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Suche nach Sleptonen mit mittlerer Lebensdauer in

e+e− Ereignissen bei
√

s = 189 − 209 GeV

In dieser Arbeit wird eine Suche nach Sleptonen mit mittlerer Lebensdauer (≈ 10−11−10−9 s)
mit dem OPAL–Detektor am LEP–Speicherring vorgestellt für den Fall, daß das Slepton das
NLSP (next–to–lightest supersymmetric particle) ist. Sleptonen mit mittlerer Lebensdauer
werden im Rahmen des Minimal Gauge Mediated Supersymmetry Breaking (GMSB) Modells
vorhergesagt und zerfallen jeweils in ein Lepton und ein Gravitino. Für die Suche wurde die
charakteristische Topologie von Spuren mit großen Stoßparametern und fehlender Energie
ausgenutzt. Alle bei LEP2 erlaubten Produktionskanäle (direkte sowie indirekte Produktion
über Paar–Erzeugung von Neutralinos, Charginos und, im Falle des Staus, Selektronen und
Smyonen) wurden berücksichtigt. In dem untersuchten Datensatz bei

√
s = 189 − 209GeV

mit einer integrierten Luminosität von etwa 600 pb−1 wurde keine Evidenz für die Existenz
von Sleptonen mit mittlerer Lebensdauer gefunden. Die Ergebnisse wurden daher mit Re-
sultaten von Suchen für prompt zerfallende, langlebige und stabile Sleptonen kombiniert
und für alle Kanäle wurden obere Grenzen für die Wirkungsquerschnitte ermittelt. Hieraus
wurden lebensdauerunabhängige untere Slepton–Massengrenzen von mẽR

> 60.1GeV/c2 ,
mµ̃R

> 93.7GeV/c2 und mτ̃1 > 87.4GeV/c2 mit 95 % Konfidenz abgeleitet. Die Kombi-
nation dieser Resultate mit Suchen nach Topologien, bei denen das Neutralino als NLSP
fungiert, ermöglicht eine Eingrenzung des GMSB–Parameterraumes und führt zu einer un-
teren Grenze für die SUSY Massenskala Λ von 15 TeV/c2 für einen Messenger–Index N ≤ 5,
unabhängig von der Lebensdauer des NLSP.

A Search for Sleptons with Intermediate Lifetimes in

e+e− Collisions at
√

s = 189 − 209 GeV

Searches were performed for sleptons with intermediate lifetimes (≈ 10−11 − 10−9 s) in the
framework of the Minimal Gauge Mediated Supersymmetry Breaking (GMSB) model, for
the case that the slepton is the NLSP (next–to–lightest supersymmetric particle). The data
recorded with the OPAL detector at LEP at center–of–mass energies of

√
s = 189−209GeV,

corresponding to an integrated luminosity of 600 pb−1, were investigated. The topology of
tracks with large impact parameters and missing energy, caused by the decay of the slep-
ton to a lepton and a gravitino, was exploited. All production channels possible at LEP 2
were considered; i.e. direct pair–production and indirect production via pair–production of
neutralinos and charginos, and – for the case that the stau is the NLSP – of selectrons
and smuons. Since no evidence for sleptons with intermediate lifetimes was found, the re-
sults were combined with searches for promptly decaying, long–lived and stable sleptons,
and for all channels upper limits on the production cross–sections were obtained. From
these, lifetime–independent lower limits on the slepton masses at 95% confidence level of
mẽR

> 60.1GeV/c2 , mµ̃R
> 93.7GeV/c2 and mτ̃1 > 87.4GeV/c2 were derived. The com-

bination with searches for neutralino NLSP signatures allows for constraints on the GMSB
parameter space and leads to a lower limit of 15 TeV/c2 on the mass scale Λ of the SUSY
particles for a messenger index N ≤ 5, independent of the NLSP lifetime.
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Chapter 1

Introduction

During the last century our knowledge of the elementary particles and the three fundamental
forces governing them, the strong and weak forces and electro–magnetism, has increased
enormously, culminating in what is called the Standard Model of elementary particles. In
this model all our present knowledge of the micro–world is summarized. We have identified
the constituents of matter, up and down quarks and electrons, and the neutrino, a particle
produced in weak decays. It has been found that for the quarks and the electron two unstable
heavier “brothers” can be produced in the laboratory, e. g. with particle colliders, and that
all particles can be arranged in multiplets, of which hence three generations exist. For all
particles there are anti–particles with opposite additive quantum–numbers such as charge but
with exactly the same mass and lifetime. The particles that are responsible for transmitting
the forces have been identified: the massless photon for electro–magnetism, the massive W±

and Z0 bosons for the weak force and the massless gluon for the strong force. In addition, the
graviton is associated with the fourth force, gravitation, which describes the interaction of
massive objects and is negligible in the world of elementary particles. The Standard Model
has proven to be tremendously successful in explaining the phenomena of elementary particle
physics. It has been validated in laboratories all over the world, especially at CERN by the
four experiments at the former LEP (Large Electron Positron) collider, and no clear evidence
for its failure has been found.

Nevertheless, the Standard Model leaves several questions unanswered. Why are there
three generations of leptons and quarks, with only the lightest generation being stable? How
do particles acquire their masses and what determines these masses, with, e.g., the tau
lepton being about 3500 times as heavy as the electron? Why do the electron and proton
apparently have exactly the same electrical charge? Are the particles we know fundamental
or are they composed of even smaller constituents? Is it possible to unify the strong with
the electro–weak force, as the weak force was unified with electro–magnetism 35 years ago,
and does this help us to calculate at least some of the more than 19 free parameters in the
Standard Model? Is there a quantum field theory for gravitation? All these questions need
to be answered to provide us with a better understanding not only of the world of elementary
particles but also of the development of our universe, and a great variety of models has been
proposed by theorists to answer at least some of these questions.

To solve the problem of the generation of mass, the Higgs mechanism (as part of the
Standard Model) has been proposed. Particles would receive their masses by interaction
with a scalar field, the Higgs field. The massive particle associated with this field, the Higgs
boson, is not yet discovered but is searched for extensively. If the Higgs boson exists, this
would give rise to another, more technical problem, known as the fine–tuning problem. The
mass of the Higgs boson itself receives contributions from radiative corrections, which are
diverging. Although fermions and bosons contribute with opposite signs, their contributions
cancel only partially, and the correction to the Higgs mass is many orders of magnitude larger
than the Higgs mass itself. In the Standard Model, this is fixed by renormalization theory,
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Particle Spin Sparticle Spin

lepton ℓ 1/2 slepton ℓ̃ 0
neutrino ν 1/2 sneutrino ν̃ 0
quark q 1/2 squark q̃ 0
photon γ 1 photino γ̃ 1/2

W 1 wino W̃ 1/2

Z 1 zino Z̃ 1/2
gluon g 1 gluino g̃ 1/2

Higgs boson H 0 higgsino H̃ 1/2

graviton G 2 gravitino G̃ 3/2

Table 1.1: Standard Model particles (left) and their supersymmetric partners (right).

assuming a “bare” Higgs mass that is tuned to cancel these contributions from radiative
corrections and thus to arrive at the physical value for the Higgs mass. For this fine–tuning
no theoretical motivation is given in the Standard Model.

An elegant solution to this fine–tuning problem is, however, provided by supersymmetry.
In supersymmetry (SUSY) [1, 2, 3], for each Standard Model particle a supersymmetric
partner is postulated, differing in spin by half a unit. Thus fermions have bosons as super–
partners, while the supersymmetric partners of bosons are fermions. A summary of the
particles expected in supersymmetry is given in Table 1.1. The scalar partners of the fermions
are called sleptons, sneutrinos and squarks, while the partners of the gauge bosons have
S = 1/2 and are called gluino, wino, zino and photino 1. Instead of one Higgs boson five
(charged and neutral) Higgs bosons are postulated, whose superpartners are called higgsinos.
The electro–weak gauginos and the higgsinos mix to form four neutral and two charged
physical mass eigenstates, the charginos and neutralinos. If supersymmetry exists, the Higgs
boson mass receives diverging contributions not only from Standard Model particles but
also from their super–partners. Since there are equal numbers of fermions and bosons with
equal couplings, the contributions from the supersymmetric particles cancel those from their
Standard Model partners, if the condition |m2

B −m2
F | <∼ 1TeV2 for the boson masses mB and

fermion masses mF is fulfilled [2].

Supersymmetry has more advantages than just solving the fine–tuning problem. If R–
parity, a quantum number distinguishing between SUSY and Standard Model particles, is
conserved, SUSY particles can be produced only in pairs, and the lightest supersymmetric
particle (LSP) cannot decay further but remains stable. This particle, if light, neutral and
only weakly interacting, is an excellent candidate for the non–baryonic dark matter, which is
known to contribute significantly to the total matter of the universe. Furthermore supersym-
metry provides the possibility to unify the electro–weak and the strong force. Extrapolation
of the inverse of the three associated coupling constants to energies as high as 1016 GeV
under the assumption of the existence of supersymmetry yields a common intersection point
(Fig. 1.1) [3]. Without supersymmetry, this is not the case.

How – if at all – supersymmetry might be realized in nature is unknown. The model
with the minimal number of new particles is called the minimal supersymmetric extension
of the Standard Model (MSSM). In this model apart from the SUSY partners of the SM
particles and two Higgs doublets no new particles are introduced. Unfortunately, this model
has 124 free parameters, including the free parameters of the Standard Model. In general,
some basic assumptions are made to reduce the number of free parameters. From the fact
that up to now no supersymmetric particles have been discovered it can be deduced that
SUSY cannot be an exact symmetry but has to be broken. Depending on how this is

1The zino and the photino are in fact mixtures of the SUSY–partners of the B0 (the bino) and the W0.
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accomplished different classes of models can be distinguished, including minimal supergravity
(mSUGRA) models [4], in which SUSY breaking is mediated by gravity, the Gauge Mediated
Supersymmetry Breaking (GMSB) models [5, 6, 7] and, more recently proposed, the Anomaly
Mediated Supersymmetry Breaking (AMSB) models [8]. Since we have no knowledge of
which of these might be realized, it is crucial to search for all of them in the existing data
to be sure not to miss any hint for supersymmetry.

In this work a search for sleptons with intermediate lifetimes, in the framework of the
GMSB model, is presented. In GMSB the next–to–lightest supersymmetric particle (NLSP)
is either the lightest slepton or the lightest neutralino, and the lifetime of the NLSP can
have any value. In this analysis the event topology of tracks with large impact parameters,
which is expected if sleptons have lifetimes in the range of 10−11 − 10−9 s, is exploited. This
lifetime region has not been investigated in OPAL before, thus previously obtained slepton
mass limits were not valid for all slepton lifetimes but assumed either promptly decaying
or stable sleptons. All theoretically allowed production and decay channels for sleptons at
LEP 2 energies are covered, in some channels for the first time at LEP. The results are
combined with the results of previous searches for sleptons with shorter and longer lifetimes
to account for the whole lifetime range. Constraints on the production cross–sections are
presented for all channels, and lifetime–independent lower limits on the slepton masses are
derived. By further combining these results with searches that assume the NLSP to be the
neutralino, most topologies predicted within the framework of GMSB are covered. This
allows for the exclusion of considerable regions in the GMSB parameter space.
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Figure 1.1: The running of the inverse of the three gauge coupling constants in the Standard
Model (dashed lines) and in the MSSM (solid lines; the widths represent the theoretical
uncertainties) including two loop effects [3]. In supersymmetry a unification of the gauge
coupling constants at around 10 16 GeV is possible.
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Chapter 2

The Minimal GMSB Model

Supersymmetry (SUSY) is an extension of the Standard Model (SM) that proposes super-
symmetric partners, differing in spin by half a unit, for all Standard Model particles, in order
to cancel contributions to the Higgs boson mass from SM particle loops that otherwise lead
to divergences and would require an amount of fine–tuning that is considered theoretically
undesirable.

A comprehensive overview of supersymmetry can be found in [1, 2, 3]. Here only a few
of the building blocks of SUSY are mentioned (Sect. 2.1), following mostly the conventions
from [3]. In Sect. 2.2 some aspects of SUSY breaking are discussed. The phenomenology
of the GMSB model is described in Sect. 2.3 with emphasis on the aspects relevant for this
work.

2.1 A Few Basic Facts about Supersymmetry

The SUSY generators Qi
α are fermionic; i.e., they carry spin S = 1/2 and change a bosonic

state into a fermionic state and vice versa. Here α = 1, 2 is the spinor index (i.e. the fields
are described by two–dimensional Weyl spinors) and i = 1, ...,K, where K is the number of
such generators. Usually K = 1 with only one generator Qα is assumed. In this case, the
generators Qα and the hermetian conjugates Q†

α̇ (with spinor indices α̇) obey the algebra

{Qα, Qβ} = {Q†
α̇, Q

†

β̇
} = 0 , (2.1)

{Qα, Q
†

β̇
} = 2σµ

αβ̇
Pµ , (2.2)

where the σµ are the Pauli matrices and Pµ is the four–momentum operator.
In the model with minimal field content, called the minimal extension of the Standard

Model (MSSM), there are SUSY partners for all SM particles plus two Higgs doublets, which
are discussed in more detail later. In this model SUSY is a global symmetry and gravity is
not included. In general, however, SUSY is assumed to be a local symmetry, since this is
the only way to include gravity [3]. Then it is possible to unify the spacetime symmetries
of general relativity with local supersymmetric transformations. Local supersymmetry is
referred to as supergravity or SUGRA and is often embedded in a wider framework such as
string theories. In SUGRA the supermultiplets used to describe matter and Higgs bosons,
gauge fields and gravity, are (the numbers correspond to the spins of the particles):

matter :

(1
2

0

)

gauge :

(

1
1
2

)

gravity :

(

2
3
2

)

. (2.3)

In the MSSM with boson fields φi and fermion fields ψi, where the index i runs over all
gauge and flavour degrees of freedom, the most general Lagrangian has the form

L = −∂µφ∗i∂µφi − iψ†iσ̄µ∂µψi + F ∗iFi +

(

δW

δφi
Fi −

1

2

δ2W

δφiδφj
ψiψj + c.c.

)

.
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The stars denote the complex conjugates. The first two terms describe free bosons and
fermions with σ0 = σ0 and σi = −σi for i = 1, 2, 3. The last two terms describe the
interactions. W is the superpotential describing all matter interactions:

W =
1

2
M ijφiφj +

1

6
yijkφiφjφk

with the fermion mass matrix M and coupling constants yijk. The Fi are auxiliary fields
without a physical meaning and can be eliminated by the equations of motion, Fi = −W ∗

i

with Wi = δW
δφi

.

The supersymmetric partners of the SM particles are summarised in Table 1.1. In the
following the Higgs sector of the MSSM will be described in more detail. In SUSY two
complex Higgs doublets H1,H2 are required:

H1 =

(

H0
1

H−
1

)

, H2 =

(

H+
2

H0
2

)

.

The ratio of their vacuum expectation values is described by the parameter tanβ:

tan β =
< 0|H2|0 >
< 0|H1|0 >

.

From the eight degrees of freedom of the two complex doublets three are absorbed via the
Higgs mechanism to give mass to the W± and Z0 bosons, leaving five physical states: two
CP–even neutral states h0 and H0, the CP–odd neutral state A0 and two charged states,
H±. The superpotential contains the interactions of the Higgs doublets with SM particles
described by Yukawa couplings and a term µH1H2, describing the interaction of the two
Higgs doublets. The parameter µ is called the Higgs sector mixing parameter.

The superpartners of the electroweak gauge bosons, the photino γ̃, zino Z̃0 and the wino
W̃±, are called gauginos, the superpartners of the Higgs bosons are called higgsinos. The
gauginos and higgsinos mix to form two charged states, the charginos χ±

i (i = 1, 2), and four
neutral states, the neutralinos χ0

i (i = 1, ..., 4). The convention is such that the smaller the
index the lighter the particle.

2.2 Supersymmetry Breaking

From the fact that no supersymmetric particles have been observed so far, it can be deduced
that the SUSY particles must be heavier than most of the Standard Model particles (with
the exception of the top quark). Since exact supersymmetry leads to mass degeneracy in a
supermultiplet, supersymmetry must be a broken symmetry.

Supersymmetry breaking can be accomplished either explicitly, by SUSY breaking terms
in the Lagrangian, or spontaneously. Only for spontaneous SUSY breaking can a cancellation
of divergencies in the Higgs mass be achieved, and therefore we focus on this possibility.

SUSY is broken spontaneously if the groundstate of the SUSY potential is positive, i.e.
if

E0 = 〈0|H|0〉 > 0 .

Since

∑

α=1,2

{Qα, Q
†
α̇} = Q1Q

†
1 +Q†

1Q1 +Q2Q
†
2 +Q†

2Q2

= 2 (σµ
11Pµ + σµ

22Pµ)

= 2Tr(σµPµ) = 4P0

6



the Hamiltonian is related to the SUSY generators by

H = P0 =
1

4

∑

α=1,2

{Qα, Q
†
α̇} .

The groundstate E0 is then given by

〈0|H|0〉 =
1

4

∑

α=1,2

< 0 |{Qα, Q
†
α̇}|0 >

=
1

4

(

|Q1|0 >|2 +
∣

∣

∣
Q†

1|0 >
∣

∣

∣

2
+ |Q2|0 >|2 +

∣

∣

∣
Q†

2|0 >
∣

∣

∣

2
)

> 0 .

Thus a non–zero groundstate is equivalent to the vacuum not being invariant under the
supersymmetric generator Qα:

Qα|0 > 6= 0 .

As in electro–weak symmetry breaking this is achieved by introducing a field with a non–
zero vacuum expectation value (VEV). However, as it turns out, introducing SM fields with
non–zero VEV’s is not possible without also breaking the SU(3) or U(1) gauge invariance.
Therefore extra sources of spontaneous SUSY breaking must exist.

The most common scenario for SUSY breaking is that there are two particle sectors:
the visible sector containing the usual matter, i.e. conventional particles and their SUSY
partners as given in the MSSM or SUGRA, and a “hidden sector” at a very high mass scale,
containing fields that carry no SU(3)×SU(2)×U(1) quantum numbers and do not have any
renormalizable interactions with the visible sector. These fields are responsible for SUSY
breaking. The sectors interact with each other via so–called messenger fields with scale
M that mediate SUSY breaking from the hidden sector to the visible sector. Depending
on the nature of the messenger fields different kinds of spontaneous SUSY breaking are
distinguished. The two most important ones are gravity mediation and gauge mediation.

Spontaneous SUSY breaking implies the existence of a massless Goldstone fermion, the
goldstino with S=1/2. If SUSY is a global symmetry the goldstino is a physical particle
and, since it is massless, is the lightest supersymmetric particle. However, in most viable
models SUSY is assumed to be a local symmetry. For unbroken local SUSY the graviton and
the gravitino are both massless and have two spin polarization states. The two polarization
states of the Goldstino are absorbed by the gravitino to make it massive and to provide
the longitudinal (helicity ±1/2) components of the four polarization states of a massive
particle with spin 3/2. Since the graviton and the gravitino then have different masses, this
breaks local supersymmetry. This mechanism is known as the super–Higgs mechanism. The
longitudinal components of the gravitino then inherit the non–gravitational interactions of
the goldstino it has absorbed, while the tranverse components (helicity ±3/2) have only
gravitational interactions and can be ignored in collider physics.

2.2.1 SUSY Breaking via Gravity Mediation

In this scenario the hidden and visible sector interact only via gravitational interactions.

Gravity mediation requires the messenger mass scale M to be near the Planck scale.
The energy scale below which SUSY is broken is called the SUSY–breaking scale,

√
F . It

is of the order 1011 GeV. Since the gravitino mass is proportional to F/MP with MP =
2.4 · 1018 GeV/c2 being the reduced Planck mass, in this model the gravitino is expected to
be rather heavy and thus the gravitino is not of phenomenological interest.

7



2.2.2 SUSY Breaking via Gauge Mediation

In the Gauge Mediated Supersymmetry Breaking Model (GMSB), SUSY breaking is trans-
mitted to the visible sector via the gauge interactions. To accomplish this, new chiral super-
multiplets are introduced that couple via gravitational interaction to the hidden sector and
through ordinary SU(3)C ×SU(2)L ×U(1)Y gauge interactions to the (s)quarks, (s)leptons,
Higgs bosons, gauginos and higgsinos of the visible sector. In this case the mass scale M can
be anywhere between the electroweak and the Planck scale, leading to the possibility of

√
F

being as low as 100TeV/c2. Detailed descriptions of GMSB Models can be found in [5, 6, 7].
One advantage of GMSB with respect to gravity mediated models is the absence of

excessive flavour–changing neutral currents (FCNC). These are not present in GMSB due to
the flavour–invariance of the gauge interactions, while gravity couples to the particles mass.
In gravity mediated models, FCNC lead to rates for processes like µ → eγ that are just at
the edge of present experimental bounds.

