 7.72±0.34

Cut W → τν WW/WZ tt̄

(1) Preselection 815.80±17.91 26.90±0.47 227.00±1.51

(2) Anti-Electron 637.10±15.85 20.17±0.43 191.70±1.40

(3) Tau ID 19.26±0.48 3.79±0.08 6.24±0.04

(4) W Veto 4.38±0.23 0.30±0.03 0.50±0.01

(5) Opposite Sign 2.57±0.18 0.24±0.02 0.27±0.01

Table 7.7: Number of events observed in data and expected for background at different stages
of the selection for tau type 3. For a description of the errors see Table 7.5.

Efficiency (Mφ = 150 GeV) [%]

Cut Tau Type 1 Tau Type 2 Tau Type 3

(1) Preselection 0.54 ± 0.02 ± 0.05 2.56 ± 0.04 ± 0.23 2.79 ± 0.05 ± 0.25

(2) Anti-Electron 0.29 ± 0.01 ± 0.03 1.11 ± 0.03 ± 0.10 2.04 ± 0.04 ± 0.19

(3) Tau ID 0.23 ± 0.01 ± 0.02 0.89 ± 0.03 ± 0.08 0.81 ± 0.02 ± 0.07

(4) W Veto 0.12 ± 0.01 ± 0.01 0.53 ± 0.02 ± 0.05 0.49 ± 0.02 ± 0.04

(5) Opposite Sign 0.12 ± 0.01 ± 0.01 0.52 ± 0.02 ± 0.05 0.44 ± 0.01 ± 0.04

Table 7.8: Selection efficiency for a neutral MSSM Higgs boson of mass Mφ = 150 GeV
at different stages of the selection for all three tau types, given with statistic
and systematic error. The efficiency is normalized to φ → ττ → all, hence the
branching ratio into e+ τh final states is included.
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7.5 Results

Mvis spectrum, hence the information about the shape is included in the limit
calculation. Bins with a small signal over background ratio – as the bins in the
low-Mvis region – are not affecting the limit. The Z/γ∗ → ττ process leads to
the same final state as φ → ττ and is therefore an irreducible background.

An upper limit on the product of the cross section of neutral MSSM Higgs
boson and branching ratio into a tau pair is extracted using the visible mass
distribution (Mvis). The calculated limit for the e + τh analysis is shown in
Figure 7.17. To increase the sensitivity, the obtained result is combined with
searches in two other φ → ττ final states: μ + τh and e+ μ. The resulting limit
is transformed into an exclusion plot in the (MA, tan β)-plane. Section 7.5.2
presents the combined results. The cross section limit and the excluded SUSY
parameter space are further improved by combining the φ → ττ search with
the results obtained by the DØ search for φb(b̄) → bb̄b(b̄). The combination of
the results and the extracted limits are also described in Section 7.5.2.

Higgs Width

The impact on the drastically increasing Higgs width with increasing tan β
(see Section 7.1.3) is studied by comparing the signal efficiencies and expected
cross section limits for two different Higgs boson masses (Mφ = 130 GeV and
Mφ = 200 GeV) at tan β values of 30 and 100. Due to the broadening of
the total decay width with increasing tan β, a fraction of the signal events at
tan β = 100 is shifted towards large values in the Mvis spectrum. These signal
events dominate in the limit calculation since the background from Standard
Model processes is small in the high-Mvis region. This results in an improvement
of the expected limit for tan β = 100 in comparison to tan β = 30, hence
the impact of the Higgs boson width on this analysis has been conservatively
neglected.

151



7 Search for MSSM Higgs Bosons in e + τh Final States

) [GeV]TE+hτInv. Mass (e+
0 50 100 150 200 250

E
ve

n
ts

 / 
 1

0 
G

eV

-210

-110

1

10

210

DATA

 ee→Z 

ττ →Z 

ν e→W 

ντ →W 

tt
WW/WZ

QCD
 100× ττ →(m=150 GeV)0A

) [GeV]TE+hτInv. Mass (e+
0 50 100 150 200 250

E
ve

n
ts

 / 
 1

0 
G

eV

-210

-110

1

10

210

DATA

 ee→Z 

ττ →Z 

ν e→W 

ντ →W 

tt
WW/WZ

QCD
 100× ττ →(m=150 GeV)0A

) [GeV]TE+hτInv. Mass (e+
0 50 100 150 200 250

E
ve

n
ts

 / 
 1

0 
G

eV

-210

-110

1

10

210

DATA
 ee→Z 
ττ →Z 
ν e→W 
ντ →W 

tt
WW/WZ
QCD

 100× ττ →(m=150 GeV)0A

Figure 7.16: Distributions of the visible mass Mvis for tau type 1 (upper left), tau type 2
(upper right) and tau type 3 (bottom) after all selection criteria are applied.
The highest bin contains the overflow.
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ratio for the process pp̄ → φ → ττ as a function of the neutral Higgs boson
mass Mφ for the e+ τh analysis.
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7.5 Results