In the minimal GMSB model there are only six free parameters. In addition to the above
mentioned parameters M and

√
F , these are the ratio of the vacuum expectation values of

the two Higgs doublets, tanβ, the sign of the Higgs sector mixing parameter, sign(µ) 1, the
number of generations of messenger particles, N , and the mass scale of the SUSY particles, Λ.

2.3 GMSB Phenomenology

Not much is known about the content of the hidden and the messenger sector. The particles
in the hidden sector can be described by a superfield X which aquires a vacuum expectation
value < 0|X|0 >. In the simplest case X is the Goldstino field. The messenger superfields
couple to the Goldstino at tree level and this coupling creates a mass of order M for the
messenger fields. They are chiral superfields Φi and Φ̄i with i = 1, ..., N , where N is the
number of flavours of these messenger fields. The interaction between the Goldstino and the
messenger fields is given by the superpotential term W :

W = λijΦ̄iXΦj ,

where the parameters λij are the coupling constants.
In spite of the incomplete knowledge we have about the hidden and messenger sector, the

minimal GMSB model is very predictive with respect to the observable sector of SM particles
and their superpartners. The masses of the ordinary supermultiplets are degenerate at tree
level, but mass splittings arise due to gauge interactions between ordinary and messenger
fields at the quantum level. Gaugino masses are generated at one loop, squark and slepton
masses at two loop level.

The gaugino masses at the messenger scale are given (in leading order and for F ≪M2)
by [7]

mλi
(M) =

αi(M)

4π
ΛN ,

where λi are the gaugino fields of gauge group i and the αi are the GUT normalised coupling
constants of these gauge groups (i.e. α1 = α2 = α3 at the unification scale). The mass scale
Λ can be written as Λ = F/M · λ.

The scalar masses have been calculated from the formula [7]

m2(M) = 2NΛ2
3
∑

i=1

ki

(

αi(M)

4π

)2

,

where the sum runs over the gauge groups SU(3)C × SU(2)L × U(1)Y with k1 = 3/5(Y/2)2

(Y is the hypercharge) for U(1)Y , k2 = 3/4 for SU(2)L doublets and 0 for singlets, and
1|µ| can be calculated by imposing electroweak symmetry breaking.
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k3 = 4/3 for SU(3)C triplets and 0 for singlets. A more complete discussion, including
next–to–leading order effects and the case F ≈M2, can be found in [5].

Using these formulae and taking into account that the squarks form a SU(3)C triplet, the
left–handed sleptons a SU(2)L doublet and that the right–handed sleptons have hypercharge
Y = 2, the gaugino masses of the three gauge groups follow the relation m1 : m2 : m3 ≃ α1 :
α2 : α3, and the scalar (squared) masses obey the relation m2

q̃ : m2
ℓ̃L

: m2
ℓ̃R

≃ 4
3α

2
3 : 3

4α
2
2 : 3

5α
2
1.

If the messenger scale is well below the unification scale, then α3 ≫ α2 > α1. Therefore
in GMSB models, the squarks and gluinos are usually too heavy to have an impact on the
phenomenology at LEP energies, and the right–handed sleptons are in general lighter than
the left–handed ones. Fig 2.1 shows the particle mass spectrum at the messenger scale for
different values of this scale (for tan β = 3, N = 1 and a bino mass of mB̃(M) = 115GeV/c2).
There it can be seen that for a low messenger scale the typical features of a GMSB particle
spectrum described above are realised, while for very large messenger mass scales the typical
mass spectrum of models with gravity mediation is found.

To get the physical mass spectrum at the electroweak scale, the parameters at the mes-
senger scale have to be run down by renormalization group evolution. This introduces
(positive and negative) mass shifts of the order of 10GeV/c2 with respect to the masses at
the messenger scale [7].
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Figure 2.1: Messenger scale dependence of some sparticle masses, including neutralinos and
charginos, right– and left–handed sleptons and light squarks and the mass eigenstates of the
stop, t̃1 and t̃2 , for N = 1 , tan β = 3 and a messenger scale bino mass of 115 GeV/c2 [7].

The masses of the right–handed sleptons are increased, but are still smaller than the
masses of left–handed sleptons. In addition to the positive mass shift for selectrons and
smuons, the staus, due to their larger Yukawa coupling, receive a negative mass shift. The
right– and left–handed staus mix to form the mass eigenstates τ̃1 and τ̃2. For large tanβ
(> O(5)), the lightest stau, which is in general assumed to be the right–handed one, is the
lightest slepton.

From an experimental point of view, the most important features of a supersymmetric
model are the nature of the particles that can be produced, and their decay channels. As has
been mentioned already, the gravitino acquires a mass by absorbing the degrees of freedom
of the goldstino via the super–Higgs mechanism. The gravitino mass, assuming a vanishing
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cosmological constant, is given by

mG̃ =
F

k
√

3MP

=
1

k

( √
F

100TeV/c2

)2

· 2.4 eV/c2 . (2.4)

Here k is a model–dependent parameter describing how SUSY breaking is communicated to
the messenger sector, with k < 1 and possibly k ≪ 1. For all viable GMSB models, the
gravitino G̃ is the lightest SUSY particle, the LSP.

R–parity is a quantum number that is −1 for SUSY and +1 for SM particles. It is
related to the baryon number B, the lepton number L and the spin S: R = (−1)3B+L+2S .
If R–parity is conserved, as will be assumed throughout this work, all SUSY particles have
to be produced in pairs and decay chains have to terminate with the LSP and SM particles.
In GMSB, following from what has been said before, the next–to–lightest SUSY particle,
the NLSP, can either be the lightest neutralino, or the right–handed sleptons. The first
case is called the neutralino NLSP scenario, while in the latter case two scenarios have to
be distinguished (which, in the following, will often be summarised as the slepton NLSP
scenario). If all sleptons are degenerate in mass, as is the case for low tan β, sleptons of
all flavours form the NLSP. This is referred to as the slepton co–NLSP scenario. On the
other hand, for larger tanβ, when the stau is significantly lighter than the selectron and the
smuon, the stau is the sole NLSP. This is called the stau NLSP scenario.

In this work a search for sleptons in the slepton co–NLSP and the stau NLSP scenario
was developed, and therefore in the following only production and decay channels relevant
for these cases will be discussed. All three dominant production channels were considered:
direct slepton pair–production and indirect production via neutralino pair–production and
chargino pair–production. Slepton pair–production, shown 2 in Fig. 2.2, proceeds via the s–
channel, but for selectrons also t–channel production with neutralino exchange is possible. As
shown in Fig. 2.3, neutralinos can be produced via s–channel and t–channel with a selectron
exchange. Finally, charginos are produced in the s–channel and t–channel with selectron–
sneutrino exchange, as illustrated in Fig. 2.4. While slepton pair–production is kinematically
favoured in the slepton NLSP scenario, neutralino and chargino pair–production may have
larger cross–sections, if kinematically allowed.

Sleptons, if they are the NLSP, decay directly to their SM partner and the G̃, as is shown
in Fig. 2.5 by the left Feynman diagram. If the stau is the sole NLSP, selectrons and smuons
decay, via neutralinos, to ℓτ̃1τ . This is shown in the graph on the right hand–side of Fig. 2.5.

Neutralinos, assuming they are not the NLSP, decay to ℓ̃Rℓ, as shown in Fig. 2.6. De-
pending on the slepton mass splittings, the branching ratios (BR) for the different flavours
can be 1/3 or BR (χ̃0

1 → τ̃1τ) = 100%.
Charginos decay in the slepton NLSP case to ℓ̃Rνℓ, as shown in Fig. 2.7. Here again the

branching ratio for the different flavours depend on the mass relations between the sleptons.
In GMSB models, the decay length L of the NLSP depends in the laboratory frame on

its mass m and energy E, and on the SUSY breaking scale
√
F :

L =
1

κγ

(

100GeV/c2

m

)5
(

√

F/k

100TeV/c2

)4√

E2

m2
− 1 × 10−2cm . (2.5)

The factor κγ is only relevant if the neutralino is the NLSP, as it measures its photino con-
tent, and is 1 for sleptons. So, depending on the SUSY breaking scale, the decay length of
the NLSP can vary between microscopical and astronomical distances. This can be seen
from Fig. 2.8, where the mean slepton decay length in the laboratory, calculated from

2In the literature various conventions are used for Feynman diagrams including SUSY particles. Here the
conventions of [9] are adopted.
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Figure 2.2: Slepton pair–production. The t–channel production is possible for selectrons only.
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Figure 2.4: Chargino pair–production.
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Figure 2.8: The mean slepton decay length in the laboratory as function of the gravitino mass,
for pair–produced sleptons with masses of 100 GeV/c2 (solid line), 80 GeV/c2 (dashed line),
60 GeV/c2 (dotted line) and 45 GeV/c2 (dashed–dotted line).

formula (2.4) and (2.5) 3, is plotted for gravitino masses between 0.1 eV and 10 MeV for
pair–produced sleptons with different masses. For a slepton with a mass of 100 GeV/c2 the
decay length is negligible (<∼ 0.01mm) for MG̃

<∼ 10 eV, i.e. in this case most sleptons decay
promptly. For MG̃

<∼ 1MeV the decay length exceeds the detector dimensions and quasi–
stable NLSP’s have to be searched for. For intermediate lifetimes, delayed decays of the
NLSP within the detector volume are expected, leading to topologies with tracks with large
impact parameters (sensitivity for decay lengths of 0.01 cm <∼L <∼ 10 cm) and tracks with
kinks (sensitivity for decay lengths of 10 cm <∼L <∼ 1m). Lighter particles have a longer mean
decay length compared to heavier particles for the same gravitino mass. This is true even
for the proper decay length due to the factor (1/m)5 in (2.5).

To cover the whole theoretically allowed range for the gravitino mass or, equivalently,
the SUSY breaking scale, it is crucial to search for all possible topologies. In this work a
search for the large impact parameter topology is presented, including a combination of this
analysis with other analyses undertaken at OPAL that are sensitive to shorter and longer
decay lengths. Such a combination is the only way to obtain constraints on the cross–sections,
particle masses and model parameters that are valid for all NLSP lifetimes respectively all
values of the SUSY breaking scale.

3For κγ = 1. The model dependent parameter k is eliminated since both mG̃ and L are functions of
√

F/k.
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Chapter 3

The LEP Collider and the OPAL

Detector

3.1 The LEP Accelerator

The Large Electron Positron (LEP) Collider at the European Organization for Nuclear Re-
search (CERN) was 1 a ring accelerator with a circumference of 27 km, built about 100 m
underground. Electrons and positrons were accelerated in opposite directions to energies
up to about 104GeV and brought into collision at four interaction points, which were sur-
rounded by the ALEPH, DELPHI, L3 and OPAL detectors. Figure 3.1 gives a view of LEP
with the four experiments.

In the first phase, called LEP 1, the accelerator was operating at centre–of–mass energies
around 91 GeV, the energy where the Z0 boson is produced resonantly. Between 1989 and
1995 more than 4 millions of Z0 boson decays were recorded per experiment.

In 1996 LEP entered its second phase, LEP 2, where it was operating above the W+W−

production threshold. The centre–of–mass energy was increased in steps from 161 GeV in
1996 to a mean energy of about 206 GeV in 2000, reaching a centre–of–mass energy of
209GeV for a short time period, the highest energy ever achieved in an e+e− collider.

3.2 The OPAL Detector

The OPAL2 detector, described in detail in [10] and sketched in Figure 3.2, was constructed
by an international collaboration of physicists to record e+e− collisions, classify all types of
interactions that occur in these collisions, and measure the energy, momentum and charge of
the produced particles and their decay products. OPAL was a multi–purpose detector with
a length, width and height of about 12m×12m×12m. The cylindrical detector provided
almost full solid angle coverage and consisted of a number of individual components, which
formed layers around the interaction point.

The momenta and directions of charged particles were measured by a tracking system,
which formed the inner part of the detector and consisted of, from inside to outside, the silicon
microvertex detector, the vertex chamber, the central jet chamber and the z–chambers. The
tracking devices, with exception of the silicon microvertex detector, were located inside a
pressure vessel, which maintained a pressure of 4 bar, and a solenoid, which provided a
uniform axial magnetic field of 0.435 T.

The part outside the pressure vessel is called the outer detector. The first layer was formed
by a scintillation counter array, measuring the time–of–flight of passing charged particles.
An electromagnetic calorimeter measured, together with preshower detectors, the energy and

1LEP was disassembled at the end of 2000 to install the Large Hadron Collider LHC, which is scheduled
to collide protons at a center–of–mass energy of 14 TeV in 2007.

2Omni–Purpose Apparatus at LEP
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Figure 3.1: The LEP accelerator complex at CERN.

direction of showering particles. Then followed the iron return yoke of the magnet, which was
instrumented with streamer tubes and multiwire chambers serving as a hadronic calorimeter
to determine the energy and direction of hadronically interacting particles. Muon chambers
formed the outside layer, identifying muons which penetrated all other detector components
without interaction. Calorimeter systems on both sides of the interaction point, and close
to the beam axes, measured the luminosity via small angle Bhabha scattering.

For this work the tracking detectors are most relevant and are described in detail in the
next section. In Sect. 3.2.2 a short overview of the components of the outer detector is given.

3.2.1 The Tracking System

The Silicon Microvertex Detector

The version of the silicon microvertex detector (SI) used when collecting data for this work
was installed in 1995 and is described in detail in [11]. The cylindrical two–layered silicon
detector with an outer radius of 8 cm and a length of 30 cm was located just outside the beam
pipe. The inner and outer layers were made up of 12 and 15 ladders, respectively. A ladder
was formed by five back–to–back mounted pairs of silicon wafers with φ and z readout 3,
arranged in a row. The wafers were 250µm thick and had an area of 60 × 33mm2.

The single hit resolution from the silicon microvertex detector is 10µm perpendicular to
and 15µm along the beam direction.

3A right–handed coordinate system is adopted, where the x–axis points towards the centre of the LEP
ring and the z–axis points in the direction of the electron beam. The polar angle θ and the azimuthal angle
φ are defined w.r.t. z and x, respectively.
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The Vertex Chamber

The vertex chamber (CV) was located between the silicon microvertex detector and the jet
chamber inside the 4 bar pressure vessel. It was a cylindrical drift chamber with a length of
1m and a diametre of 47 cm. The chamber consisted of two layers with 36 cells in φ each.
Each cell of the inner layer contained 12 axial anode wires with a radial spacing of 5.3mm,
and each cell of the outer layer contained six anode wires with a radial spacing of 5.0mm
and inclined by a stereo angle of 4◦ with respect to the axial wires.

The aim of the vertex chamber was to improve the measurement of secondary vertices of
short–lived particles and, by combining axial and stereo cell information, to provide a precise
measurement of the z−coordinate near the interaction region.

The Central Jet Chamber

The central jet chamber (CJ), a cylindrical drift chamber with a length of about 4m, an
inner radius of 24.5 cm and an outer radius of 185 cm, surrounded the vertex detector. It
consisted of 24 sectors in φ, which were separated by the cathode wire planes. In the centre
plane of each sector were 159 anode or sense wires with a radial spacing of 1 cm, alternating
with 160 potential wires. All wires were stretched parallel to the beam direction. The anode
wires were at ground potential and were staggered by ±100µm with respect to the potential
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wire plane to resolve left–right ambiguities. The chamber was filled with a gas mixture of
88.2% argon, 9.8% methane and 2.0% isobutane at a nominal pressure of 4 bar.

A maximum of 159 hits could be measured for tracks with | cos θ| < 0.73, and at least
eight hits could be measured within a solid angle covering 98% of 4π. For each hit, the
r− and φ−coordinates were determined from the wire position and the drift time, and
the z−coordinate was calculated by charge division. The specific energy loss dE/dx along
the drift path provided a tool for particle identification with a resolution σdE/dx/dE/dx of
approximately 3 %. Particle momenta in the plane transverse to the beam direction were
calculated from the track curvature in the magnetic field.

Averaged over all drift distances, single hit resolutions of 135µm in r − φ and 4.5 cm in
z for muon–pairs (6 cm for multi–hadronic events) were achieved. The double hit resolution
in r− φ, for a separation efficiency of 80%, was 2.5mm. The track reconstruction efficiency
in a high–multiplicity environment was 97.9% for p > 100MeV/c and | cos θ| < 0.95.

The z–Chambers

The z−chambers formed a barrel outside the jet chamber. Their purpose was to provide a
precise measurement of the z−coordinate of charged particles when leaving the jet chamber,
and thus to improve the polar angle measurement and the invariant mass resolution. The
z−chambers consisted of 24 drift chambers with the drift parallel to the z axis, each 4m
long, 50 cm wide and 5 cm thick. Each panel was split into eight cells of 50×50 cm2. In each
cell six anode wires with increasing radii were stretched perpendicularly to the z−axis.

In these chambers the z−coordinate was determined from the drift time measurement
with a resolution better than 300µm.

Tracking Performance

The impact parameter and momentum resolutions of the jet chamber alone, obtained
from muon–pair and Bhabha events, are typically σ(d0) = 110µm and σ(p)/p2 = 1.9 ·
10−3 (GeV/c)−1 for LEP2 data. Combining CJ and CV information, the corresponding
numbers are σ(d0) = 46µm and σ(p)/p2 = 1.67 · 10−3 (GeV/c)−1. Including avail-
able SI information as well, the numbers improve further and are σ(d0) = 21µm and
σ(p)/p2 = 1.59 · 10−3 (GeV/c)−1, respectively [12].

3.2.2 The Outer Detector

The Time–of–Flight System

The purpose of the time–of–flight (TOF) system was to provide fast trigger signals and, by
measuring the time–of–flight from the primary interaction point, allow for the identification
of charged particles and rejection of cosmic ray events.

The TOF barrel detector (TB), covering the region with | cos θ| < 0.82, consisted of
160 scintillation counters. The produced scintillation light was collected at both ends of
the counters via plexiglass light guides and then measured with phototubes. The timing
resolution for muon pairs is better than 0.5 ns.

In 1996 additional time–of–flight detectors were installed in the endcaps between the
presamplers and the electromagnetic calorimeters. They were made out of scintillating tiles
and used mainly to enhance the trigger performance in the forward region.

The Presampler and Electromagnetic Calorimeter

The electromagnetic calorimeter measured energies and directions of electrons and photons
with momenta ranging from tens of MeV/c up to about 100GeV/c, and provided discrimina-
tion between neutral pions and photons as well as electrons and hadrons. It was built of lead
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glass blocks and split up into a barrel part (| cos θ| < 0.82) with about 24.6 radiation lengths
and two endcap detectors (0.81 < | cos θ| < 0.98), each with about 22 radiation lengths.

The barrel calorimeter was a cylindrical array of 9440 lead glass blocks, 59 blocks in the z
direction and 160 blocks forming a ring in the azimuthal angle. The blocks were mounted in
a quasi–pointing geometry, meaning that they were pointing towards the interaction region
but tilted slightly to prevent neutral particles from escaping undetected through the gaps
between the blocks. Each block had a cross–section of about 10×10 cm2 and a depth of 37 cm.
If a photon or electron enters a lead glass block an electromagnetic shower is produced via
pair–production and Bremsstrahlung. The electrons emerging from this shower give rise to
C̆erenkov light, and the amount of C̆erenkov light produced from all electrons of the shower
is proportional to the energy of the original particle. The C̆erenkov light was measured with
phototubes.

The two endcap detectors each consisted of 1132 lead glass blocks, arranged coaxially
with the beam directions. Due to the full axial magnetic field present in the endcaps vacuum
photo triodes were used to measure the C̆erenkov light.

The intrinsic energy resolution σE/E of the electromagnetic calorimeter for electrons and
photons combined is 1% + 21%/

√

E [GeV] in the barrel and 5% + 12%/
√

E [GeV] in the
endcaps [13].

Due to the material in front of the electromagnetic calorimeter (about two radiation
lengths) showering started in front of the lead glass. Therefore presampler detectors were
installed in front of the lead glass both in the barrel and the endcap region to measure the
position and sample the energy of these showers. The barrel presampler was a cylinder–
shaped array of 16 chambers with each chamber consisting of two drift tubes operating
in limited streamer mode. In the endcap region each presampler was built out of 32 thin
multiwire proportional chambers.

The Hadron Calorimeter

The hadron calorimeter was divided into three parts, the barrel (| cos θ| < 0.81), the endcaps
(0.81 < | cos θ| < 0.91), and the pole tips (0.91 < | cos θ| < 0.99). The barrel hadron
calorimeter consisted of nine active layers instrumented with plastic limited streamer tubes,
alternating with passive layers of iron slabs, provided by the segmented magnet return yoke.
The doughnut–shaped endcaps consisted of eight layers of streamer tubes. In the hadron
poletip detectors the active layers were instrumented with thin multiwire chambers.

With four or more hadronic interaction lengths of material, most hadrons were absorbed
in the hadron calorimeter, while most muons left a clean track and reached the muon cham-
bers. The energy resolution is 120%/

√

E [GeV].

The Muon Chambers

The muon barrel detector consisted of 110 drift chambers, each 1.2m wide, 1.5 cm thick and
between 6m and 10.4m long. They were arranged in four layers around the interaction point.
The transverse and longitudinal coordinates were measured with a precision of 1.5mm and
2mm, respectively.

The muon endcap detector consisted of four layers of limited streamer tubes arranged
perpendicularly to the beam axes.

The efficiency to detect isolated muons with a momentum greater than 3GeV/c within
the geometrical acceptance (93% of the solid angle) of the muon detector is close to 100%.

The Luminosity Counters

Two detector systems were used mainly to measure the Bhabha scattering cross–section
in the very forward and backward direction: an electromagnetic calorimeter system called
the forward detector and silicon–tungsten calorimeters covering the very small polar angle
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region. Both detectors were split up symmetrically between the two sides of the interaction
point.

Each forward detector consisted of four separate components, three lead–scintillator sand-
wich detectors and one drift tube array.

The silicon–tungsten calorimeters consisted of 19 layers of silicon detectors and tungsten
plates each. They were installed in 1993 and are described in detail in [14].
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Chapter 4

Monte Carlo Simulation

The event simulation at OPAL is done in two stages. First, the reaction of interest is
simulated with a Monte Carlo generator, i.e. the particles and their four–momenta (E, ~p ),
defining the event kinematics, are generated. Then these events are passed through the OPAL
detector simulation program GOPAL [15] to properly treat effects such as energy loss in the
detector material or the curvature of the trajectories of charged particles in the magnetic
field. The geometrical detector parameters are introduced through the CERN GEANT3 [16]
package, which tracks the particles through the detector material, including all necessary
processes like scattering, hadronic interaction, pair–production and Bremsstrahlung as well
as decays of some long–lived particles. Within GOPAL the event reconstruction is done with
the OPAL reconstruction program ROPE [17], in the same way as for the recorded data.

4.1 SUSY Signal Event Simulation

For the simulation of the signal (i.e. slepton, neutralino and chargino production and decay),
the SUSYGEN generator was used. This generator is described in the next section. To
properly treat supersymmetric particles with delayed decays, significant modifications of the
GOPAL and GEANT code were necessary. A summary of these modifications is given in
Sect. 4.1.2.

4.1.1 The SUSYGEN Event Generator

SUSYGEN is a standard Monte Carlo generator for the production and decay of supersym-
metric particles at tree–level, using the precise lowest order matrix elements. From version
2.2 [18] onwards it includes also GMSB processes. For slepton pair–production in the slepton
co–NLSP scenario and neutralino pair–production the version 2.2 was used, other processes
were simulated with the more recent version 3.0 [19].

SUSYGEN provides an interface to JETSET 7.4 [20] for hadronisation according to the
Lund parton shower model. It includes initial state radiation using the structure–function
method [21]. Final state radiation is implemented up to O(α2) using the PHOTOS [22]
library. From version 3.0 onwards, helicity correlations in the initial and final states are
taken into account.

SUSYGEN can be used not only for SUSY particle production (four–vectors), but also
for SUSY parameter scans, where it calculates the mass spectrum, production cross–sections
and branching ratios for each parameter setting. This mode was used for the interpretation,
discussed in Chapter 9.

4.1.2 Modifications in GEANT and GOPAL

For several reasons, discussed below, the standard GOPAL and GEANT code is not suited
to handle supersymmetric particles with long lifetimes. Therefore a program was developed
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for this analysis that includes modifications to a number of GEANT and GOPAL routines
and runs in the standard OPAL Monte Carlo production environment. It was used not only
for the channels covered here, but also for the simulation of neutralino NLSP channels and
even for non–GMSB processes such as pair–production of doubly charged Higgs bosons and
MSSM chargino pair–production with a small mass difference between the chargino and the
neutralino.

In the following, the shortcomings of the standard code along with the implemented
modifications are listed:

• Supersymmetric particles are not tracked by GEANT. Instead, it is assumed that they
decay promptly. Thus, to pass also supersymmetric particles to GEANT to allow for
their tracking, the particles and their properties (including the lifetime) had to be
defined in GEANT with calls to the routine GSPART.

• The same applies to the τ lepton, which, due to its lifetime of (290.6± 1.1) · 10−15 s, is
assumed to decay in the beam pipe. Here, however, the tau can be the decay product
of a long–lived sparticle, so that tau decays within the detector volume had to be
simulated.

• The GEANT particle codes 51 – 60 were used for the newly defined supersymmetric
particles and the tau lepton, since these numbers are not used in the standard GEANT.

• The charges of the SUSY particles had to be defined in the GOPAL routine PDGCHG.

• In contrast to SM particles, the masses of SUSY particles are not known. Therefore
usually a whole grid of masses is simulated. To allow for the treatment of four–vectors
with different masses within one job, the GOPAL routine GOKINE was modified in a
way that the masses are read–in from a four–vector file.

• To pass a particle to GEANT, its “end flag” has to indicate that the particle is still alive
but has not yet decayed in the generator. Therefore the end flag of supersymmetric
particles as well as the tau was changed in the GOPAL routine GOLIFE.

• After choosing a certain lifetime for the supersymmetric particle, its decay length is
calculated using a random number generator. The decay products of this particle, how-
ever, have to be attached to the end point of the parent particles trajectory. Therefore
the decay products first were “removed”, i.e. their start point was set to a large number
(specific for each decay vertex). This was done in the routine GOLIFE.

• After a supersymmetric particle has decayed in GEANT, the decay particles have to
be moved to their parents end point. To do this a new routine GUDCAY (a dummy
routine is provided by GEANT) was written, in which the decay particles are found
and their start points set to their parents end point. However, it has to be taken into
account that the parent particle might have lost energy due to interaction with the
detector material (like the gas in the jet chamber) and that, due to the magnetic field,
the trajectory of the parent particle is a helix and therefore the direction of flight of the
decay particles will have changed. The correction of the four–momenta of the decay
particles was done in the following way. In the routine KIDISK, which is the routine to
apply changes to the KINE tree 1, the decay particles were boosted into the rest frame
of the parent. Both the momenta of the decay particles and the parent particles were
transformed to spherical coordinates (p, φ, θ) to separate the direction information
from the absolute momentum. Then p and the quantities δφ = φparent − φdaughter

and δθ = θparent − θdaughter were stored in the tree for the decay particles. In the

1Two trees have to be distinguished: the KINE tree, in which only particles from the generator are
included, and the full tree, in which also particles created by GEANT are present.
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routine GUDCAY the parent momentum at the time of its decay is known. This
was transformed to spherical coordinates as well. Then the new values for φ and θ –
corrected for the effect of the magnetic field – of the decay particles were calculated by
subtracting δφ and δθ from the parent values at the time of decay. The momenta of the
decay particles were transformed back to cartesian coordinates and finally boosted back
to the laboratory frame with the parent’s momentum at the time of decay. This method
assures that the decay angle distributions cos (θ∗) are maintained by the correction.
The decay angle distributions on generator and corrected detector level are shown in
the upper plots of Fig. 4.1 and Fig. 4.2 for the stau decay products and the leptonic
tau decay products, respectively. For a perfect detector correction the distributions on
generator and corrected detector level should be identical, and indeed a difference is
barely visible. Their ratios, cos(θ∗)Generator/ cos(θ∗)GEANT, are shown in the lower left
plots. There it can be seen that the difference is below 4per mille in most bins. The
event–by–event deviations in θ∗ are shown in the bottom right plots.

In addition, for the tau decay products, a correction had to be applied to account for
a slight (O (20MeV)) energy non–conservation, which, due to rounding errors induced
by the trigonometrical calculations, appeared in a small fraction of events.

• In the routine KIDISK also the KINE tree was “cleaned up” to take care of the fact
that hadrons from tau decays, that had already decayed in the generator, and their
daughters now are put into GEANT. Some hadrons like the ρ+ and the K∗+ are not
known to GEANT, thus they were removed from the tree and only their decay particles
are kept. On the other hand the decay of hadrons that are known to GEANT, like
the π0, the K0

s and the η, is handled by GEANT. Therefore in this case their decay
particles were removed from the KINE tree.

• The routine GOKING handles the storage of newly created particles, e.g. from pair–
production, as well as from the decays of the sparticles and the tau. It decides if the
particle will be stored at all (e.g. shower electrons with very low energies and particles
with r < 23.5 cm but z > 50 cm are not stored in the tree). A work around was
introduced to store the decay particles from the sparticle and the tau decay in any
case, independently from their position in the detector. For particles newly created
by GEANT itself or, as in this case, passed to GEANT by the user via the routine
GUDCAY, the number of tree entries is increased by one. This has to be avoided, as
in this case the decay particles are not created by GEANT, but were already present
in the four–vectors.

• The kinematics and the vertex number of the new particle is stored in the KINE tree
by the GEANT routine GSKINE (called from GOKING). A new routine, similar to
GSKINE, was created. It stores the properties of the decay particle in the KINE bank
without increasing the number of tree particles.

• The GEANT tree banks also have to be updated with the new particles. This is done
by the routine GOTRUP (called from GOKING). Again it has to be avoided that the
number of tree particles is increased. Also the number of decay products of the primary
particle has to be kept, as it is already correct. The endpoints of the neutrinos from
the tau decay were calculated in such a way that the largest coordinate ξ end = 7m and
that the others are scaled by their momentum: η end = η start + (7m − ξ start) · pη/pξ.

• Finally in USOUT the end flag of particles that have not decayed inside the detector
volume due to their long lifetime were set to “still alive”, and the start and end point of
the in this case unused decay particles were set to the end point of the parent particle
to flag but keep them.
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        Decay angle distribution of stau decay products
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Figure 4.1: The upper plot shows the decay angle distribution cos(θ∗) of the stau decay
products (i.e. the tau and the gravitino) on generator level (yellow histogram) and after
detector simulation, with the modifications described in the text (solid line). The difference
is barely visible. The ratio of the two distributions is shown in the lower left plot. The lower
right plot shows the event–by–event deviations in θ∗ between generator and detector level.

Signal events were generated for ten different NLSP lifetimes: τ = 10−12, 10−11, 10−10,
5 · 10−10, 10−9, 5 · 10−9, 10−8, 5 · 10−8, 10−7, 10−6 s. The generated mass grid for the various
channels is described in detail in Appendix B.

4.2 Background Event Simulation

As possible sources of background for this analysis all Standard Model processes were con-
sidered. They are described in detail in Sect. 5.4. Here the processes and the Monte Carlo
generators used to simulate them are listed only briefly. In all cases the generators that are
standard in OPAL were used.

One of the most relevant background sources for this analysis is two–photon produc-
tion, where photons radiated by both the beam electron and positron scatter and produce
hadronic or leptonic final states: e+e− → e+e−X. Hadronic two–photon events (X = qq̄)
with two quasi–real photons (Q2

1 < 4.5GeV/c2 , Q2
2 < 4.5GeV/c2 , Q2

1 and Q2
2 being the

negative squared four–momenta of the two photons) were simulated with the PHOJET [23]
program, and processes with one virtual photon (Q2

1 > 4.5GeV/c2 , Q2
2 < 4.5GeV/c2) with
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        Decay angle distribution of tau decay products
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Figure 4.2: The upper plot shows the decay angle distribution cos(θ∗) of the leptonic tau
decay products on generator level (yellow histogram) and after detector simulation, with the
modifications described in the text (solid line). The difference is barely visible. The ratio of
the two distributions is shown in the lower left plot. The lower right plot shows the event–
by–event deviations in θ∗ between generator and detector level.

the HERWIG [24] program. Since the differential production cross–section diverges for low
invariant masses W of the hadronic system, only events down to a certain lower limit of
W (5GeV/c2 for PHOJET, 1.73GeV/c2 for HERWIG) were simulated. The PHOJET pro-
gram includes cc̄ production, but does not cover the bb̄ final state. For e+e− → e+e−e+e−

events the Vermaseren generator [25] was used, while e+e− → e+e−µ+µ−(γ) events and
e+e− → e+e−τ+τ−(γ) events were simulated with the BDK [26] program, which, in contrast
to Vermaseren, includes radiative corrections.

RADCOR [27] served to simulate e+e− annihilation into multi–photon final states
e+e− → γγ(γ).

Muon– and tau–pairs as well as qq̄(γ) events were simulated with the KK2f [28] generator.
KK2f uses PYTHIA 6.125 [29] for fragmentation and hadronisation and TAUOLA [30] for
tau decays.

Wide–angle (12.5◦ < θ < 167.5◦) Bhabha scattering events, e+e− → e+e−(γ), were
simulated with the BHWIDE [31] program, radiative Bhabha events with one or both elec-
trons scattering with an azimuthal angle smaller than 12.5◦ (t–channel production) with the
TEEGG [32] generator.

Neutrino pairs with up to three initial state photons, e+e− → νν̄γ(γγ) were simulated

25



using the NUNUGPV [33] program.
To simulate four–fermion processes with electrons, the grc4f [34] program, which provides

only collinear initial state radiation (ISR), was used. Final states without electrons were
simulated with the KoralW [35] generator, which internally uses grc4f matrix elements, but
simulates ISR according to a pT spectrum using the PHOTOS package. Both generators use
JETSET for hadronisation and TAUOLA for the simulation of tau decays.
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Chapter 5

Search for the Large Impact

Parameter Topology

5.1 The Signal: Channels and Topologies

In Gauge Mediated Supersymmetry Breaking models with a slepton NLSP the experimental
topology depends strongly on the mean lifetime of the sleptons. For negligible lifetimes
(τ <∼ 10−11 s) most sleptons decay promptly and the decay products, the lepton and the
invisible gravitino, originate within the experimental resolution from the primary vertex.
For lifetimes 1 of the order of 10−11 − 10−9 s the sleptons decay with high probability inside
the beam pipe, the silicon microvertex detector or the vertex chamber. In this case, as at
least ten hits in the OPAL jet chamber are required to reconstruct a track, the slepton is
invisible and the decay lepton will not originate from the primary vertex but will have a
large impact parameter (for the definition of the impact parameter see Appendix A). If the
slepton lifetime is of the order of 10−8 s the sleptons reach the jet chamber and, if they leave
enough hits to allow for the reconstruction of the track, the slepton as well as the decay
lepton are visible and they will form a kinked track. Finally, if the sleptons are so long–lived
that they decay outside the jet chamber, or if they are stable, they can be identified by their
anomalously high or low specific energy loss dE/dx due to their high mass.

In the present investigation, an analysis was developed to efficiently select events which
contain tracks with large impact parameters. It covers the slepton lifetime range around
10−11 −10−9 s, in the following referred to as short lifetime, and is later combined with three
other analyses that cover very short (referred to as zero lifetime) and longer (referred to as
medium and long lifetime) lifetimes.

In addition to the slepton lifetime the event topology depends also on the production
channel. All production channels that are allowed in GMSB models within the slepton co–
NLSP scenario and the stau NLSP scenario at LEP 2 energies were studied. In order to
assure good performance for the different channels four distinct selections were developed.
The efficiency and the level of remaining Standard Model background vary considerably
among these selections.

The following channels were studied:

• Selectron and smuon pair–production in the slepton co–NLSP scenario:
In the slepton co–NLSP scenario selectrons and smuons are produced in pairs, e+ e− →
ℓ̃+R ℓ̃

−
R, and decay as ℓ̃±R → ℓ± G̃. For short lifetimes, no primary tracks but at least two

tracks with large impact parameters are expected. The selection developed for this
channel, in the following referred to as the 2–lepton channel, is described in Sect. 5.5.1.

1The experimental topology depends in fact on the decay length in the laboratory, L = βγcτ = (p/m)cτ ,
rather than the lifetime, thus for very heavy particles close to the kinematic limit these numbers shift towards
longer lifetimes.
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Since the track multiplicity and the amount of visible and missing energy depend on
the flavour of the sleptons, staus were treated separately (see next paragraph).

As an example Fig. 5.1 shows a Monte Carlo smuon pair–production event, where
both smuons decay inside the vertex chamber and thus the muon tracks have impact
parameters around 10 cm. This event was simulated at

√
s = 208.1GeV with a smuon

lifetime of 10−9 s and a smuon mass of 100GeV/c2 .

• Stau pair–production in the slepton co–NLSP and the stau NLSP scenario:
Stau pair–production, e+ e− → τ̃+

1 τ̃−1 , followed by the decay τ̃±1 → τ± G̃, is possible
both in the stau NLSP scenario and in the slepton co–NLSP scenario. The topology is
similar to the previous one, but with a higher track multiplicity and less visible energy
present in the event. The selection developed for this channel, in the following referred
to as the 2–tau channel, is described in Sect. 5.5.2.

• Neutralino pair–production in the slepton co–NLSP and the stau NLSP scenario:
Neutralino pair–production, e+ e− → χ̃0

1 χ̃
0
1, is possible both in the slepton co–NLSP

scenario and the stau NLSP scenario. In the first case the neutralinos decay as χ̃0
1 →

ℓ̃±R ℓ
∓, with equal branching fractions for all flavours. Thus in the slepton co–NLSP

scenario there are six possible flavour combinations. In the stau NLSP scenario the
neutralino decays purely to τ̃±1 τ∓. In both cases the sleptons decay to lepton gravitino.
Depending on the slepton lifetime, two of the four leptons in the final state might have
large impact parameters. These large impact parameter leptons can be of different
flavour and they can have equal or opposite charges (since the neutralino is a Majorana
particle). The selection developed for this channel, in the following referred to as the
4–lepton channel, is described in Sect. 5.5.3.

Fig. 5.2 shows an example for such an event from Monte Carlo, where one of the
neutralinos decays to ẽ+

Re− and the other one to τ̃−1 τ+. This event was simulated at√
s = 206GeV with a lifetime of 5 · 10−10 s, a neutralino mass of 102GeV/c2 and a

slepton mass of 85GeV/c2. The primary tau decays to ν̄τ π
+ π+ π−, the secondary tau

from the stau decay decays to ντ π
−. The secondary positron and the pion originating

from the stau decay have impact parameters of the order of 1 cm, while the other tracks
originate from the primary event vertex.

• Selectron or smuon pair–production in the stau NLSP scenario:
In the stau NLSP scenario there can be selectron or smuon pair–production, e+ e− →
ℓ̃+R ℓ̃

−
R with ℓ̃±R = ẽ±R or µ̃±R, followed by decays ℓ̃+R → χ̃0

1ℓ
+ → τ̃±1 τ∓ℓ+. The staus then

undergo their usual decay to τG̃. In this channel there will thus be six leptons in the
final state: two electrons or muons originating from the primary vertex, two primary
taus and finally the two secondary taus respectively their decay products from the
stau decays, which, depending on the lifetime, might have large impact parameters.
The selection developed for this channel, in the following referred to as the 6–lepton
channel, is described in Sect. 5.5.4.

• Chargino pair–production in the slepton co–NLSP and the stau NLSP scenario:
Chargino pair–production, e+ e− → χ̃+

1 χ̃
−
1 , is possible both in the slepton co–NLSP

scenario and the stau NLSP scenario. In the first case, the charginos decay as
χ̃+

1 → ℓ̃+R νℓ, with equal branching fractions for all flavours. In the stau NLSP sce-
nario the charginos decay solely to τ̃+

1 ντ . This channel is important in a restricted
part of the GMSB parameter space only [36]. The experimental topology is similar
to the direct pair–production with the difference that now an additional neutral par-
ticle carries away energy. Thus no dedicated selection was developed for this channel,
and good sensitivity is reached with the 2–lepton selection for selectron and smuon
pair–production in the slepton co–NLSP scenario and with the 2–tau selection for stau
pair–production in the stau NLSP scenario. The results are summarised in Sect. 5.5.5.
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 Run : even t  11159 :  11002  Da t e  010220  T ime  074451                                  

 Ebeam 104 . 05  Ev i s   57 . 6  Emi ss  150 . 5  V t x  (   - 0 . 03 ,    0 . 08 ,    0 . 30 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =0 . 9819  Ap l an=0 . 0000  Ob l a t =0 . 0544  Sphe r =0 . 0013     

Ct r k (N=   2  Sump=  54 . 7 )  Eca l (N=   3  SumE=   1 . 7 )  Hca l (N=  4  SumE=   2 . 8 )  

Muon (N=   2 )  Sec  V t x (N=  0 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

Y

X
Z

    10 . cm  

Figure 5.1: A simulated e+ e− → µ̃+
R
µ̃−

R
event, shown in the r−φ plane (top). The blue lines

indicate the smuon tracks and the red arrows the signal in the muon chambers. The green,
yellow and pink boxes symbolise signals in the presampler, electromagnetic calorimeter and
hadronic calorimeter, respectively, with the radial length of these boxes being logarithmically
proportional to the energy deposit in the respective detector component. In the bottom plot
the region close to the interaction point (symbolised by a red star) is shown. Both tracks
start in the vertex chamber and have impact parameters of the order of 10 cm. The event
was simulated at

√
s =208.1 GeV with a smuon lifetime of 10−9 s and a smuon mass of

100 GeV/c2.
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 Run : even t  11067 :  14077  Da t e  010207  T ime  111446                                  

 Ebeam 103 . 00  Ev i s   89 . 9  Emi ss  116 . 1  V t x  (   - 0 . 04 ,    0 . 08 ,    0 . 02 )               

 Bz=4 . 350  Bunch l e t  1 / 1   Th r us t =0 . 6991  Ap l an=0 . 0096  Ob l a t =0 . 5603  Sphe r =0 . 4013     

Ct r k (N=   6  Sump=  83 . 0 )  Eca l (N=  16  SumE=  72 . 8 )  Hca l (N=10  SumE=   6 . 3 )  

Muon (N=   0 )  Sec  V t x (N=  0 )  Fde t (N=  0  SumE=   0 . 0 )  

Y

X
Z

   200 .  cm.   