7.5.2 Combination with Additional MSSM Higgs Analyses

A combination of three analyses which search for the production of neutral
MSSM Higgs bosons with subsequent decay into a tau pair is performed to
increase the sensitivity. The combination consists of the e+ τh, the μ+ τh [104]
and the e + μ [104] final state, which are the most promising final states of the
tau pair in terms of branching ratios and expected Standard Model backgrounds
(see Section 7.1.4).

In a further step, the obtained results of the search for neutral MSSM Higgs
bosons decaying into a tau pair (φ → ττ) are combined with the DØ results for
the associated production of neutral MSSM Higgs boson with bottom quarks
and subsequent decay of the Higgs into bb̄ (φb(b̄) → bb̄b(b̄)).

The results of both combinations are discussed in the following.

Combination with Additional φ → ττ Analyses

The e + τh event selection is presented in detail in Section 7.3. The selection
criteria for the μ + τh channel are identical with the ones used in the e + τh

selection, with the anti-electron cuts being replaced by anti-muon cuts. The
e + μ channel uses slightly different selection criteria, which account for the
two isolated leptons and the enhanced number of neutrinos in the final state.
Details for both analyses are given in Ref. [104].

The number of events observed in data and the number of background events
expected from Monte Carlo for each analysis at the end of the selection is shown
in Table 7.9. In addition, the signal efficiency for a neutral Higgs boson mass
of Mφ = 150 GeV after application of all selection criteria is listed in the table
for each channel. Observed data and expected background events are in good
agreement for all three analyses. No evidence for the production of neutral
MSSM Higgs bosons decaying into a tau pair is found, allowing to set a limit
on the production cross section times branching ratio.

Figure 7.18 shows the signal efficiency of each analysis and the combined sum
of all three analyses as a function of the neutral Higgs boson mass Mφ. Since
the tau branching ratios are included, the signal efficiency for the e+μ analysis
is low. Compared to the μ + τh analysis, the large electron contamination from
Z/γ∗ → ee events in the e+τh analysis and the resulting anti-electron cuts (see
discussion in Section 7.3) lead to a smaller signal efficiency.

The results of all analyses are combined to extract a limit on the total cross
section for neutral MSSM Higgs Boson production decaying into a tau pair.
The limit is calculated using the complete visible mass spectrum Mvis and
the likelihood ratio method (LEP CLs method, see Ref. [96]). The visible
mass distributions for the combined e + τh and μ + τh channels and for the
e + μ channel are shown in Figure 7.19, after all selection criteria are applied.
Systematic and statistical errors, which are discussed for the e + τh analysis in
Section 7.4 and for the other two analyses in Ref. [104], are taken into account
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7 Search for MSSM Higgs Bosons in e + τh Final States

Analysis eτh μτh eμ

Data 484 575 41

Total background 427.3 ± 55.7 576.3 ± 61.5 43.5 ± 5.3

QCD 199.5± 26.0 62.2 ± 6.6 2.1 ± 0.4

Z/γ∗ → ττ 202.7± 26.3 491.7 ± 52.6 39.4 ± 5.0

Z/γ∗ → ee, μμ 10.2± 1.4 4.6 ± 1.1 0.63 ± 0.12

W → eν, μν, τν 14.0± 1.9 13.5 ± 1.6 0.30 ± 0.20

Di-boson 0.54± 0.09 3.05 ± 0.33 0.99 ± 0.14

tt̄ 0.35± 0.05 1.22 ± 0.14 0.06 ± 0.02

Efficiency (Mφ = 150 GeV) [%] 1.08 ± 0.10 1.95 ± 0.18 0.26 ± 0.03

Table 7.9: Number of events observed in data and expected for background and the the effi-
ciency for a signal with Mφ = 150 GeV for the three combined analysis channels.
Statistical and systematic uncertainties are added in quadrature.

in the combination including their correlations. Due to the different S/B ratios
for the three tau types, each tau type is added to the limit calculation as an
independent channel. The best expected limit is achieved by splitting the MW

distribution for each channel into two subsamples, one with MW < 6 GeV
and one with 6 GeV < MW < 20 GeV. Each subsample enters the limit
calculation as a separate channel due to significant differences in the signal-to-
background ratio (see Figure 7.20). The additional separation in MW leads to
an improvement of ∼ 20 % in the expected limit.