 Cen t r e  o f  sc r een  i s  (    0 . 0000 ,    0 . 0000 ,    0 . 0000 )         

50  GeV2010 5

Y

X
Z

    0 . 50cm 

e
+

e
−

π
+

π
+

π
−

π
−

Figure 5.2: A simulated e+ e− → χ̃0
1
χ̃0

1
→ ẽ+

R
e−τ̃−

1
τ+ → e+G̃e− τ−G̃τ+ event, shown in

the r−φ plane (top). The τ+ decays to ν̄τ π
+ π+ π−, while the τ− decays to ντ π

−. The tracks
from the electrons and the tau decay products are coloured in blue and green, respectively. In
the bottom plot the region close to the interaction point (symbolised by a red star) is shown.
The positron and one of the pions have impact parameters of the order of 1 cm. The event
was simulated at

√
s =206GeV with a slepton lifetime of 5·10−10 s, a neutralino mass of

102 GeV/c2 , and a slepton mass of 85GeV/c2 .
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Year
√
s [GeV]

∫

L [pb−1]

1998 189 166.73

1999 192 29.51

196 75.06

200 78.06

202 36.71

2000 204–206 74.15

206–207 121.66

> 207 8.30

1998–2000 189–209 590.18

Table 5.1: The integrated luminosities used for this analysis, split up into the individual years
and centre–of–mass energies and in total.

5.2 Data Set and Integrated Luminosities

For this analysis the data recorded in the years 1998, 1999 and 2000 were used. In the
year 2000, data were taken at centre–of–mass energies between 200GeV and 209GeV 2.
Following a LEP wide agreement for SUSY searches, the data of the year 2000 were split
into three energy bins: 204GeV≤ √

s < 206GeV, 206GeV≤ √
s < 207GeV and

√
s ≥

207GeV, with luminosity–weighted centre–of–mass energies of 205.255GeV, 206.500GeV
and 208.094GeV, respectively. For this calculation the integrated luminosity was determined
for (non–centered) energy bins of one GeV width. A small amount of data (8.3 pb−1) with√
s < 204GeV from the year 2000 was not used. The integrated luminosities and the centre–

of–mass energies reached in the years 1998, 1999 and 2000 are summarised in Table 5.1.
Overall, the data set consists of 590.18 pb−1 with 189GeV≤ √

s ≤ 209GeV.

The integrated luminosities were determined with the ROCROS program [37], which uses
Bhabha events with low scattering angles, where t–channel production dominates and the
cross–section can be calculated from electrodynamics. The Bhabha events were recorded
with the silicon–tungsten calorimeters, or, in case these were not fully operational, with the
forward detector.

5.3 Preselection

A common preselection was applied to the four channels studied.

It was required that the sub–detectors that are most crucial for the analysis (the silicon
microvertex detector, the vertex chamber, the jet chamber and the time–of–flight barrel
detector) as well as at least one of the sub–detectors that are used to determine the integrated
luminosity (the silicon–tungsten luminosity calorimeter and the forward detector) were fully
operational during data taking.

The above requirements were applied also to the luminosity events, to ensure that the
luminosity is calculated for the data taking period used for the analysis.

Only events passing the standard OPAL selection for various kinds of physics events (the
so–called FYZ1 selection) were considered for the analysis.

2In the year 2000 the maximum centre–of–mass energy was squeezed out of the accelerator by so–called
mini–ramps, short (seconds to minutes) acceleration periods during which the centre–of–mass energy was
increased. Events taken during these periods were not used for this analysis.
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The track parameters were calculated including the full information of the silicon mi-
crovertex detector. Both impact parameters duncorr.

0 and zuncorr.
0 were calculated with respect

to the origin of the coordinate system and therefore have to be corrected for the actual inter-
action point of the electron and positron beam (xBX, yBX, zBX) (obtained from the routine
CXBPOS) by the following formula:

d0 = duncorr.
0 + xBX sinφ0 − yBX cos φ0

z0 = zuncorr.
0 − zBX ,

where φ0 is defined in Appendix A.

Furthermore, tracks without hits in the z−chambers are constrained to the primary
vertex in the z direction by the OPAL reconstruction software [38] in order to improve the
precision of the z coordinate, assuming that they originate from the primary vertex. This
constraint had to be removed, as in this analysis secondary tracks are part of the signal
topology. The removal of this constraint changes the track parameters z0 and tan λ (for a
detailed description of the track parameters see Appendix A) along with their errors as well
as several other variables (e.g. pz) which are calculated from these parameters.

Furthermore the following set of track quality cuts was applied:

• A track must have at least 20 hits in the central jet chamber. This corresponds to a
maximum allowed polar angle of | cos θ| = 0.963.

• The transverse track momentum must satisfy pT ≥ 50MeV/c.

• The total track momentum must satisfy p ≤ 250GeV/c.

• The χ2/ndf of the track fits in the r–φ and the s−z plane, where s is the path integral
along the track in r–φ, have to be smaller than 999 (the requirement in the standard
OPAL selection for good tracks).

Selected events have to contain at most ten good tracks and at least two tracks with an
impact parameter |d0| ≥ 0.035 cm and |p| > 1GeV/c. Later on a tighter cut on |d0| is
applied. At this stage the cut on |d0| is made to reduce the amount of data that has to be
handled. In the following event selection all (not only good) tracks are used.

After this preselection, 1122863 data events are left, while 24120 events are expected from
Standard Model sources. The number of events before and after the preselection separately
for each year is given in Table 5.2. The cut on the impact parameter d0 is the main reason for
the disagreement between data and Monte Carlo after the preselection. This disagreement
will be discussed in the next section.

5.4 Background Composition and Checks

The background for events containing tracks with large impact parameters can be divided
into three classes: background sources that are well described in the Standard Model Monte
Carlo programs (“well modeled” background), background that is known to be not well
simulated (“poorly modeled” background) and background that is not contained in these
simulations at all (“unmodeled” background). In the following these classes are described in
more detail.

“Well Modeled” Background

All known Standard Model processes were considered for the evaluation of the level of re-
maining modeled background. The most relevant ones are listed below:
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• Two–photon scattering (e+e− → e+e− X) is the most important background source
after the preselection. It can be reduced drastically, as will be described in the next
sections. Nevertheless, due to the large cross–section of e.g. ≈ 11870 pb for untagged 3

hadronic events with an invariant hadronic mass W > 5GeV/c2, and negative squared
four–momenta of the photons Q2

1 and Q2
2 < 4.5 GeV/c (for

√
s = 206.0GeV), each

selected Monte Carlo event receives a large weight, when the integrated luminosity
of the data is taken into account. Thus it contributes significantly to the remaining
number of background events. For stau pair–production the leptonic two–photon events
are important, while for the 4–lepton and 6–lepton channels the hadronic (untagged
and single–tagged) two–photon events contribute most. All selections are described in
the next section.

• Bhabha scattering events (e+e− → e+e−) have a large cross–section, and give the sec-
ond most important contribution to the background after the preseletion. Neverthe-
less, with the cuts described in the following sections, an efficient suppression of this
background is achieved. Bhabha events are selected because tracks with large impact
parameters can be produced in conversions of ISR photons and conversions of photons
produced in the electro–magnetic shower in the material (γ(Z) → e+e−(Z)).

• Quark–antiquark pairs, e+e− → qq̄(g), with a moderate cross–section of (79.461 ±
0.055) pb for

√
s = 206.0GeV, give a significant contribution to the background in

the 4–lepton and especially the 6–lepton channel. The tracks identified as secondary
tracks can be electrons from conversions of ISR photons or photons from π0 decays,
particles from decays of long–lived hadrons such as the K0

s with a proper decay length of
cτ ≈ 3 cm (τ = 0.89 · 10−10 s [39]) and various other particles produced in the hadronic
shower, including particles that are produced by interactions with the detector material.

• The background from processes that lead to final states with four fermions
(e.g. e+e− → eeee, e+e− → eeqq, e+e− → qqqq, e+e− → µµνν), and are not from
two–photon processes, is summarized under the term four–fermion background.
These final states are produced by W and Z pair–production, single W production
(e+e− → W e ν) and single Z production in compton scattering of quasi–real photons
(e+e− → e+e− Z/γ∗). The cross–sections are, in general, relatively small (< 50 pb).
Therefore, although high–multiplicity events with missing energy like W W → τν τν
or W W → τν qq̄ are selected by the 4–lepton and 6–lepton selections, they give a
minor contribution to the total number of expected background events, taking into
account the integrated luminosity of the data .

• Tau–pairs with hadronic decays are a considerable background source for the 4–lepton
and especially the 6–lepton channel due to their relatively high track–multiplicity,
although the small cross–section of (6.881 ± 0.008) pb for

√
s = 206.0GeV gives a low

weight to this process when the integrated luminosity of the data is taken into account.

“Poorly Modeled” Background

• Events with tracks that are not reconstructed properly are not very well simulated in
the Monte Carlo. Examples for such misreconstructions are: tracks where the matching
of the jet chamber hits with the corresponding hits in the silicon microvertex detector
or the vertex chamber fails, unresolved double tracks (e.g. from photon conversions)
and tracks that are reconstructed on the wrong side of the anode wire plane in the jet
chamber. Especially the last effect often fakes tracks with large impact parameters.

3In untagged two–photon events both photons are quasi–real, and both beam electrons escape through the
beam pipe. In single–tagged two–photon events only one of the scattered photons is quasi–real, and one of
the scattered beam electrons is observed in the detector.

33



• Primary particles can interact hadronically with the detector material or the particles
of the detector gas before reaching the tracking chamber, producing secondary particles
in these collisions. Such hadronic interactions are not properly simulated in the Monte
Carlo, as has been shown in [40] for the jet chamber.

Unmodeled Background

• Hadronic two–photon background with an invariant hadronic mass below 5GeV/c2 for
untagged and 1.73GeV/c2 for single–tagged events is not simulated at all in the Monte
Carlo, due to the rapid increase of the cross–section in these kinematic regions. In
general it can be said that details of the two–photon background are not simulated
very accurately and that the hadronic two–photon cross–section is uncertain within
10–20% [41].

• Muons created by interactions of cosmic particles in the atmosphere are passing through
the earth and therefore also the OPAL detector. These cosmic muon events are one
of the main sources of background after the preselection, as the muons are in general
quite energetic and the tracks do not originate from the primary event vertex but have
large impact parameters. Cosmic muons can also be present in standard physics events
when they pass through the detector in random coincidence with the beam–crossing.

• Off–momentum beam electrons or positrons are mainly produced by scattering of beam
particles with remaining gas molecules in the beam pipe. They are deflected out of
the beamline by the focussing magnets and eventually produce secondary particles by
interaction with other gas molecules in the beam pipe or with the beam pipe itself. All
these particles can end up in the detector, but they do not originate from the primary
interaction point and therefore often have large impact parameters. Such beam gas and
beam wall events are very relevant as a source of background, after the preselection.

In Fig. 5.3 the specific energy loss of 200000 tracks from events with
√
s = 204 − 208GeV,

together with the expectation from the Bethe–Bloch formula [39], is shown. In this plot
tracks from events with at least two tracks with |d0| ≥ 0.05 cm and δd0/|d0| < 0.1 (these
cuts are later used in the selections) are included. The events must pass the preselection
cuts; however, the preselection cut on the momentum of the large impact parameter tracks
was removed to include also the low momentum tracks where the various particle species can
be distinguished most easily. In this plot different event classes are visible. Cosmic muons
and electrons from beam–gas or beam–wall events show up in the large–momentum region
(p > 2GeV/c). The proton band is strongly populated mainly due to hadronic interactions
with the material, where, to a lesser extent, also deuterons are produced. In the very low
momentum region there are mainly pions and electrons from two–photon collisions.

In Fig. 5.4 the invariant mass of all pairs of unlike–charged secondary tracks (|d0| >
0.05 cm), assuming them to be pions, is shown. For this figure only events with less than
five secondary tracks were considered, and the tracks were required to have |d0| < 5 cm
and |z0| < 10 cm. No cut on the number of primary tracks was applied. The peak from
K0

s → π+π− is clearly visible in data and Monte Carlo and shows good agreement, proving
that the disagreement in the number of events in data and Monte Carlo, after the preselec-
tion, is due to the selection cuts and not to a general normalisation problem. For this plot a
correction of the kaon mass peak in the PHOJET Monte Carlo for the underestimation of the
inclusive K0

s production cross–section in the PHOJET Monte Carlo generator by a factor of
approximately 0.65 [42] was applied. For this correction in the PHOJET Monte Carlo sam-
ples, the background 4 was subtracted in the range between 440MeV/c2 and 536MeV/c2 and

4It was found that the background to the K0
s peak in the PHOJET Monte Carlo can be approximated by

a constant. The K0
s peak can be described by a Gaussian.
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Figure 5.3: The specific energy loss (dE/dx) for tracks with |d0 | ≥ 0 .05 cm and δd0 /|d0 | <
0 .1 after the preselection. Shown is the dE/dx of 200000 tracks (points) from events with√

s = 204 − 208 GeV together with the expectations from the Bethe–Bloch formula (solid
lines). Different event classes are distinguishable. For further details see Sect. 5.4. To include
also the low–momentum region where the different particle species can be distinguished most
easily, the preselection cut on the momentum was removed. No cut on the number of primary
tracks was applied. Both positive and negative tracks are included.

the remaining signal was multiplied by a factor of 1.5. A fit to the data points with a Gaus-
sian and a third order Chebyshev polynomial results in a kaon mass of (497.9± 2.8)MeV/c2

with a χ2/ndf of 3.4, in agreement with the PDG value of (497.672 ± 0.031)MeV/c2 .

5.5 The Event Selections

In this section, the four event selections are described in detail. For each of them the cuts
are explained and the results and the efficiency are discussed.

5.5.1 Selectron and Smuon Pair–Production in the Slepton co–NLSP Sce-

nario: 2–Lepton Selection

The topology for selectron or smuon pair–production, e+ e− → ẽ+
R ẽ−R and e+ e− → µ̃+

R µ̃
−
R,

followed by decays ẽ±R → e± G̃ and µ̃±R → µ± G̃, respectively, is two tracks with large impact
parameters (“secondary tracks”) and no tracks from the collision point (“primary tracks”).
The selection described in this section, in the following referred to as the 2–lepton selection,
yields similar efficiencies for selectron and smuon pair–production. Staus, however, were
treated separately (see Sect. 5.5.2) to account for their higher decay multiplicity and their
lower track momenta.

Secondary tracks are required to have

• a significant amount of momentum transverse to the z axis: pT > 1.5GeV/c,

• a large impact parameter: |d0| ≥ 0.05 cm,
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Figure 5.4: The invariant mass of all pairs of unlike–charged secondary tracks (|d0 | >
0 .05 cm) in events with less than five secondary tracks. For this figure only secondary tracks
with |d0 | < 5 cm and |z0 | < 10 cm are considered. In the plot on the left hand–side the data
with

√
s = 189 −209 GeV are shown as filled circles with error bars, the expected two–photon

background is shown in yellow, the expected four–fermion background in blue and all other
Standard Model background in green. The green curve on the right hand–side shows the fit
to the data points, resulting in a kaon mass of (497 .9 ± 2 .8 )MeV/c2 . The χ2/ndf of the fit
is 3.4.

• a high impact parameter precision: δd0/|d0| < 0.1.

Tracks with |d0| < 0.05 cm are regarded as primary tracks, while all tracks which do not fall
in one of these two categories form are third class of not very well measured secondary tracks
and are, in the following, referred to as additional tracks. The classification of tracks into
these three categories is common for all four channels. For all channels it is then required
that at least two secondary tracks are found. After this part of the selection, in the following
referred to as the topological selection, the Standard Model background is reduced drastically
by a factor of about 24, with only 987 events being left, as visible from Table 5.2. On the
other hand the total background is reduced by only about 17% to 930100 events, implying
that most of the unmodeled events actually contain tracks with large impact parameters.
Therefore at this stage the disagreement between data and Monte Carlo is further increased.

Furthermore it is required that exactly two secondary tracks, no primary tracks and not
more than three additional tracks are found.

The remaining sample of events was then subjected to the following set of cuts (see
Table 5.2 for the remaining number of events after each cut):

(1) To reduce combinatorial background, charge conservation has to be fulfilled, i.e. the
two secondary tracks must have different charges.

(2) To reject cosmic events the barrel time–of–flight detector (ToF) is used: if a track is con-
tained within the geometrical acceptance region of the ToF (| cos θ| < 0.82), a ToF hit
associated to this track is required. Since the efficiency of this detector is almost 100 %,
tracks which have no corresponding hit are either stopped in the material on their way
to the ToF or – in case of cosmic events – are outside the time window in which the
readout of the detector is active. If the time–of–flight has actually been measured,
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Year 1998 Year 1999 Year 2000 Years 1998–2000

After Data MC Bkg. Data MC Bkg. Data MC Bkg. Data MC Bkg.

- 12461200 1799240 16285760 2391640 16441800 2294610 45188760 6485490

Preselection 331327 7267.7 331405 8694.9 460131 8157.5 1122863 24120.1

Topological selection 278801 277.2 273197 365.4 378102 344.5 930100 987.1

2 secondary tracks 97007 265.2 94102 349.6 131374 330.7 322483 945.5

No primary tracks 95362 59.6 92347 80.0 129335 69.1 317044 208.7

# add. tracks < 4 92873 33.5 89657 41.2 124861 41.3 307391 116.0

Cut (1) 58711 23.4 57365 25.9 79454 26.6 195530 75.9

Cut (2) 1019 20.5 840 21.6 1224 21.9 3083 64.0

Cut (3) 1010 20.5 834 21.6 1214 21.9 3058 64.0

Cut (4) 331 17.2 256 18.2 387 19.7 974 55.1

Cut (5) 95 16.7 109 17.8 133 19.3 337 53.8

Cut (6) 4 6.1 6 6.5 6 6.9 16 19.5

Cut (7) 1 0.07 0 0.12 1 0.03 2 0.22

Cut (8) 0 0.05 0 0.02 0 0.02 0 0.09

Table 5.2: The remaining number of events after each cut (see Section 5.5.1) for simulated background and data for
the years 1998, 1999 and 2000 and in total in the 2–lepton channel.
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it is required to be consistent with the time that a relativistic particle needs to travel
from the interaction point to the time–of–flight detector to veto against events which
did not occur at the collision time: 5 ns < t < 20 ns. These cuts reduce the number
of data events drastically from 195530 events to 3083 events, while the number of
simulated background events is almost unaffected, illustrating that indeed most of the
events selected in data are unmodeled background.

(3) To reject cosmic events which pass the detector outside the geometrical acceptance
region of the ToF, the following cut is applied: if an event contains more than 50 hits
in the muon chambers, the selected tracks must have at least 30 hits in the central
tracking chamber. This requirement makes use of the fact that for cosmic events,
which are not in time with the beam crossing, tracks are often reconstructed as many
individual small track segments.

(4) Interactions of beam electrons with particles of the beam gas or with the wall of the
beam pipe can happen at z coordinates far away from the primary vertex. Therefore
beam gas and beam wall events usually contain tracks coming from an interaction
point that is shifted by a large amount in z w.r.t. the main vertex. Thus, to reduce
this background, the z coordinate of the point of closest approach, z0, of the two tracks
must not be in the same z hemisphere, if both tracks have a |z0| of at least 6 cm 5.

(5) The remaining unmodeled background can be drastically reduced by requiring |z0| <
40 cm for the secondary tracks. After this cut there are 337 events left in the data,
with about 54 events expected from the SM Monte Carlo. As visible from Table 5.2,
with cuts (2) – (5) a reduction of the data by a factor of 580 was achieved, while these
cuts, designed to reduce unmodeled background, have indeed only a minor impact on
the expected SM background, which changes from 76 events to 54 events.

(6) The acoplanarity angle α = 180◦ − ϕ, where ϕ is the angle between the two tracks
in the r–φ plane, must satisfy: 5◦ < α < 175◦. This cut helps to reject further
background containing back–to–back tracks, especially Bhabha events and muon pairs.
Also neutrino pair events with a converted ISR photon are removed by this cut, as the
tracks from the conversion electron and positron are close to each other due to their
boost in the forward direction. In addition, the remaining unmodeled background
is further reduced, as beam gas interactions tend to have high acoplanarity angles
while cosmic events with one track misreconstructed as two tracks usually have small
acoplanarity angles. After this cut there is good agreement between the number of
data and background events (16 versus 19.5).

(7) To further reduce the remaining background, mainly from two–photon collisions, each
secondary track is required to have a total momentum p > 10GeV/c. The distribution
of the total momentum after cut (6) for the whole data set and the simulated back-
ground is shown in Figure 5.5 (a), where it can be seen that the qualitative agreement
between the data and the MC background is reasonable. The two–photon background
dominates and the distribution peaks in the very low momentum region. This has to
be compared with the signal expectation shown in Fig. 5.5 (b), where the momentum
distributions for, as examples, selectrons with masses of 50GeV/c2 and 100GeV/c2

are shown. Especially for the most interesting high mass events only a small fraction
of events are reconstructed in the momentum region below 10GeV/c. After this cut
the remaining background is reduced to much less than one expected event.

(8) As already mentioned, two–photon events with an invariant hadronic mass W smaller
than 5GeV/c2 are not included in the PHOJET Monte Carlo simulation. To reject

5This last requirement takes care of the coarse z resolution of the OPAL jet chamber: 4.5 cm for muon
pair events and 6 cm for multi–hadronic events.
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Figure 5.5: The distribution of the total momentum p of each secondary track in the 2–
lepton channel (see Section 5.5.1), plotted directly before the cut on p is applied. In (a) the
data taken in the years 1998–2000 at

√
s = 189 − 209 GeV are shown as filled circles with

error bars, the expected two–photon background is shown in yellow, the expected four–fermion
background in blue and all other Standard Model background in green. There are two entries
per event. In (b) the total momentum is shown for pair–production of selectrons with masses
of 50 GeV/c2 (dashed line) and 100 GeV/c2 (solid line). The selectrons were simulated with
a lifetime of 10−10 s at

√
s = 208 .1 GeV. The normalisation in (b) is arbitrary.

this unmodeled background the invariant massW of the two selected tracks must satisfy
W > 5GeV/c2. Throughout this work for the calculation of the variable W the tracks
are treated as pions. The distribution of W for the data and the simulated Standard
Model background after cut (7), for the whole data set, is shown in Figure 5.6 (a). In
Fig. 5.6 (b) the W distribution is shown for selectrons with the parameters as described
above. For the signal the distributions peak around 70 GeV/c2.

In the whole data set no event is finally selected, in perfect agreement with the 0.09
events that are expected from the Standard Model Monte Carlo. Table 5.4 gives a summary
of the number of selected and expected events in each channel for different centre–of–mass
energies and in total after all cuts. In the 2–lepton channel, shown in the second column,
at four centre–of–mass energies no event remains in the background. Conservatively for the
limit calculation (see Sect. 9.1.2) in these cases the number of expected background events
was set to 0.01.

As examples the efficiencies after each cut for selectrons and smuons with masses of
100GeV/c2 and lifetimes of 10−9 s are shown in Tab 5.3. After all cuts, efficiencies 6 of about
30−65% for selectrons and about 60−70% for smuons, depending on the mass, are reached.
The reason for the smaller efficiency for selectrons is that, for small selectron masses, the
t–channel distribution dominates. This leads to a strong production in the forward direction
and therefore, since a large fraction of particles are lost in the beam pipe, to a smaller

6Here and in the following, efficiencies are quoted for the lifetime where the efficiency has its maximum
(τ = 10−10

− 10−9 s, depending on the mass of the particle). Of course the efficiency drops rapidly for
lifetimes for which no tracks with large impact parameters are produced, since in this case the analysis has
no sensitivity.
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efficiency. This, however, is not a problem, because for small masses the expected cross–
section is large. In combination with the extremely low level of remaining background these
high efficiencies assure an excellent sensitivity for smuon and selectron pair–production.
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Figure 5.6: The distribution of the invariant mass W in the 2–lepton channel (see Sect.
5.5.1), plotted directly before the cut on W is applied. In (a) the data taken in the years
1998–2000 at

√
s = 189 − 209 GeV are shown as filled circles with error bars, the expected

two–photon background is shown in yellow, the expected four–fermion background in blue and
all other Standard Model background in green. The arrow indicates the accepted region. In
(b) the invariant mass is shown for pair–production of selectrons with masses of 50 GeV/c2

(dashed line) and 100 GeV/c2 (solid line). The selectrons were simulated with a lifetime of
10−10 s at

√
s = 208 .1 GeV. The normalisation in (b) is arbitrary.

Efficiency [%] Efficiency [%]
After e+e− → ẽRẽR e+e− → µ̃Rµ̃R

- 100.0 100.0
Preselection 86.6 89.0
Topological selection 84.0 86.7
2 secondary tracks 82.5 86.7
No primary tracks 82.1 86.2
# add. tracks < 4 81.1 86.0
Cut (1) 80.1 85.6
Cut (2) 75.0 78.1
Cut (3) 75.0 78.1
Cut (4) 73.2 76.1
Cut (5) 71.7 75.4
Cut (6) 68.1 71.0
Cut (7) 66.1 71.0
Cut (8) 66.1 71.0

Table 5.3: The efficiencies for selectron and smuon pair–production, simulated at
√

s =
208 .1 GeV with a slepton mass of 100 GeV/c2 and a slepton lifetime of 10−9 s, after each
cut.
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2–Lepton channel 2–Tau channel 4–Lepton channel 6–Lepton channel
√
s [GeV] Data MC Bkg. Data MC Bkg. Data MC Bkg. Data MC Bkg.

189 0 0.05 2 0.93 1 1.20 4 3.68

192 0 < 0.01 0 0.11 1 0.23 1 0.64

196 0 < 0.01 1 0.25 0 0.57 1 1.00

200 0 0.02 0 0.49 0 1.25 2 1.91

202 0 < 0.01 0 0.18 1 0.23 2 0.62

204–206 0 < 0.01 0 0.56 0 0.91 1 2.23

206–207 0 0.01 1 1.13 1 1.24 2 3.42

> 207 0 0.01 0 0.14 0 0.08 0 0.22

189–209 0 < 0.13 4 3.79 4 5.71 13 13.72

Table 5.4: The remaining number of data events and events expected from Standard Model
background after all cuts at the different centre–of–mass energies.

5.5.2 Stau Pair–Production: 2–Tau Selection

For stau pair–production, e+ e− → τ̃+
1 τ̃−1 , followed by decays τ̃±1 → τ± G̃, the topology is two

or more secondary tracks, depending on the tau decays, and no tracks from the primary event
vertex. The topology is thus similar to the one for selectron and smuon pair–production, but
with a higher track multiplicity and less visible energy present in the events. This selection
is in the following referred to as the 2–tau selection.

The topological selection is identical to Sect. 5.5.1. For the further event selection the
aim was to keep the cuts of the 2–lepton selection wherever possible. In the case when
exactly two secondary tracks are reconstructed, the cuts from Sect. 5.5.1 are used, with slight
modifications to take into account that in the case of staus the visible energy is reduced due
to the neutrinos. However, when at least one of the taus decays hadronically with more than
one charged tracks in the final state (the branching ratio for “three prong” decays is 15.18 %),
more than two secondary tracks will in general be present. In this case the secondary tracks
are clustered to objects, which can be considered as “tau candidates”. These tau candidates
are then treated like single particles and cuts analogous to the cuts of Section 5.5.1 are
applied.

For the reconstruction of the tau candidates the following method is used: two secondary
tracks i and j are clustered together, if either

•
∣

∣

∣
|di

0| − |dj
0|
∣

∣

∣
< 0.1 cm

or

• (
∣

∣

∣
|di

0| − |dj
0|
∣

∣

∣
)/dij

0 < 15%, with dij
0 = (|di

0| + |dj
0|)/2 .

For lifetimes of 10−10−10−9 s in about 53 % of all events the tracks of both taus are correctly
identified and assigned to tau candidates. Events in which all tracks are assigned to the same
tau candidate are rejected. If more than two tau candidates are formed the scalar momenta
of the n tracks assigned to a tau candidate are summed up and the two tau candidates with
the highest total momenta ptau1 and ptau2 , with ptaui =

∑ni

k=1 |~p k| are used in the event
selection below. For each tau candidate the following variables are calculated from the n
tracks that are associated with it:

• the momentum ~p tau = (ptau
x , ptau

y , ptau
z ), with ptau

x =
∑n

k=1 p
k
x , ptau

y =
∑n

k=1 p
k
y , ptau

z =
∑n

k=1 p
k
z ,
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• the transverse momentum ptau
T =

√

(ptau
x )2 + (ptau

y )2,

• the average longitudinal impact parameter ztau
0 = 1

n

∑n
k=1 z

k
0 ,

• the average time–of–flight relative to the beam crossing ttau = 1
n′

∑n′

k=1 t
k from the n′

tracks which have a ToF hit associated to them.

The (pseudo) tau momenta are then used to calculate the acoplanarity angle αtau = 180◦ −
ϕtau, ϕtau being the angle between the momenta of the tau candidates in the transverse
plane, as well as the invariant mass W tau of the two tau candidates.

As in Section 5.5.1, events with more than three additional tracks are rejected. The
number of data and simulated background events after each cut for the different years can
be found in Table 5.5. At this point there is again a large discrepancy between the number
of data events and the events expected from Standard Model sources: 551019 versus 118
events. This discrepancy is reduced with the following set of cuts:

(1) The tau candidates are required to satisfy ptau
T ≥ 1.5GeV/c.

(2) If the number of secondary tracks is exactly two, these must have different charges.

(3) The momentum ptau of each tau candidate must not be larger than the beam energy
to reduce combinatorial background.

(4) If exactly two secondary tracks are found: tracks contained within the geometrical
acceptance region of the ToF (| cos θ| < 0.82) must have a ToF hit associated with
them, and the time–of–flight must satisfy: 5 ns < t < 20 ns (cut (2) of Sect. 5.5.1, see
there for details and motivation). If more than two secondary tracks are found, all of
them must be associated to hits in the ToF and for each tau candidate the variable
ttau is required to fulfill 5 ns< ttau < 20 ns.

(5) If an event contains more than 50 hits in the muon chambers, all selected secondary
tracks must have at least 30 hits in the central tracking chamber.

(6) If exactly two secondary tracks are found: The z0 of the two tracks must not be in
the same z hemisphere, if both tracks have a |z0| of at least 6 cm (cut (4) of Sect.
5.5.1). If more than two secondary tracks are found, for each tau candidate the same
requirement must be fulfilled for the average ztau

0 .

(7) For all secondary tracks the longitudinal impact parameter |z0| must be at most 40 cm.

(8) If exactly two secondary tracks are found: the acoplanarity angle must satisfy: 5◦ <
α < 175◦ (cut (6) of Sect. 5.5.1). If more than two secondary tracks are found the
acoplanarity αtau must fulfill 10◦ ≤ αtau ≤ 175◦. As can be seen from Table 5.5,
after this cut there is good agreement between the number of data events (22) and the
number of expected Standard Model events (19.8).

(9) At least one of the secondary tracks or the tau candidates must have a momentum
p ≥ 5GeV/c or ptau ≥ 5GeV/c, respectively. In Fig. 5.7 (b) this variable is shown
for stau pair–production signal events simulated with a lifetime of 10−10 s and stau
masses of 50GeV/c2 and 100GeV/c2. Compared with the distributions for smuon
pair–production shown in Fig. 5.5 (b), the peaks of the distributions are shifted to much
smaller values for both slepton masses, illustrating the effect of the neutrinos carrying
away additional energy. The same distribution for the data and the simulated Standard
Model background after cut (8) is shown in Fig. 5.7 (a). Again the largest fraction of
remaining background is two–photon background. Data and background agree well.
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Year 1998 Year 1999 Year 2000 Years 1998–2000

After Data MC Bkg. Data MC Bkg. Data MC Bkg. Data MC Bkg.

- 12461200 1799240 16285760 2391640 16441800 2294610 45188760 6485490

Preselection 331327 7267.7 331405 8694.9 460131 8157.5 1122863 24120.1

Topological selection 278801 277.2 273197 365.4 378102 344.5 930100 987.1

0 primary tracks 276835 60.9 271088 81.2 375663 69.7 923586 211.8

# vertices > 1 169133 60.9 166178 81.1 228071 69.6 563382 211.6

# add. tracks < 4 165851 34.3 162705 41.8 222463 41.7 551019 117.8

Cut (1) 152667 34.3 149610 41.8 204539 41.7 506816 117.8

Cut (2) 118505 24.2 117318 26.5 159132 27.0 394955 77.7

Cut (3) 99219 24.2 99278 26.5 136695 27.0 335192 77.7

Cut (4) 1718 21.1 1526 21.9 2064 22.2 5308 65.2

Cut (5) 1709 21.1 1519 21.9 2054 22.2 5282 65.2

Cut (6) 514 17.7 434 18.6 620 20.0 1568 56.3

Cut (7) 204 17.1 228 18.0 267 19.7 699 54.8

Cut (8) 5 6.2 9 6.5 8 7.1 22 19.8

Cut (9) 2 2.1 5 2.8 4 2.4 11 7.3

Cut (10) 2 0.9 1 1.0 1 1.9 4 3.8

Table 5.5: The remaining number of events after each cut (see Section 5.5.2) for simulated background and data
for the years 1998, 1999 and 2000 and in total in the 2–tau channel.
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Figure 5.7: The distribution of the total momentum p of each secondary track in the 2–
tau channel (see Section 5.5.2), plotted directly before the cut on p is applied. In (a) the
data taken in the years 1998–2000 at

√
s = 189 − 209 GeV are shown as filled circles with

error bars, the expected two–photon background is shown in yellow, the expected four–fermion
background in blue and all other Standard Model background in green. There are two entries
per event. In (b) the total momentum is shown for pair–production of staus with masses
of 50 GeV/c2 (dashed line) and 100 GeV/c2 (solid line). The staus were simulated with a
lifetime of 10−10 s at

√
s = 208 .1 GeV. The normalisation in (b) is arbitrary.

(10) The invariant mass of the two secondary tracks respectively the two tau candidates is
required to be at least 3GeV/c2. The invariant mass for signals with the parameters
described above are shown in Fig. 5.8 (b), exhibiting again the effect of smaller visible
energy compared to Fig. 5.6 (b). The distributions for the data and the simulated
Standard Model background after cut (9) are shown in Fig. 5.8 (a).

After all cuts there are four events left in the data, with 3.8 events expected from sim-
ulated Standard Model sources. The results for the different centre–of–mass energies are
summarised in the third column of Table 5.4 (page 41).

The efficiency after each cut for stau pair–production events simulated with a lifetime
of 10−9 s and a mass of 100GeV/c2 is shown in Table 5.6. It can be seen that the loss
of efficiency, compared to the 2–lepton selection, is happening before cut (1), due to the
multiplicity cuts. After all cuts the efficiency is still around 45–52 %, depending on the stau
mass.

5.5.3 Neutralino Pair–Production: 4–Lepton Selection

In this section a selection for a production of neutralino pairs, e+ e− → χ̃0
1 χ̃

0
1, followed by

decays χ̃0
1 → ℓ̃±R ℓ

∓, is presented. In this channel there are four leptons in the final state,
of which two, depending on the slepton lifetime, might have large impact parameters. Thus
the topology is at least two tracks with large impact parameters and at least two tracks from
the primary interaction point. The multiplicity depends on the flavour composition. Two
cases were studied: in the slepton co–NLSP scenario the neutralino decays to sleptons of
all flavours with equal branching fractions, while in the stau NLSP scenario it decays with
100% branching fraction to τ̃1τ . The selection described here, referred to as the 4–lepton
selection, was used in both cases.
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Figure 5.8: The distribution of the invariant mass W of the secondary tracks in the 2–
tau channel (see Section 5.5.2), plotted directly before the cut on W is applied. In (a) the
data taken in the years 1998–2000 at

√
s = 189 − 209 GeV are shown as filled circles with

error bars, the expected two–photon background is shown in yellow, the expected four–fermion
background in blue and all other Standard Model background in green. The arrow indicates
the accepted region. In (b) the invariant mass is shown for pair–production of staus with
masses of 50 GeV/c2 (dashed line) and 100 GeV/c2 (solid line). The staus were simulated
with a lifetime of 10−10 s at

√
s = 208 .1 GeV. The normalisation in (b) is arbitrary.

After Efficiency [%]

- 100.0
Preselection 83.8
Topological selection 78.3
0 primary tracks 75.6
# vertices > 1 73.3
# add. tracks < 4 68.0
Cut (1) 68.0
Cut (2) 67.3
Cut (3) 67.3
Cut (4) 60.8
Cut (5) 60.8
Cut (6) 58.7
Cut (7) 57.8
Cut (8) 53.2
Cut (9) 52.9
Cut (10) 52.1

Table 5.6: The efficiency for stau pair–production, simulated at
√

s = 208 .1 GeV with a stau
mass of 100 GeV/c2 and a stau lifetime of 10−9 s, after each cut.
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After the topological selection, described in Section 5.5.1, it is required that at least two
primary tracks are found. As visible from Table 5.7, this leads to a drastic reduction of the
number of data events by a factor of about 280 (from 930100 to 3290 events). In contrast,
the Monte Carlo background is suppressed by approximately a factor of only two. This is
explained by the fact that in most of the unmodeled background sources tracks from the
primary vertex are not present. No cut on the number of additional tracks is imposed. The
following cuts are applied to the remaining number of events:

(1) All secondary tracks are required to have |z0| ≤ 40 cm.

(2) At least two of the primary tracks must have a transverse momentum larger than
1GeV/c. The transverse momenta of the primary tracks for the data and the Monte
Carlo background after cut (1) are plotted in Fig. 5.9 (a). Apart from the poorly
modeled very low–momentum region good agreement is found. Fig 5.9 (b) shows this
variable for signal events in the slepton co–NLSP scenario simulated at

√
s = 206.0GeV

with a lifetime of 5 · 10−10 s. As examples, the cases (Mχ̃0
1

= 50GeV/c2, Mℓ̃R
=

45GeV/c2) and (Mχ̃0
1

= 102GeV/c2 , Mℓ̃R
= 100GeV/c2) are shown. Close to the

kinematic limit small transverse momenta are expected.

(3) Hits in the silicon microvertex detector and the vertex chamber must exist for at least
two of the primary tracks.

(4) For Bhabha events the two primary tracks are usually back–to–back. To reject this
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Figure 5.9: The distribution of the transverse momentum pT of each primary track in the
4–lepton channel (see Sect. 5.5.3), plotted directly before the cut on pT is applied. In
(a) the data taken in the years 1998–2000 at

√
s = 189 − 209 GeV are shown as filled

circles with error bars, the expected two–photon background is shown in yellow, the expected
four–fermion background in blue and all other Standard Model background in green. There
are at least two entries per event. In (b) the transverse momentum of each primary track
is shown for neutralino pair–production in the slepton co–NLSP scenario. Two cases are
plotted: Mχ̃0

1

= 50 GeV/c2 and Mℓ̃R
= 45 GeV/c2 (dashed line) and Mχ̃0

1

= 102 GeV/c2

and Mℓ̃R
= 100 GeV/c2 (solid line). The events were simulated with a slepton lifetime of

5 · 10−10 s at
√

s = 206 .0 GeV. The normalisation in (b) is arbitrary.
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background, the opening angle ξ in the r− φ plane, between each two primary tracks,
must satisfy ξ ≤ 176◦.

(5) The invariant mass of all m secondary tracks

W =

√

(

∑m

i=1
Ei
)2

−
(

∑m

i=1
pi

x

)2
−
(

∑m

i=1
pi

y

)2
−
(

∑m

i=1
pi

z

)2

must fulfill W > 5GeV/c2. The distributions of the invariant mass after cut (6) for
the data and the simulated background are shown in Fig. 5.10 (a). Good agreement
is found. In Fig 5.10 (b) the corresponding signal distributions for the parameters
described above are plotted. It can be seen, that, in contrast to cut (2), only a small
fraction of signal events fail this cut.

(6) Secondary particles can also be produced in photon conversions. In this case their
tracks often start in the middle of the jet chamber and have, due to the boost in
the forward direction, relatively small but not negligible impact parameters. For the
signal secondary particles arise from the decay of heavy particles, resulting in a much
smaller boost. Thus to produce equally small impact parameters the flight lengths
of the primary particles must be much shorter than for photons, and the secondary
tracks start, in general, at radii smaller than those of the jet chamber. To veto such
tracks from photon conversions the following cut is applied: for tracks with an impact
parameter |d0| < 2 cm the first hit in the jet chamber must be measured at a radial
distance to the primary interaction point of less than 40 cm.

(7) The transverse momentum of all secondary tracks,
√

(
∑m

i=1 p
i
x)

2 +
(
∑m

i=1 p
i
y

)2
, must

exceed 3GeV/c.
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Figure 5.10: The distributions of the invariant mass W of all secondary tracks in the 4–lepton
channel, plotted directly before the cut on W is applied. In (a) the data taken in the years
1998–2000 at

√
s = 189 − 209 GeV are shown as filled circles with error bars, the expected

two–photon background is shown in yellow, the expected four–fermion background in blue
and all other Standard Model background in green. The arrow indicates the accepted region.
In (b) the invariant mass is shown for neutralino pair–production in the slepton co–NLSP
scenario. Two cases are plotted: Mχ̃0

1

= 50 GeV/c2 and Mℓ̃R
= 45 GeV/c2 (dashed line) and

Mχ̃0

1

= 102 GeV/c2 and Mℓ̃R
= 100 GeV/c2 (solid line). The events were simulated with a

slepton lifetime of 5 · 10−10 s at
√

s = 206 .0 GeV. The normalisation in (b) is arbitrary.
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Year 1998 Year 1999 Year 2000 Years 1998–2000
After Data MC Bkg. Data MC Bkg. Data MC Bkg. Data MC Bkg.