Figure 7.21 shows the resulting observed and expected 95 % CL limits on the
cross section times branching ratio for the process pp̄ → φ → ττ as a function of
the neutral Higgs mass Mφ. For comparison, the observed and expected limit of
the recent CDF Run II result for φ → ττ is also shown (see Ref. [19]). The CDF
result uses data corresponding to an integrated luminosity of L = 310 pb−1, and
combines the search results from the e + τh and μ + τh final states. Comparing
the expected limits derived by the two experiments, the DØ analysis results in a
better limit for neutral MSSM Higgs bosons with masses greater than 120 GeV,
while CDF has a slightly better limit for Mφ < 120 GeV.

The resulting cross section limit can be interpreted as an exclusion in the
(MA, tan β) plane. This is shown in Figure 7.22 for both the mmax

h and the
no-mixing scenario, each with μ < 0 and μ > 0. The detailed parameters for
the two SUSY benchmark scenarios are given in Table 1.8. For illustration pur-
poses, the limit is shown up to tan β = 100, ignoring the effects from potentially
large higher-order corrections in the very-high tan β regime.

In the mmax
h scenario, the LEP II experiments exclude values of Mh and MA

less than 92.9 GeV and 93.4 GeV at 95 % confidence level (see Ref. [18]). In
the same model, small values of tan β up to tan β = 3 can be excluded over
the whole considered mass range (Mφ < 200 GeV). The changes of the sign of
the Higgs mass parameter μ barely affect the exclusion limits. Since the LEP
experiments studied only tan β values up to 50, the extrapolated exclusion
region for larger values is shown in a lighter color. The Tevatron φ → ττ
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Figure 7.18: Signal efficiency as a function of Mφ for the process pp̄ → φ → ττ for each
analysis channel and the sum of all channels. The tau branching ratios are
included in the signal efficiencies.

analyses exclude a significant portion of the parameter space, depending on the
CP-odd Higgs mass and the sign of the Higgs mass parameter. DØ excludes
tan β values down to 60 for small values of MA. Effects from potentially large
higher-order corrections in the very high tan β regime are ignored.

In the no-mixing scenario, the LEP II experiments exclude values of Mφ less
than 94.8 GeV and 92.7 GeV at 95 % confidence level for μ < 0 and μ > 0. Small
values of tan β up to tan β = 6 can be excluded over the whole considered mass
range for μ > 0. For μ < 0, the mass region around 115 GeV is excluded for
all values of tan β. For larger Higgs masses, tan β values of at least tan β = 14
can be excluded for most values of MA. As in the mmax

h scenario, the exclusion
region for tan β > 50 values is shown in a lighter color since this parameter space
was not studied at LEP. The DØ φ → ττ analyses exclude tan β values down
to 65 for small values of MA. As in the mmax

h scenario, radiative corrections –
which can be sizeable for large tan β – are ignored.
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Figure 7.19: The combined distribution of the visible mass Mvis at the end of the selection
for the two final states involving hadronic tau decays (left) and for the e + μ
final state (right). The highest bin contains the overflow.
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Figure 7.21: The observed and expected 95 % CL limits on the cross section times branching
ratio for the process pp̄→ φ→ ττ as a function of the neutral Higgs boson mass
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Figure 7.22: Excluded regions in the (MA, tanβ)-plane for the mmax
h scenario (top) and the

no-mixing scenario (bottom). The e+ τh, μ+ τh and e+ μ analysis have been
combined.
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Combination with the φb(b̄) → bb̄b(b̄) Analysis

Using Run II data corresponding to an integrated luminosity of 260 pb−1, DØ
has performed a search for the associated production of neutral MSSM Higgs
bosons with bottom quarks and subsequent decay of the Higgs into bb̄. The
search strategy relies on the identification of at least three b jets in the event,
and a signal would lead to an excess in the invariant bb̄ mass distribution.
Figure 7.23 (left) shows the invariant mass spectrum of the two leading b jets
at the end of the selection. No evidence for production of neutral Higgs bosons
in association with b-jets is observed, and limits on the production cross section
are derived (Figure 7.23 (right)). Details about this analysis can be found in
Ref. [105]. The result is published in Ref. [20], and it is re-interpreted using the
updated definitions of the two MSSM reference scenarios used in this thesis.