- 12461200 1799240 16285760 2391640 12461200 2294610 45188760 6485490
Preselection 331328 7267.7 331405 8694.9 460131 8157.5 1122863 24120.1
Topological selection 278801 277.2 273197 365.4 378102 344.5 930100 987.1
# primary tracks > 1 983 142.8 1113 182.4 1194 181.5 3290 506.7
Cut (1) 112 93.4 133 123.4 135 112.8 380 329.6
Cut (2) 37 53.6 60 67.0 61 65.8 158 186.4
Cut (3) 30 47.8 51 58.4 53 56.8 134 163.0
Cut (4) 15 25.1 29 31.6 31 31.1 75 87.8
Cut (5) 2 2.3 8 3.5 2 3.2 12 9.0
Cut (6) 1 1.8 4 3.0 2 2.7 7 7.5
Cut (7) 1 1.2 2 2.3 1 2.2 4 5.7

Table 5.7: The remaining number of events after each cut (see Section 5.5.3) for simulated background and data for the
years 1998, 1999 and 2000 and in total in the 4–lepton channel.

Year 1998 Year 1999 Year 2000 Years 1998–2000
After Data MC Bkg. Data MC Bkg. Data MC Bkg. Data MC Bkg.

- 12461200 1799240 16285760 2391640 16441800 2294610 45188760 6485490
Preselection 331328 7267.7 331405 8694.9 460131 8157.5 1122863 24120.1
Topological selection 278801 277.2 273197 365.4 378102 344.5 930100 987.1
# primary tracks > 2 385 74.5 493 87.3 530 97.5 1408 259.3
Cut (1) 54 48.4 60 62.6 61 63.1 175 174.1
Cut (2) 30 36.4 43 49.1 44 52.5 117 138.0
Cut (3) 5 4.4 11 5.3 3 6.7 19 16.4
Cut (4) 4 3.7 6 4.2 3 5.9 13 13.7

Table 5.8: The remaining number of events after each cut (see section 5.5.4) for simulated background and data for the
years 1998, 1999 and 2000 and in total in the 6–lepton channel.
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In the fourth column of Table 5.4 (page 41) the number of data and background events
remaining after all cuts is given, for the individual centre–of–mass energies. In total four
events are left in the data in good agreement with the 5.7 events expected from simulated
Standard Model background sources.

In Table 5.9 the efficiency is shown after each cut for a slepton lifetime of 10−9 s, a
neutralino mass of 95GeV/c2 and a slepton mass of 85GeV/c2 in the slepton co–NLSP
scenario and the stau NLSP scenario. The efficiency is reduced mainly by the cut on the
transverse momentum of the primary tracks. After all cuts, efficiencies around 50% are
obtained in the slepton co–NLSP scenario. Due to the non–negligible tau mass the efficiency
in the stau NLSP scenario depends crucially on the mass difference between the neutralino
and the stau, ∆M . For large ∆M the highest efficiencies are about 35%, while for ∆M <
2GeV/c2 the efficiencies drop to only a few percent.

Efficiency [%] Efficiency [%]

After ℓ̃ co–NLSP τ̃ NLSP

- 100.0 100.0
Preselection 85.2 76.9
Topological selection 81.5 72.0
# primary tracks > 1 70.5 57.6
Cut (1) 66.8 55.3
Cut (2) 60.4 39.3
Cut (3) 56.9 37.7
Cut (4) 55.0 36.3
Cut (5) 53.3 33.4
Cut (6) 52.5 32.3
Cut (7) 52.1 31.5

Table 5.9: The efficiencies after each cut for neutralino pair–production signals simulated at√
s = 206 GeV with a neutralino mass of 95 GeV/c2 and a slepton mass of 85 GeV/c2 for

a slepton lifetime of 10−9 s in the slepton co–NLSP scenario (BR (χ̃0
1
→ τ̃1 τ) = 1/3) and

the stau NLSP scenario (BR (χ̃0
1
→ τ̃1 τ) = 100 %).

5.5.4 Slepton Pair–Production in the Stau NLSP Scenario: 6–Lepton Se-

lection

In the stau NLSP scenario staus can be produced indirectly via selectron or smuon pair–
production, e+ e− → ℓ̃+R ℓ̃

−
R with ℓ̃±R = ẽ±R or µ̃±R, followed by decays ℓ̃+R → χ̃0

1ℓ
+ → τ̃±1 τ∓ℓ+.

In this channel there are six leptons in the final state: two electrons or muons originating
from the primary vertex, two primary taus and finally the two secondary taus respectively
their decay products from the stau decays, which, depending on the lifetime, might have
large impact parameters. Thus the topology in this channel is at least two tracks with large
impact parameters and at least four primary tracks. This selection, in the following referred
to as the 6–lepton selection, is very similar to the selection described in Section 5.5.3. It was
used both for selectron and smuon pair–production, for which it yields similar efficiencies.

First the topological selection described in Sect. 5.5.1 is applied. All events with less
than three primary tracks are rejected, while no cut on the number of additional tracks is
applied. The remaining 1408 data and 259.3 MC events are subjected to the following cuts:

(1) All secondary tracks are required to have |z0| ≤ 40 cm (cut (1) of Sect. 5.5.3). After
this cut there are 175 events left in the data, while about 174 events are expected from
the simulated Standard Model background.
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(2) At least one of the primary tracks must have a transverse momentum larger than
1GeV/c. The transverse momenta of the primary tracks for the data and the Monte
Carlo background after cut (1) are plotted in Fig. 5.11 (a) and show very good agree-
ment. Fig 5.11 (b) shows this variable for smuon pair–production signal events sim-
ulated at

√
s = 206.0GeV with a stau lifetime of 10−10 s. As examples the cases

(Mµ̃R
= 60GeV/c2 , Mχ̃0

1
= 58GeV/c2 , Mτ̃1 = 56GeV/c2) and (Mµ̃R

= 102.5GeV/c2 ,

Mχ̃0
1

= 99.9GeV/c2 , Mτ̃1 = 98GeV/c2) are shown.

(3) The invariant mass of all secondary tracks must fulfill W > 5GeV/c2 (cut (5) of Sect.
5.5.3). The distributions of the invariant mass after cut (4) for the data and the
simulated background are shown in Fig. 5.12 (a). Again good agreement is found. In
Fig 5.12 (b) the corresponding signal distributions for the parameters described above
are plotted. Compared with the 4–lepton channel the invariant mass peaks at much
smaller values due to fact that in the 6–lepton channel in addition to the gravitino two
neutrinos carry away energy.

(4) For tracks with an impact parameter |d0| < 2 cm the first hit in the jet chamber must
be measured at a radial distance to the primary interaction point of less than 40 cm
(cut (6) of Sect. 5.5.3).
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Figure 5.11: The distributions of the transverse momentum pT of each primary track in the
6–lepton channel (see Section 5.5.4), plotted directly before the cut on pT is applied. In (a)
the data taken in the years 1998–2000 at

√
s = 189 −209 GeV are shown as filled circles with

error bars, the expected two–photon background is shown in yellow, the expected four–fermion
background in blue and all other Standard Model background in green. There are at least two
entries per event. In (b) the transverse momentum is shown for smuon pair–production in the
stau NLSP scenario. Two cases are plotted: Mµ̃R

= 60 GeV/c2, Mχ̃0

1

= 58 GeV/c2, Mτ̃1 =

56 GeV/c2 (dashed line) and Mµ̃R
= 102 .5 GeV/c2, Mχ̃0

1

= 99 .9 GeV/c2, Mτ̃1 = 98 GeV/c2

(solid line). The events were simulated with a stau lifetime of 10−10 s at
√

s = 206 .0 GeV.
The normalisation in (b) is arbitrary.

50



      √s=189-209 GeV

W (GeV/c
2
)

E
v

en
ts

 /
 0

.5
 G

eV
/c

2

(a)

1

10

0 1 2 3 4 5 6 7 8 9 10 0

10

20

30

40

50

60

0 10 20 30 40 50 60 70 80 90

τ=10
-10

sec, √s=206 GeV

W (GeV/c
2
)

E
v

en
ts

 /
 2

.5
 G

eV
/c

2

(b)

Figure 5.12: The distributions of the invariant mass W of all secondary tracks in the
6l–channel (see Section 5.5.4), plotted directly before the cut on W is applied. In (a)
the data taken in the years 1998–2000 at

√
s = 189 − 209 GeV are shown as filled cir-

cles with error bars, the expected two–photon background is shown in yellow, the expected
four–fermion background in blue and all other Standard Model background in green. There
are two entries per event. The arrow indicates the accepted region. In (b) the invari-
ant mass is shown for smuon pair–production in the stau NLSP scenario. Two cases
are plotted: Mℓ̃ = 60 GeV/c2 , Mχ̃0

1

= 58 GeV/c2 , Mτ̃ = 56 GeV/c2 (dashed line) and

Mℓ̃ = 102 .5 GeV/c2 , Mχ̃0

1

= 99 .9 GeV/c2 , Mτ̃ = 98 GeV/c2 (solid line). The events were

simulated with a stau lifetime of 10−10 s at
√

s = 206 .0 GeV. The normalisation in (b) is
arbitrary.

The number of data and background events remaining after all cuts for the individual
centre–of–mass energies are given in the last column of Table 5.4 (page 41). In total 13
data events survive the selection in good agreement with the 13.7 events that are expected
from Standard Model background sources. The efficiencies after each cut for a selectron and
smuon pair–production signal simulated at

√
s = 206GeV with a stau lifetime of 10−10 s,

a selectron or smuon mass of 100GeV/c2 , a neutralino mass of 98GeV/c2 and a stau mass
of 90GeV/c2 are given in Table 5.10. A reduction in efficiency is introduced already at the
preselection level due to the multiplicity requirement. After all cuts efficiencies of 45–50%
for selectron and 40–45% for smuon pair–production are reached.

5.5.5 Chargino Pair–Production

For chargino pair–production, e+ e− → χ̃+
1 χ̃

−
1 , two cases were studied: in the slepton co–

NLSP scenario the chargino decays as χ̃+
1 → ℓ̃+R νℓ, with equal branching fractions for sleptons

of all flavours. In the stau NLSP scenario the chargino decays with 100% branching fraction
to τ̃1ντ . The experimental topology is similar to slepton pair–production in the slepton
co–NLSP and stau NLSP scenarios (Sect. 5.5.1 and 5.5.2), with the difference that now an
additional neutral particle, the neutrino, carries away energy. For the slepton co–NLSP case
the selection from Sect. 5.5.1 was used, while for the stau NLSP case the selection for stau
pair–production described in Sect. 5.5.2 was applied.

For the slepton co–NLSP scenario efficiencies of about 35–43 % are reached. No events
are selected in the total data set with 0.09 events expected from SM background sources (see
Sect. 5.5.1 for details).
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Efficiency [%] Efficiency [%]

After ℓ̃ co–NLSP τ̃ NLSP

- 100.0 100.0
Preselection 68.2 66.1
Topological selection 61.9 59.8
# primary tracks > 2 55.5 53.6
Cut (1) 53.9 52.2
Cut (2) 53.6 51.9
Cut (3) 49.1 46.1
Cut (4) 47.2 44.1

Table 5.10: The efficiencies after each cut for slepton pair–production with a stau NLSP.
The efficiencies for selectron and smuon pair production simulated at

√
s = 206 GeV with a

smuon/selectron mass of 100 GeV/c2 , a neutralino mass of 98 GeV/c2 and a stau mass of
90 GeV/c2 for a stau lifetime of 10−9 s are shown.

For the stau NLSP scenario the efficiencies are slightly higher and reach 38–48 %. How-
ever, with 3.8 events expected from Standard Model background sources, the sensitivity is
lower than in the slepton co–NLSP case. Four events are selected in the total data set (see
Sect. 5.5.2 for details).
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Chapter 6

Determination of the Signal

Efficiency

In SUSY, the masses and (for GMSB models) lifetimes of the supersymmetric particles are
unknown. Searches have to be performed for all values, but Signal Monte Carlo samples can
only be generated for a finite number of sparticle masses and NLSP lifetimes. To determine
efficiencies for arbitrary masses and lifetimes, an interpolation has to be performed between
the generated points. For this purpose an efficiency function, based on the kinematics of
the production and decay of the particles, is used to describe the efficiencies as a function of
the centre–of–mass energy, the lifetime and βγ of the particles. This method was originally
developed at OPAL for the search for tracks with kinks and later generalised to be appropriate
for all GMSB searches. It is described in detail in [40] and [43]. Here only the basic ideas of
this method will be discussed. A list of the generated Monte Carlo points that were used as
input for the fit can be found in Appendix B.

Several simplifications and assumptions 1 are made for the calculation of the efficiency
function:

• The decay of the particle with lifetime τ follows an exponential decay law.

• The detector geometry is approximated by the shell of a sphere.

• The efficiency is assumed to be constant within the inner and outer radius of this shell.
These radii do not correspond to any physical radii of the detector, but depend on the
selection.

• Initial and final state radiation are neglected in the calculation of the event kinematics.

The search for tracks with large impact parameters is only efficient if both sleptons decay
within a certain fiducial volume of the detector. The efficiency for selecting a single sparticle
ǫsingle is proportional to the probability that the particle has decayed within this fiducial
volume, i.e. between its inner and outer radius, Rstart and Rstop:

ǫsingle ∼
Rstop
∫

Rstart

P (l)dl ,

where l is the decay length in the lab frame. The decay probability P (l) is given by

P (l) =
1

λ
exp

(

− l

λ

)

.

1It has to be stressed that these assumptions are made for the efficiency functions only. The signal Monte
Carlo is generated with the correct geometry and includes initial and final state radiation.
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The parameter λ is the mean decay length of the particle in the lab frame and is given by

λ = βγcτ .

Integration yields

ǫsingle = ǫ0

[

exp

(

−Rstart

λ

)

− exp

(

−Rstop

λ

)]

.

The factor ǫ0 is introduced to take into account that not all particles decaying in the fiducial
volume will be selected. For the case of pair–produced long–lived particles with mass m,
momentum ~p and energy E =

√
s/2 (both in the lab frame), βγ is given by

βγ =
|~p|
m

=

√

s

4m2
− 1 .

Then the mean decay length can be expressed as

λ = cτ

√

s

4m2
− 1 .

In this analysis both particles are required to decay in the detector. The total event selection
efficiency is therefore given by

ǫ(m, s, τ) = ǫ2single(m, s, τ) .

For long–lived particles that are not pair–produced directly but are decay products of
pair–produced particles, as in the 4–lepton and 6–lepton channels, βγ has to be calculated
differently. For a two–body decay A→B+C the momentum of the long–lived particle B in
the rest frame (denoted with superscript *) of the parent particle A can be calculated from
basic kinematics and is given by:

|~p ∗
B | =

√

[

m2
A − (mB +mC)2

] [

m2
A − (mB −mC)2

]

2mA
. (6.1)

It can be decomposed into its components parallel and perpendicular to the parent momen-
tum:

p∗B⊥
= |~p ∗

B| sin θ∗

p∗B‖
= |~p ∗

B| cos θ∗ .
(6.2)

For the decay angle in the rest frame of the parent, θ∗, a value of π/2 is used. Then βγ of
the secondary particle can be calculated by

βBγB =
|~pB|
mB

=

√

p2
B⊥

+ p2
B‖

mB
.

The momentum components in the lab frame are calculated from the components in the rest
frame of particle A by

pB⊥
= p∗B⊥

pB‖
= βAγAE

∗ + γAp
∗
B‖

(6.3)

with

βAγA =
|~pA|
mA

.
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With the described functions a fit is performed to the efficiency points, determined at
a given

√
s, lifetime and mass, separately for each channel and slepton flavour. The free

parameters are the efficiency scale, ǫ0, and the inner and outer radius of the fiducial detector
volume, Rstart and Rstop. The parameters are then fixed and the resulting efficiency function
is used to calculate the efficiency for all centre–of–mass energies and arbitrary sparticle
masses and lifetimes.
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Chapter 7

The GMSB Scan Database

Interpreting the experimental results in terms of the GMSB model requires that they be
compared with the theoretical expectations within the framework of this model. To exclude
a certain point in the parameter space of the minimal GMSB model, one has to compare the
experimental upper limit on the cross–section with the expected cross–section σ, taking into
account the branching ratio BR (σ×BR2 for pair–produced particles decaying to the same
final state), for the processes kinematically allowed at this point.

A scan in the parameter space was performed in order to calculate the complete mass
spectrum, the production cross–sections and the branching ratios for different SUSY particles
at each point considered. For this scan the framework and formulae of [7] were used and
generalised to include a full mass treatment for all three generations. The calculations are
embedded in the SUSYGEN generator. A detailed description of the method can be found
in [44].

The model parameters as well as the range and step size considered for them in the scan
are summarised in Table 7.1. The messenger scale is arbitrary in the minimal model, but, as
the mass mb of the messenger bosons is given by mb = M

√

1 ± Λ/M , the relation M > Λ
has to be fulfilled in order to obtain a positive messenger boson mass. Both models with
M ∼ Λ and M ≫ Λ do exist. Therefore three scenarios for the messenger scale were studied:
M very close to Λ (M = 1.01 ·Λ), M = 250TeV/c2 and M very large (106 TeV/c2). For the
integer parameter N values up to five were considered. This is adequate, since perturbativity
of the gauge interactions up to the grand unification scale, MGUT, implies [5]

N <∼ 150 / ln MGUT

M .

Thus, for a messenger mass scale M = 100TeV/c2 , N ≤ 5 is required, and even for a
very high M of 1010 TeV/c2, N > 10 is disfavoured from a theoretical point of view. For
the parameter µ both signs were studied. For each of the 30 combinations of N , M and
sign(µ), a scan in Λ and tan β was performed. The upper and lower limits for this scan
were chosen for the following reasons: for Λ > 150TeV/c2 the sparticles are already very
heavy and no exclusion is possible at LEP. For tanβ < 2.0 the calculations are unstable
(small values of tanβ are disfavoured by searches for Higgs bosons [45]). Both the regions
with tanβ > 50.0 and Λ < 5TeV/c2 are theoretically forbidden. The exact shape of the
theoretically inaccesible region in the Λ − tan β plane depends on the other parameters.

A top mass of 175 GeV/c2 was used (the most recent PDG value is 174.3 ± 5.1 GeV/c2),
and at one centre–of–mass energy a full scan was performed for systematic studies with the
top mass varied by two standard deviations. This is discussed in Chapter 8.

The scan information was saved in a database for comparison with the experimental
results. Overall, 270 such data sets were produced: 30 for each centre–of–mass energy, for
nine different energy points 1.

1The center–of–mass energies for the scan were 182.7, 188.7, 191.6, 195.5, 199.5, 201.6, 205.1, 206.7 and
208.1 GeV. They closely match the luminosity–weighted center–of–mass energies of the data, which are slightly
different due to various cuts as for example the detector status cuts.
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For the gravitino mass a value of 2 eV/c2, corresponding to a SUSY breaking scale of√
F ≈ 100TeV/c2, was chosen. This is motivated by the requirement that the branching ratio

of the next–to–NLSP to the gravitino is small and only the NLSP decays to the gravitino. As
long as this is fulfilled, the cross–sections and branching ratios do not depend on the gravitino
mass. This makes it possible to decouple the issue of NLSP lifetime, which depends on

√
F ,

completely from the scan.

Parameter Scan points Step size

Λ 5 – 150TeV/c2 1 TeV/c2

tanβ 2.0 – 50.0 0.2

M 1.01 · Λ, 250TeV/c2 , 106 TeV/c2

N 1, 2, 3, 4, 5

sign(µ) +1, −1

Table 7.1: Scanned points in the GMSB parameter space. The parameter Λ sets the overall
mass scale of the SUSY particles, tan β is the ratio of the vacuum expectation values of the
two Higgs doublets, M is the messenger scale, N the messenger index, and sign(µ) is the
sign of the Higgs sector mixing parameter.

7.1 The Minimal Expected Cross–Section

For the combination of the data with different centre–of–mass energies as well as for the cal-
culation of NLSP mass limits, the theoretically expected cross–sections times the branching
ratio squared (for pair–produced particles) within the model have to be known. Naturally
these vary strongly within the model, depending on the chosen parameter set. To obtain val-
ues which are conservative and valid for each of the considered parameter sets, the following
minimisation procedure was applied.

First, for each of the 30 parameter combinations, a scan over the parameters Λ and
tanβ was performed to obtain for each NLSP mass the minimum σ ·BR2 within this special
parameter set. The σ · BR2 distributions for the 30 points at

√
s = 208.1GeV are shown in

Fig. 7.1 for selectrons and Fig. 7.2 for neutralinos 2. The strong variation of σ ·BR2 between
the various parameter sets can clearly be seen. For smuons and staus the cross–sections
are much more uniform due to the fact that for these only s–channel production is allowed.
Thus for these particles the cross–section is a function of the kinematics (slepton mass and√
s) rather than the details of the model.

Then for each NLSP mass the minimum of σ · BR2 within these 30 scenarios was calcu-
lated. The resulting minimal σ ·BR2 is shown in Fig. 7.3 for selectrons (left) and neutralinos
(right). In both cases “steps” are present, which occur if the minimum jumps from one
combination of the parameters (M , N , sign(µ)) to another. In Fig. 7.4 the minimal σ ·BR2

is shown for smuons (left) and staus (right) in the slepton co– and the stau NLSP sce-
nario. These are all smooth functions, because the minimum is found in the same parameter
combination for all slepton masses.

For the minimisation it was required that either the neutralino NLSP scenario or the
slepton co–NLSP scenario (for selectron, smuon and stau pair–production) or, for stau pair–
production only, the stau NLSP scenario was realised. Otherwise, for each mass parameter
points can be found where the cross–section vanishes, and the minimal cross–section will be

2Minimal σ · BR2 were calculated not only for slepton pair–production but also for neutralino pair–
production in the neutralino NLSP scenario (decays to γG̃). This channel was used for the interpretations,
as discussed in Section 9.2.
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zero. For the different scenarios the following conditions, taken from [6] and modified to
include a proper treatment of the masses of all leptons, have to be fulfilled:

• Slepton co–NLSP scenario (ℓ̃, ℓ̃′ = ẽR, µ̃R, τ̃1; ℓ = e, µ, τ):

Mℓ̃ < Mχ̃0
1
−Mℓ ,

Mℓ̃ < Mℓ̃′ +Mτ .

• Stau NLSP scenario (ℓ̃ = ẽR, µ̃R; ℓ = e, µ):

Mτ̃1 < Mℓ̃R
−Mτ −Mℓ ,

Mτ̃1 < Mχ̃0
1
−Mτ .

• Neutralino NLSP scenario:

Mχ̃0
1
< Mτ̃1 −Mτ .

The regions in the parameter space where the slepton co–NLSP scenario or the neutralino
NLSP scenario is realised are shaded in Fig. 7.1 and Fig. 7.2, respectively.

This minimisation method was not used for the 4–lepton, 6–lepton and chargino channel.
These are important in restricted parts of the GMSB parameter space only, and therefore a
minimisation in the whole GMSB parameter space yields a marginal cross–section. No mass
limits were calculated for these channels, and the theoretical cross–section enters only into
the combination of different center–of–mass energies. For simplicity, for spin 1/2 sparticles
a β/s dependence of the cross–section was assumed, while for scalars a β3/s dependence
was used. These assumptions are strictly true only for the photon propagator [18] and are
approximations, especially for processes with a dominant t−channel.
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Figure 7.1: Minimal cross–section for selectron pair–production times the branching ratio
squared for eG̃ in the slepton co–NLSP scenario at

√
s =208.1GeV, in the different pa-

rameter sets considered in the scan. The plots show σ · BR2 as a function of the selectron
mass, for, from top to bottom, low, medium and high M for both signs of µ, and, from left
to right, for N from one to five. A minimisation in the parameters Λ and tanβ was already
performed. In the shaded regions the conditions for the slepton co–NLSP scenario described
in the text are fulfilled. In the white regions, the NLSP is either the neutralino or the stau.
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Figure 7.2: Minimal cross–section for neutralino pair–production times the branching ratio
squared for γG̃ in the neutralino NLSP scenario at

√
s =208.1GeV, in the 30 different

parameter sets considered in the scan. The plots show σ ·BR2 as a function of the neutralino
mass, for, from top to bottom, low, medium and high M for both signs of µ, and, from
left to right, for N from one to five. In the shaded regions the condition for the neutralino
NLSP scenario described in the text is fulfilled. In the white regions, the NLSP is the lightest
slepton.
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Figure 7.3: Minimal cross–section for selectron pair–production times the branching ratio
squared for eG̃ (left), and for neutralino pair–production times the branching ratio squared
for γG̃ (right), at

√
s =208.1GeV. The minimisation procedure is described in the text.
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Figure 7.4: Minimal cross–section for smuon pair–production times the branching ratio
squared for µG̃ (left) and for stau pair–production times the branching ratio squared for τG̃
in the slepton co–NLSP scenario (right, black squares) and the stau NLSP scenario (right,
red triangles) at

√
s =208.1GeV. The minimisation procedure is described in the text.
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Chapter 8

Systematic Uncertainties

The number of expected signal events S and the number of background events B expected
from Standard Model processes are calculated by the formula

S = Lint ǫS σS

B = Lint
∑

i
ǫi σi

from the integrated luminosity Lint, the signal efficiency ǫS (Chapter 6), the signal cross–
section σS (Section 7.1), and the selection efficiency and cross–section for the various Stan-
dard Model processes taken into account, ǫi and σi. In this chapter the different contributions
considered for the determination of the uncertainties on the number of expected background
and signal events will be discussed.

Uncertainty on the Integrated Luminosity

The relative statistical, systematic and total uncertainty on the luminosity δL/L (=
δLint/Lint) is given in Table 8.1. Contributions to the systematic uncertainty are e.g. the
uncertainty on the beam energy, irreducible background to Bhabha scattering and the un-
certainty on the trigger efficiency. The numbers used for this analysis are taken from the
documents listed under [46], where also more details about the determination of the system-
atic uncertainty on the luminosity can be found. The total relative uncertainty on the (also
integrated) luminosity is 0.2 − 0.3%.

√
s [GeV] 189 192 196 200 202 204–209

δL/L (statistical) [%] 0.09 0.203 0.131 0.132 0.187 0.079

δL/L (systematic) [%] 0.20 0.240 0.217 0.229 0.230 0.223

δL/L (total) [%] 0.21 0.314 0.253 0.264 0.296 0.237

Table 8.1: Statistical, systematic and total relative uncertainties in percent on the lumi-
nosities measured with ROCROS (see Section 5.2) for different years and centre–of–mass
energies.

Uncertainty on the Cross–Sections

The statistical uncertainties on the cross–sections for the various background processes from
the generators are in general small (< 1%) and were neglected.

The top mass is measured with an experimental error of 2.9 %. To determine the uncer-
tainty on the signal cross–sections due to this error a scan was performed at

√
s = 200GeV
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with a top mass of 165 GeV/c2 in addition to the default value of 175 GeV/c2. The min-
imal cross–section times BR2 at 200GeV for selectron, smuon, stau and neutralino pair–
production were re–evaluated and compared with the values obtained with the default top
mass. For selectron, smuon and stau pair–production the effect is small and a conservative
uncertainty of δσ = 1% independent of the slepton mass is assigned to the cross–sections due
to this variation. For neutralino pair–production, however, the effect can be large depending
on the neutralino mass. For small neutralino masses changes are of the order of 50 %, while
for masses larger than ≈ 65GeV/c2 the uncertainty drops to a few percent. This effect
was fully taken into account by using a mass–dependent uncertainty δσ(Mχ̃0

1
) in the limit

calculation at all energies.

Statistical Uncertainties

The statistical uncertainty on the signal efficiency can be calculated from the formula

δǫstatS =
√

ǫS(1 − ǫS)/N (8.1)

with N being the number of generated events in the Monte Carlo sample. With 1000 events
per mass point, δǫstatS /ǫS is typically 3 − 4% for the peak efficiencies.

The statistical uncertainty on the number of background events due to the necessarily
limited Monte Carlo statistics is given by

δBstat = Lint ·
√

∑

i
(σi δǫstati )

2

where the δǫi are calculated analogously to (8.1). The uncertainties due to the Monte Carlo
statistics thus depend on the squareroot of the number of selected simulated events and
are summarised in Table 8.2 for the four channels and all centre–of–mass energies. It was
found that these uncertainties can be quite sizable and, due to the small number of selected
background events, the relative uncertainty can easily reach 50 %.

2–Lepton channel 2–Tau channel 4–Lepton channel 6–Lepton channel√
s [GeV] δBstat δBstat δBstat δBstat

189 0.02 0.34 0.24 0.97

192 0.0 0.05 0.04 0.17

196 0.0 0.13 0.30 0.31

200 0.01 0.20 0.89 0.90

202 0.0 0.07 0.05 0.16

204–206 0.0 0.20 0.31 0.54

206–207 0.01 0.35 0.52 0.89

> 207 0.01 0.04 0.04 0.06

Table 8.2: Uncertainties on the number of background events expected from Standard Model
processes due to the limited Monte Carlo statistics.

Uncertainties due to the Tracking Performance

Most cuts applied in this analysis deal with the tracking of the particles. If the resolution
of the track parameters in the detector simulation is better than in the recorded data this
can lead to an overestimation of the selection efficiencies and an underestimation of the
background. Therefore, to obtain a conservative estimation of the size of this effect, the res-
olution of the track parameters was degraded (“smeared”) substantially and new efficiencies
and background numbers were determined with these smeared track parameters. Comparing
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the experimental resolution from muon pairs and Bhabha events with the Monte Carlo simu-
lation [48] it was found that smearing the track parameters in the r−φ plane by 10% and in
the s− z plane by 40% gives a conservative estimation of the systematic uncertainty due to
this effect. Technical details about this track smearing can be found in [47]. The number of
background events expected after this smearing can be found in Table 8.3. Indeed in most –
but not all – cases the number of background events is increased, in some cases substantially,
e.g. in the 2–lepton channel for 206GeV<

√
s ≤ 207GeV from 0.01 events to 0.74 events.

The (absolute) differences to the background numbers without smearing are taken as the
systematic uncertainties due to this effect. The smearing also leads, in most cases, to a
slight decrease of the signal efficiency. Performing detailed studies of the smeared efficiencies
in all channels, it was found that a relative uncertainty of 4% is fairly conservative and is
therefore used for all channels and lifetimes.

2–Lepton channel 2–Tau channel 4–Lepton channel 6–Lepton channel√
s [GeV] MC Bkg. MC Bkg. MC Bkg. MC Bkg.

189 0.07 1.38 1.43 4.15

192 < 0.01 0.14 0.29 0.73

196 < 0.01 0.26 0.64 1.20

200 0.02 0.79 1.35 2.08

202 0.004 0.45 0.22 0.62

204–206 < 0.01 0.70 0.91 1.98

206–207 0.74 2.09 1.35 2.94

> 207 0.01 0.15 0.09 0.20

Table 8.3: Expected number of events from Standard Model sources after all cuts in the four
selections after smearing the track parameters as described in the text.

Uncertainty due to Cosmic Background

To suppress the background from cosmic ray events a cut on the time–of–flight t in the
barrel time–of–flight detector is applied (see Section 5.5.1): 5 ns ≤ t ≤ 20 ns. However,
cosmic events cross the detector at random times and thus can also fall in this time window.
The contamination with cosmics due to this effect cannot be studied directly, since physics
events from Standard Model processes are in this window as well and cannot be distinguished
easily from cosmic events. To get an estimation of the remaining background due to cosmic
events thus the time–of–flight region outside the window was studied and, assuming an
approximately flat time–of–flight distribution, used to calculate the number of expected
cosmic events inside the window.

The following study was performed for the 2–lepton channel, which is the channel with
most unmodelled background. All tracks are required to have a meaningful time–of–flight
information unless they are flagged as being not in the fiducial volume of the barrel time–
of–flight detector.

To evaluate the number of cosmic events outside the time window a time–of–flight range
of ∆t = 435 ns from −300 ns up to 5 ns and from 20ns up to 150 ns was chosen. The number
of tracks expected inside the time window Nin is calculated from the number outside the
window Nout:

Nin = Nout
15 ns

∆t
.

The probability of a single track being inside the time window is thus

Ptrack =
Nin

Ntrack
=

Nin

Nin +Nout
,
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where Ntrack is the total number of tracks. In the main analysis an event is selected if both
tracks are inside the time window, thus the probability is Pevent = P 2

track. Multiplication
with the total number of events Nevent gives an estimation of the expected remaining cosmic
background: Ncosmics = NeventPevent. Nevent includes also events with tracks that passed
through one of the endcaps, i.e. outside the geometrical acceptance region of the barrel
time–of–flight detector. Such events are treated the same way as events with barrel tracks
only, assuming that the probability for cosmic events in the endcap region is the same as in
the barrel region. This is an extremely conservative assumption.

The number of events expected after the various cuts are listed in Table 8.4, including
the whole data set. No remaining cosmic events are expected after the cut (7), thus no
systematic uncertainty was assigned to the number of background events due to this effect.

After Ncosmics

Cut (2) 28.15

Cut (3) 28.12

Cut (4) 5.19

Cut (5) 4.68

Cut (6) 0.13

Cut (7) 0.003

Cut (8) 0.002

Table 8.4: Expected number of remaining cosmic ray events inside the time–of–flight window
considered for the analysis, after the last seven cuts as explained in Sect. 5.5.1 and for

√
s =

189 − 206 GeV.

Total Uncertainties

The total uncertainty on the number of signal events is calculated by adding the various
contributions discussed in quadrature:

δStot = S ·

√

(

δL
L

)2

+

(

δǫS
ǫS

)2

= S ·

√

√

√

√

(

δL
L

)2

+

(

δǫstatS

ǫS

)2

+

(

δǫsyst
S

ǫS

)2

+

(

δσ
σ

)

and is typically 4 − 5%.
Analogously the total uncertainty on the number of background events is calculated:

δBtot = B ·

√

(

δL
L

)2

+

(

δBstat

B

)2

+

(

δBsys

B

)2

=

√

(

B · δLL

)2

+ L2
∑

(δǫstati σi)
2
+ δB2

smear .

The uncertainties δBtot and δStot are taken into account for the calculation of the cross–
section and mass limits as described in [49], using the method from [50]. The limit calculation
is described in Chapter 9.
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Chapter 9

Results and Interpretations

9.1 The Slepton as the NLSP

The analysis presented in this thesis covers NLSP lifetimes roughly between 10−11 s and
10−9 s (short lifetime), corresponding to a proper decay length of 0.3 − 30 cm. According
to formulae (2.4) and (2.5), this corresponds, for pair–production of a slepton with a mass
of 100GeV/c2, to a

√

F/k range of 234 − 740TeV/c2 , where
√
F is the SUSY breaking

scale and k a model–dependent parameter (k < 1), or a gravitino mass between 13.1 eV and
131 eV. To cover all possible values for

√
F , however, shorter and longer lifetimes should be

included as well. For this reason the analysis presented was combined with complementary
analyses performed at OPAL. This allows upper limits on the production cross–sections as
a function of the lifetime to be calculated. Furthermore, lifetime–independent limits on the
slepton masses were obtained for slepton pair–production in the slepton co–NLSP scenario
and staus in the stau NLSP scenario.

The analyses used for the combination and the combination procedure are briefly outlined
in Sect. 9.1.1. The combined cross–section limits for slepton pair–production in the slepton
co–NLSP scenario and staus in the stau NLSP scenario are discussed in Sect. 9.1.2. In
Sect. 9.1.3 the determination of the slepton mass limits is described. In Sections 9.1.4–9.1.6
cross–section limits are presented for the three indirect production channels.

9.1.1 Combination of Slepton NLSP Searches

The other analyses used for the combination are described only briefly. Details can be found
in the references given below.

Zero Lifetime

• Search for acoplanar leptons:
If sleptons are pair–produced and decay promptly to a lepton and a gravitino each
(2–lepton and 2–tau channel), only the lepton tracks are visible in the detector, along
with a significant amount of missing energy and missing transverse momentum due
to the invisible gravitinos. An OPAL analysis, developed for MSSM signatures, is
sensitive to this topology. Since this topology suffers from irreducible background
from fully leptonic W+W− decays, W+W− → ℓ+νℓ−ν̄, it gives the lowest slepton mass
constraints, thus limiting the “all lifetime” mass limits. Details of this analysis can be
found in [51].

• Search for events with ≥ 4 leptons plus missing energy:
This analysis is used for the 4–lepton and 6–lepton channels, where, for promptly
decaying sleptons, the topology is four or more primary tracks and missing energy.
Although this analysis has several applications, it was originally developed for GMSB
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searches. The same basic selection is used for the 4– and 6–lepton channel, with only
one cut omitted for the latter. Details of this analysis are described in [52].

Medium Lifetime

• Search for tracks with kinks:
For lifetimes of the order of 10−9−10−8 s, the primary charged particle will, in general,
reach the jet chamber and there produce enough hits (at least ten hits are required
by the track reconstruction software) to allow for the reconstruction of its track. The
decay of the primary particle to a charged and a neutral particle leads to the topology
of a track with a measurable kink. An OPAL analysis searching for such tracks was
developed for the GMSB topologies described in this work. This analysis was optimised
separately for the 2–lepton/2–tau, 4–lepton and 6–lepton topology. Details about these
three selections can be found in [40].

Quasi–Infinite Lifetime

• Search for pair–produced heavy stable charged particles:
If the pair–produced sleptons are stable or decay outside the detector, two back–to–
back tracks will be visible in the detector. Due to their large masses the sleptons are
highly ionising and their tracks will distinguish themself from “ordinary” tracks by
their anomalous specific energy loss dE/dx. A highly efficient OPAL search exists for
this almost background–free topology. It is described in [53].

A more generalised search for heavy stable charged particles, with sensitivity also to
final states where the tracks with anomalous dE/dx are not back–to–back, is presently
in preparation at OPAL. The results are not available yet and hence cannot be used
in the combination.

In Table 9.1 a summary of the analysis methods used for the different channels and lifetime
ranges is given. The second part of this table refers to channels in the neutralino NLSP
scenario. These channels are discussed in Sect. 9.2.

All results from previous OPAL searches used in the combination are preliminary.

NLSP Lifetime

Channel zero l.t. short l.t. medium l.t. quasi–infinite l.t.

ℓ̃+R ℓ̃
−
R (2–lepton) acoplanar leptons large d0 kinks heavy stable particles

χ̃0
1χ̃

0
1 (4–lepton) ≥ 4 leptons + 6E large d0 kinks –

ℓ̃+R ℓ̃
−
R (6–lepton) ≥ 4 leptons + 6E large d0 kinks –

χ̃+
1 χ̃

−
1 acoplanar leptons large d0 kinks –

χ̃0
1χ̃

0
1 single and acoplanar photons –

χ̃+
1 χ̃

−
1 photons+leptons/jets+ 6E acoplanar leptons / MSSM χ̃+

1 searches

ℓ̃+R ℓ̃
−
R photons+leptons/jets+ 6E acoplanar leptons

Table 9.1: Summary of the analysis methods used for the different channels and NLSP
lifetimes. The channels in the slepton NLSP case are listed in the upper four lines, while in
the lower three lines channels in the neutralino NLSP scenario are listed (see Sect. 9.2). All
analyses are briefly described in the text.
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For all channels the results from several analyses were combined. Although the different
analyses are sensitive to distinct topologies, some overlap between them is expected. To
properly treat the overlaps between the various analyses, all analyses use the same signal
Monte Carlo samples. This allows, via an event–by–event comparison of the selected signal,
for the determination of the signal overlaps between all combinations of the analyses used
in each channel. The efficiencies were described by empirically determined functions of
the lifetime,

√
s and βγ, as discussed in Chapt. 6. The selection efficiencies were split in

“exclusive selection efficiencies” and “overlap efficiencies”. The efficiency for events that are
selected by only one analysis are denoted as exclusive selection efficiencies. Events that are
selected by two (or even three) analyses are described by overlap efficiencies. For example,
for the case of three analyses, there are, in total, three exclusive selection efficiencies and four
overlap efficiencies (three for the overlaps between each two analyses and one for the overlap
among all three analyses). An overlap was only considered if its efficiency exceeded 0.1 %.
All efficiencies, i.e. exclusive selection efficiencies and “significant” overlap efficiencies, were
determined with the method explained in Chapt. 6. The various “overlap selections” were
treated as separate channels in the limit calculation. The overlaps between the different
analyses was carefully investigated for data as well as background events, but no overlap
was found for the candidates. The overlap for the background was found to be negligible
(< 0.01 events) in all slepton NLSP channels (for the neutralino NLSP channels there is one
exception; see Sect. 9.2). In the cases where a tiny overlap of the background events was
found, this is mentioned in the respective sections.