The results of the φ → ττ search in the various final states mentioned above
are combined with the result of φb(b̄) → bb̄b(b̄) in order to further increase
the sensitivity and to exclude a larger region in the (MA, tan β)-plane. The
combination is performed by adding the invariant bb̄ mass distribution as an
additional channel to the limit calculation. Figure 7.24 shows the excluded
regions in the mmax

h and the no-mixing scenario for the combination.

In the mmax
h scenario, the excluded region for μ < 0 is significantly larger

compared to the φ → ττ results alone. There are, however, only small changes
in the excluded region for μ > 0. This is due to a small φb(b̄) cross section in
this SUSY scenario, resulting in a small contribution to the combined limit.

In the no-mixing scenario, the φb(b̄) contributes equally to both μ < 0 and
μ > 0 scenarios. The excluded region in the (MA, tan β)-plane is comparable
to the CDF result for small masses of A (mA < 120 GeV), while it significantly
improves on the CDF result for large masses (mA > 120 GeV).
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Figure 7.23: left: Invariant mass spectrum of two leading b jets in events with at least three
b jets in the φb(b̄) → bb̄b(b̄) analysis. The signal corresponds to a 120 GeV
Higgs boson that can be excluded at 95 % CL.
right: Expected and observed 95 % CL upper limits on the signal cross section
as a function of MA. The band indicates the ±1σ range on the expected limit.
Also shown is the cross section for the signal at tan β = 80 in the no-mixing
scenario, with the theoretical uncertainty indicated by the overlaid band.
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Figure 7.24: Excluded regions in the (MA, tan β)-plane for the mmax
h scenario (top) and

the no-mixing scenario (bottom). The φ → ττ analyses (with the final states:
e+ τh, μ+ τh, e+ μ) are combined with the result from φb(b̄) → bb̄b(b̄).
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7.6 Outlook

The sensitivity of the search for neutral MSSM Higgs bosons decaying to tau
pairs is mainly limited by the available data statistics. The cross section limit
improves with the integrated luminosity in Run II, and consequently the ex-
cluded region in the (MA, tan β)-plane expands. Improvements in understand-
ing and simulating of the detector are expected the increase the sensitivity
further. By the end of Run II in 2008/09, the Tevatron is expected to have
delivered an integrated luminosity of 8 pb−1 per experiment.

Studies have been performed in Ref. [106] to estimate the exclusion potential of
the φ → ττ searches with increasing luminosity. Figure 7.25 shows the expected
95 % CL exclusion for a neutral MSSM Higgs boson search in the (MA, tan β)-
plane for different integrated luminosities. Results from CDF and DØ are
combined, assuming similar performance. For L = 8 fb−1, the searches are
expected to be sensitive for large tan β ranges down to tan β ≈ 20. Compared
to the current φ → ττ analyses, the study assumes an improvement of the
order of 30 % in signal efficiency. This improvement results from adding the
fully hadronic decay final state τhτh and a better understanding of the detectors
and the tau energy scale.

Figure 7.25: left: Expectations for the exclusion potential at 95 % CL for a combined
DØ-CDF search for neutral MSSM Higgs bosons decaying to tau pairs in the
(MA, tan β)-plane (from Ref. [106]).
right: Combined sensitivity of the ATLAS and CMS experiments for the dis-
covery of MSSM Higgs bosons in the maximal mixing scenario for an integrated
luminosity of 30 fb−1. The 5σ discovery curves are shown in the (MA, tanβ)-
plane for individual channels (from Ref. [101]).

Even with the full data set expected for Run II, the Tevatron experiments will
not be able to cover the full (MA, tan β)-plane. With the start-up of the Large
Hadron Collider in 2007/08, the two LHC experiments ATLAS and CMS will
continue the search for neutral MSSM Higgs bosons. Figure 7.25 shows the
combined ATLAS-CMS discovery potential in the (MA, tan β)-plane. With an
integrated luminosity of 30 fb−1, corresponding to three years of data taking at
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low luminosity, the whole plane is expected to be covered.
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8 Summary and Conclusion

A search for new physics beyond the Standard Model as predicted by supersym-
metric models has been performed in final states with an electron, a hadronically
decaying tau and missing transverse energy. The search has been performed in
two analyses, which cover a complementary supersymmetric parameter space:
the first analysis searches for the direct production of supersymmetric parti-
cles and probes small values of tan β, while the second one searches for neu-
tral Higgs bosons in an extended Higgs sector, focussing on the high tan β
parameter space. The dataset analyzed has been collected with the DØ de-
tector at the Tevatron pp̄ collider (Fermilab) at a center-of-mass energy of√

s = 1.96 TeV from April 2002 to July 2004 and corresponds to an integrated
luminosity of 327 pb−1.

A final state consisting of an electron and a hadronic tau decay is challenging in
a hadron collider environment due to large background contributions from QCD
jet production and Z/γ∗ → ee processes. Selection criteria have been developed
to suppress these large backgrounds and to establish the Z/γ∗ → ττ → e + τh

signal as a reference.

A promising source for supersymmetric particles at the Tevatron is the associ-
ated production of the lightest chargino χ̃±

1 and the second-lightest neutralino
χ̃0

2. The leptonic decay of these particles, χ̃0
2 → χ̃0

1�� and χ̃±
1 → χ̃0

1�ν , leads
to a detector signature with three charged leptons and large missing transverse
energy. A search for this process has been performed in final states with an
electron, a hadronically decaying tau decay and a third lepton.

No evidence for the production of supersymmetric particles has been found.
The result of this analysis has been combined with various leptonic final states
(e + e + �, μ + μ + �, e + μ + �, like-sign μ + μ, μ + τh + �), and an upper limit
on the product of cross section times branching ratio, σ(χ̃0

2χ̃
±
1 ) × BR(3�), has

been set as a function of the chargino mass. Although only small values of tan β
are accessible with the current dataset, the inclusion of the two dedicated tau
analyses (e+τh+� and μ+τh+�) improves the lower limit on the cross section. In
a supersymmetric scenario with heavy sleptons and enhanced leptonic branching
fractions for charginos and neutralinos, a chargino lower mass limit of 116 GeV
is derived at 95 % CL. Chargino masses up to 128 GeV are excluded in related
scenarios with heavy squarks. These results constrain the SUSY parameter
space beyond the existing LEP II and Tevatron Run I limits.

The Minimal Supersymmetric Standard Model (MSSM) requires two complex
Higgs doublets, leading to an enhanced Standard Model Higgs sector with three
neutral and a pair of charged Higgs bosons. At large values of tan β, the cou-
pling of the neutral Higgs bosons to down type quarks and leptons is strongly
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enhanced, leading to sizeable production cross sections. The decay into a tau
pair can lead to a final state with an electron, a hadronically decaying tau and
considerable missing transverse energy.

A signal selection for the e + τh final state has been developed, and the results
were combined with analyses that cover the μ + τh and e + μ final states.
No excess compared to the expectations from Standard Model processes has
been found, and limits on the production cross section times branching ratio
have been set. The results have also been combined with those obtained from
the DØ search for the associated production of neutral Higgs bosons with b
quarks and subsequent decay of the Higgs boson into bb̄. The combined result
represents the most stringent limit on the production of neutral MSSM Higgs
bosons at hadron colliders at present. In the mmax

h scenario with μ < 0, a
significant part of the parameter space down to tan β = 56 can be excluded
for MA = 130 GeV. In the no-mixing scenario, tan β values down to 62 can be
excluded for MA = 130 GeV and μ < 0. The excluded regions decrease with
increasing MA. The obtained results are complimentary to the LEP II results,
which are limited to MA < 95 GeV for all values of tan β due to kinematic
reasons or to small values of tan β for larger MA.

The sensitivity of the search for associated chargino/neutralino production in
final states with three leptons and the search for neutral MSSM Higgs bosons in
final states with two taus is mainly limited by data statistics. Improved under-
standing and simulation of the detector combined with a larger data sample are
expected to significantly increase the sensitivity of the SUSY searches. How-
ever, even with the full data set expected for Run II, the Tevatron experiments
will only be sensitive to limited chargino masses and will not be able to cover
the full (MA, tan β)-plane (see Ref. [106]). Next generation experiments at the
LHC (see Ref. [107] and [108]) will continue the search beyond the Tevatron
limits.
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