A likelihood ratio method [49] was used for the calculation of all limits. In this method,
the likelihood ratio is used as estimator X for the computation of the confidence level CLs,
defined as

CLs =
CLs+b

CLb
. (9.1)

CLs+b is the probability that the experimental outcome is compatible with the signal–and–
background hypothesis and CLb is the probability that the experimental outcome is com-
patible with the background–only hypothesis. The estimator is a function that separates
“signal–like” experimental outcomes from “background–like” ones. The likelihood ratio for
a channel i is defined as

Xi =
e−(si+bi)(si + bi)

ni

ni!
/
e−(bi)bni

i

ni!
, (9.2)

where si is the number of signal events expected for channel i, bi is the estimated background
and ni is the number of candidates in this channel. The estimator for a set of N channels is
the product of the individual estimators:

X =
N
∏

i=1

Xi . (9.3)

A point in the parameter plane studied (e.g. the slepton mass – lifetime plane) is excluded
at 95 % confidence level (C.L.), if it gives a CLs < 0.05, while points with CLs > 0.05 are
allowed. The point with CLs = 0.05 determines the mass limit.
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9.1.2 Cross–Section Limits for Slepton Pair–Production

To obtain constraints on the production cross–sections for slepton pair–production in the
slepton co–NLSP scenario and stau pair–production in the stau NLSP scenario the following
four analyses were combined: the search for acoplanar leptons, the search for tracks with large
impact parameters described in this work, the search for tracks with kinks and the search
for heavy stable charged particles. A significant overlap was found between the acoplanar
lepton and large impact parameter search (maximal overlap efficiency ǫ ≈ 40%), between the
acoplanar lepton and kink search (ǫ ≈ 4%), between the large impact parameter and kink
search (ǫ ≈ 7%), and between the kink and heavy stable charged particle search (ǫ ≈ 20%).
The efficiencies for staus at some mass points, as examples, are shown in Fig. 9.1. The
overlap between the data and background events of the four analyses was checked and no
overlap was found for the data, while for the background an overlap of ≈ 0.01 events was
found between the large impact parameter and acoplanar lepton searches in the selectron
channel at

√
s = 189GeV and the stau channel at

√
s = 189 and 205 GeV.

The efficiency of the search for heavy stable charged particles are, in general, smallest
for masses around 60 GeV/c2. This effect is due to the fact that in this selection tracks with
anomalous dE/dx are searched for. The dE/dx curve for a given slepton mass crosses the
dE/dx band of the Standard Model particles for certain momenta, or equivalently, since
the particles are pair–produced, certain center–of–mass energies. This means that for the
center–of–mass energy where this happens discrimination power is lost, while for other

√
s

the dE/dx can still be outside the Standard Model band. Therefore the sensitivity for the
affected masses can be enhanced by using data at different center–of–mass energies. For
this reason the data at

√
s = 183GeV (

∫

L= 56.3 pb−1),
√
s = 171GeV (

∫

L= 10.4 pb−1),√
s = 161GeV (

∫

L= 10.0 pb−1) and
√
s = 130 − 136GeV (

∫

L= 10.7 pb−1), taken in the
years 1997, 1996 and 1995, were also included in the search for heavy stable charged particles.

For the combination of the results at different center–of–mass energies the expected
cross–sections described in Sec. 7.1 were used. Limits were calculated for 60 slepton life-
times between 10−12 s and 10−6 s, and 60 slepton masses between 45 GeV/c2 and 105 GeV/c2

(i.e. 1GeV/c2 steps).

The resulting cross–section limits at 95 % C.L. and for
√
s = 208.1GeV for selectrons,

smuons and staus in the slepton co–NLSP scenario and staus in the stau NLSP scenario in the
log (τ)−Mℓ̃ plane are shown in Fig. 9.2. For all slepton flavours the weakest exclusion is found
in the very short lifetime region (τ = 10−12 − 10−11 s), due to the irreducible background
from W+W− production in the acoplanar lepton topology. Also, the smaller sensitivity for
long lifetimes and masses around 60GeV/c2, due to the effect described above, is clearly
visible in all channels.

The best constraints are obtained for smuons (Fig 9.2 (b)), with an upper limit of at most
0.05 pb in the whole plane (apart from the region with a smuon mass above 100 GeV/c2, close
to the kinematic limit), and at most 0.02 pb in a large part of the plane. For selectrons the
constraints are slightly weaker: here cross–sections larger than 0.08 pb can be excluded in
most of the selectron mass – lifetime plane. The difference between smuons and selectrons
is explained by the fact that selectrons can be produced in the t–channel, which leads to
a more forward production and thus to lower efficiencies. Finally, for staus cross–sections
larger than 0.1 pb are excluded in most of the stau mass – lifetime plane, and cross–sections
larger than 0.03 pb are excluded in a large part of the plane. The stau limits in the slepton
co–NLSP scenario and the stau NLSP scenario are rather similar, with a small difference
due to the slightly different theoretical cross–sections that are used for the combination of
the results at various center–of–mass energies.

If the search for tracks with large impact parameters is not included in the combination,
the cross–section limits are almost an order of magnitude worse for lifetimes around 10−10 s.
This is shown in Fig. 9.3 for stau pair–production in the slepton co–NLSP scenario. For the
calculation of the limits shown in this plot the searches for acoplanar leptons, for kinks and
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Figure 9.1: Efficiencies for stau pair–production (both for the slepton co–NLSP scenario and
the stau NLSP scenario) at

√
s = 208 .1 GeV, as a function of the lifetime. In each plot the

efficiencies are shown for a different stau mass between 45 GeV/c2 and 104 GeV/c2. The
symbols represent the efficiencies for ten simulated lifetimes and the lines show the efficiency
functions for events which are selected by the search for promptly decaying staus (violet), the
search for large impact parameters (dark blue), the search for kinks (dark green) or the search
for stable staus (light green) exclusively. The overlap efficiencies between these searches are
shown as filled histograms if they exceed 0.1%. The sum of all efficiencies, i.e. the four
exclusive selection efficiencies and the four overlap efficiencies, is shown by the red squares
and the corresponding red line.
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Figure 9.2: Contours of the 95% C.L. upper limits on the production cross–sections for
slepton pair–production at

√
s = 208 GeV in the slepton mass – lifetime plane. Shown are

cross–section limits for (a) selectrons, (b) smuons and (c) staus in the slepton co–NLSP
scenario and (d) staus in the stau NLSP scenario. The colours correspond to different
ranges of the 95% C.L. upper limit on the cross–section, as indicated by the colour map on
the right side. For the calculation of these limits four analyses were combined: the searches
for acoplanar leptons, for large impact parameters, for kinks and for heavy stable charged
particles. The data taken in the years 1998–2000 (plus 1995–1997 for the search for heavy
stable charged particles) are included.
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Figure 9.3: Contours of the 95% C.L. upper limits on the production cross–sections for
stau pair–production in the slepton co–NLSP scenario at

√
s = 208 GeV in the stau mass

– lifetime plane, without the search for tracks with large impact parameters. The colours
correspond to different ranges of the 95% C.L. upper limit on the cross–section, as indicated
by the colour map on the right side. The scale for σ95 is different as in Fig. 9.2, to account
for the now much weaker limits on the cross–section. The observed and expected mass limits
are shown as solid red and dashed white lines, respectively. For the calculation of these limits
three analyses were combined: the searches for acoplanar leptons, for kinks and for heavy
stable charged particles.
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for heavy stable charged particles were combined. These weaker cross–section limits lead to
much lower slepton mass limits, as discussed in the next section.

9.1.3 Constraints on the Slepton Masses

From the cross–section limits obtained for slepton pair–production in the slepton co–NLSP
scenario and stau pair–production in the stau NLSP scenario, constraints on the slepton
masses were determined . To obtain more precise mass limits than possible with the 1GeV/c2

binning used for the calculation of the cross–section limits, the regions around the observed
limits were re–scanned with a finer 200 MeV/c2 binning. The observed lower limits on the
slepton masses at 95% C.L. in the log(τ)−Mℓ̃R

and log(τ)−Mτ̃1 plane are shown as red lines
in Fig. 9.4 for (a) selectrons, (b) smuons and (c) staus in the slepton co–NLSP scenario and
(d) staus in the stau NLSP scenario. For each slepton flavour, the lowest mass constraints
are found in the region with very short slepton lifetimes, with exception of the selectrons,
where the region around 60 GeV/c2 cannot be excluded for long lifetimes. This is due to the
effect of the crossing of the dE/dx curves of heavy and Standard Model particles, described
in detail in Sect. 9.1.2. For smuons and staus, though, this region can be excluded, because
the expected cross–section is higher and the upper limit on the cross–section lower than for
selectrons.

To obtain slepton mass limits that are valid for all slepton lifetimes, the cross–sections
obtained by these “fine scans” were used to extract the most conservative limit by scanning
over the lifetime. The resulting cross–section limits valid for all slepton lifetimes are shown
in Fig. 9.5 as a function of the slepton mass for (a) selectrons, (b) smuons and (c) staus
in the slepton co–NLSP scenario and (d) staus in the stau NLSP scenario. The expected
cross–sections times branching ratio squared (σexp·BR2) at

√
s = 208.1GeV, obtained from

the minimisation in the GMSB parameter scan described in Sect. 7.1, are superimposed in
these plots. The lower mass limits are given by the intersection points between σexp·BR2

and the observed upper cross–section limits.
The lower mass constraints at 95% C.L. for selectrons, smuons and staus in the slepton

co–NLSP scenario are mẽR > 60.1GeV/c2 , mµ̃R
> 93.7GeV/c2 and mτ̃1 > 87.4GeV/c2 ,

respectively. In the stau NLSP scenario, staus with masses below 87.4GeV/c2 are excluded
at 95 % C.L. . The expected limits are mẽR > 60.0GeV/c2 , mµ̃R

> 93.6GeV/c2 , mτ̃1 >
88.2GeV/c2 (slepton co–NLSP scenario) and mτ̃1 > 87.6GeV/c2 (stau NLSP scenario). The
slepton mass constraints are valid for all slepton lifetimes.

Without the search for tracks with large impact parameters presented in this work, a
mass limit for the stau in the slepton co–NLSP scenario of 74.5 GeV/c2 would be observed,
with an expected limit of 69.5 GeV/c2. The observed and expected limits are shown in
Fig. 9.3.

Since the expected cross–sections are taken from a minimisation within the scanned
GMSB parameter space (see Sec. 7.1), the mass limits are valid for all points within this
scan. In particular, a messenger index N ≤ 5 is assumed. For smuons and staus, where
only s–channel production is possible, no strong dependence of the expected cross–sections
on N was found. For selectrons, however, the cross–section in the t–channel depends on
N , since the mass of the exchanged neutralino rises with N . This leads to a decrease of
the minimal expected cross–section, and results in a lower mass limit for the selectron.
However, as discussed in Chapter 7, very large values for N are theoretically disfavoured, if
perturbativity of the gauge interactions up to the grand unification scale is required. E.g.,
for a messenger mass scale of M = 100TeV/c2, the relation N ≤ 5 has to be fulfilled.

In the slepton co–NLSP scenario the sleptons are (by definition) degenerate within the
stau mass, so that decays ℓ̃→ ℓχ̃0

1 → τ̃ τ ℓ (with ℓ = µ, e) are forbidden. Therefore the smuon
mass limit of mµ̃R

> 93.6GeV/c2 can be used to deduce an indirect common mass limit on
all sleptons of mℓ̃ > 91.8GeV/c2 within the slepton co–NLSP scenario.
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Figure 9.4: The red lines represent the observed lower mass limits for
√

s = 208 GeV for (a)
selectron, (b) smuon, and (c) stau pair–production in the slepton co–NLSP scenario and (d)
stau pair–production in the stau NLSP scenario, as a function of the slepton lifetime. The
region below this line is excluded at 95% C.L. . The mass limits are valid for a messenger
index N ≤ 5 . The data taken in the years 1998 to 2000 (plus 1995–1997 for the search for
heavy stable charged particles) are included. The black lines represent the median expecta-
tions. The 68 % and 95% probability intervals, centred on the median, are shown as green
and yellow bands, respectively.
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Figure 9.5: The maximal excluded cross–sections at 95% C.L. for
√

s = 208 GeV, valid for all
lifetimes, are shown as filled histograms for (a) selectron, (b) smuon, (c) stau pair–production
in the slepton co–NLSP scenario, and (d) stau pair–production in the stau NLSP scenario.
These limits were obtained by a scan of the excluded cross–sections over all lifetimes for
each slepton mass. The data taken in the years 1998 to 2000 (plus 1995–1997 for the search
for heavy stable charged particles) are included. Superimposed as a solid coloured line is the
minimum expected cross–section times branching ratio squared, σexp·BR2 , for each flavour.
The expectations were obtained by the method described in Sect. 7.1. The intersection point
of the expected and observed cross–sections gives the lower mass limit at 95 % C.L. . Mass
limits of 60.1GeV/c2 for selectrons, 93.7GeV/c2 for smuons and 87.4GeV/c2 for staus
in the slepton co–NLSP scenario and 87.4GeV/c2 for staus in the stau NLSP scenario are
obtained. These mass limits are valid for all slepton lifetimes and for a messenger index
N ≤ 5 .
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9.1.4 Cross–Section Limits for Neutralino Pair–Production

For neutralino pair–production with a slepton NLSP three analyses were combined: the
search for events with ≥ 4 leptons plus missing energy, the large impact parameter search
and the search for kinks. No selection is available yet for the case of very long slepton
lifetimes, where acoplanar tracks with anomalous dE/dx plus additional “normal” tracks
are expected. A dedicated analysis is being prepared at OPAL and will be included in the
future. Significant overlaps exist between the search for ≥ 4 leptons plus missing energy and
the large impact parameter search (ǫmax ≈ 22 %), and between the large impact parameter
and the kink search (ǫmax ≈ 13 %). For the background, an overlap of ≈ 0.01 events was
found between the search for ≥ 4 leptons plus missing energy and the large impact parameter
search at

√
s = 189GeV. The data with

√
s = 189−208 GeV were combined assuming a β/s

dependence of the cross–sections.

Two scenarios exist in the theory: in the stau NLSP scenario the neutralino decays with
100 % branching ratio to τ̃1τ , while in the slepton co–NLSP scenario it decays with equal
branching fractions to all flavours. Both cases were studied.

For the slepton co–NLSP case the three exclusive selection efficiencies and the two signifi-
cant overlap efficiencies are shown in Fig. 9.6 together with the total efficiency. As expected,
due to the absence of a very long lifetime selection, the total efficiency decreases rather
rapidly for lifetimes longer than 10−8 s. However, it does not vanish completely, since the
search for ≥ 4 leptons plus missing energy also has some sensitivity for very long slepton
lifetimes. This effect is even more pronounced in the stau NLSP scenario. In this case the
tracks from the stable staus and the decay products from the primary taus are present in the
detector, leading to the topology of at least four tracks from the vertex plus missing energy
from the tau decays. For the smuons and selectrons, however, there is no missing energy, if
the sleptons are stable.

For channels with cascade decays to sleptons the cross–sections depend on more than
two variables: the mass and lifetime of the slepton (or NLSP in general) and the mass of the
primary particle (plus eventually the masses of additional particles involved in the cascade
decay). Therefore, for each mass of the primary particle (in steps of 1 GeV/c2), cross–section
limits were calculated as a function of the NLSP mass and lifetime, with the same step sizes
as for slepton pair–production. As an example, the cross—section limit in the log (τ)−Mℓ̃R

plane, at
√
s = 208.1GeV and for a neutralino mass of 100 GeV/c2, is shown in Fig. 9.7 (a)

for the slepton co–NLSP case. For this neutralino mass typically cross–sections larger than
0.05 pb can be excluded in the slepton co–NLSP scenario.

To obtain cross–section limits in the Mχ̃0
1
− Mℓ̃R

plane the lifetime dependence must
be accounted for. For each neutralino mass the corresponding cross–section limits in the
log (τ)−Mℓ̃ plane were used to obtain a lifetime–independent value for each slepton mass.
For each slepton mass, a scan was performed over the lifetime to obtain the most conservative
limit with the highest excluded cross–section. Since no dedicated search was available for
the very long lifetimes, this was done in two ways: (1), including in the scan only lifetimes
shorter than 10−8 s, corresponding to a proper decay length of 3m; and, (2), including all
lifetimes. In the first case the sensitivity is high for all considered lifetimes, while in the
latter case the sensitivity is much reduced. However, since the search for ≥ 4 leptons plus
missing energy maintains some efficiency also for very long lifetimes, particularly in the stau
NLSP scenario, some sensitivity is achieved also in this case. Due to the relatively large
theoretical cross–section for neutralino pair–production, even weak limits can later be used
to exclude points in the GMSB parameter space (Section 9.3).

The limits at
√
s = 208GeV, considering only lifetimes up to 10−8 s, for the slepton

co–NLSP case are shown in Fig. 9.7 (b). Cross–sections larger than 0.08 pb can be excluded,
except for very low mass differences ∆M between the neutralino and the sleptons, and for
the region where both the neutralino and the sleptons are very heavy. Cross–sections larger
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Figure 9.6: Efficiencies for neutralino pair–production at
√

s = 206 GeV in the slepton co–
NLSP scenario, as a function of the lifetime. In each plot the efficiencies are shown for
a different neutralino – slepton mass combination. The symbols represent the efficiencies
for ten simulated lifetimes and the lines show the efficiency functions for events which are
selected by the search for ≥ 4 leptons plus missing energy (violet), the search for large
impact parameters (blue) and the search for kinks (green) exclusively. The overlap efficiencies
between these searches are shown as filled histograms if they exceed 0.1 %. The sum of
all efficiencies, i.e. the three exclusive selection efficiencies and the two relevant overlap
efficiencies, is shown by the red squares and the corresponding red line.
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Figure 9.7: Upper limits at 95% C.L. on the production cross–section for neutralino pair–
production in the slepton co–NLSP scenario at

√
s = 208 GeV. The data taken in the years

1998–2000 were combined assuming a β/s dependence of the cross–sections. Plot (a) shows
contours of the excluded cross–section in the mℓ̃R

– lifetime plane, for a fixed neutralino mass

of 100 GeV/c2. The contours of the maximum excluded cross–section for each point in the
mχ̃0

1

− mℓ̃R
plane, after elimination of the lifetime, is shown in (b). It is valid for proper

decay lengths up to three metres. Plot (c) shows, for each point in the mχ̃0

1

−mℓ̃R
plane, the

lifetimes corresponding to this cross–section limit.
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Figure 9.8: Upper limits at 95% C.L. on the production cross–section for neutralino pair–
production in the stau NLSP scenario at

√
s = 208 GeV. The data taken in the years 1998–

2000 were combined assuming a β/s dependence of the cross–sections. Plot (a) shows con-
tours of the excluded cross–section in the mτ̃1 – lifetime plane for a fixed neutralino mass
of 100 GeV/c2. The contours of the maximum excluded cross–section for each point in the
mχ̃0
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− mτ̃1 plane, after elimination of the lifetime, is shown in (b). It is valid for proper

decay lengths up to three metres. Plot (c) shows, for each point in the mχ̃0
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lifetimes corresponding to this cross–section limit.

80



50 60 70 80 90 100

10
-2

10
-1

1

50

60

70

80

90

100

(a)   σ
95

 for Pair-Produced χ
∼0

1  ( χ
∼0

1 → l
∼

R
 l ) for all cτ 

l
∼

σ
9

5   (p
b

)

m
 l∼   

(G
eV

/c
2
)

m χ
∼

0
  (GeV/c

2
)

50 60 70 80 90 100

10
-2

10
-1

1

50

60

70

80

90

100

(b)   σ
95

 for Pair-Produced χ
∼0

1  ( χ
∼0

1 → τ
∼

1
 τ ) for all cτ τ

∼

σ
9

5   (p
b

)

m
 τ∼   

(G
eV

/c
2
)

m χ
∼

0
  (GeV/c

2
)

Figure 9.9: Contours of the upper limits at 95% C.L. on the production cross–section for
neutralino pair–production in (a) the slepton co–NLSP scenario and (b) the stau NLSP
scenario at

√
s = 208 GeV. The data taken in the years 1998–2000 were combined assuming

a β/s dependence of the cross–sections. All NLSP lifetimes were taken into account.

81



than 0.04 pb can be excluded in a large part of the Mχ̃0
1
−Mℓ̃R

plane.

In Fig. 9.7 (c) the lifetimes corresponding to these limits are shown. For the slepton
co–NLSP case in most of the mass plane the weakest limit is found for a lifetime of 10−8 s,
the longest lifetime considered for the limit calculation. For small ∆M , though, the zero
lifetime analysis gives the weakest limit.

The cross–section limit for the stau NLSP case is shown in Fig 9.8. In (a) the cross—
section limit in the log (τ)−Mτ̃1 plane, at

√
s = 208.1GeV and for a neutralino mass of

100 GeV/c2, is plotted. Typically, cross–sections above 0.08 pb are excluded. The limits
at

√
s = 208GeV in the Mχ̃0

1
− Mτ̃1 plane, after elimination of the lifetime, are shown

in Fig. 9.8 (b). In the stau NLSP scenario, with, in general, less energy deposited in the
detector, the constraints are weaker than in the slepton co–NLSP scenario. Here in most of
the mass plane cross–sections larger than 0.08 pb can be excluded, considering stau lifetimes
up to 10−8 s. For the stau NLSP case, only in a minor part of the plane the highest limit is
found for a lifetime of 10−8 s (Fig. 9.8 (c)).

The limits calculated including all lifetimes are shown in Fig. 9.9 for both scenarios. In
the slepton co–NLSP case, shown in (a), an upper limit below 0.1 pb is found only in a small
mass region, while for the stau NLSP case, shown in (b), this is the case in a significant part
of the mass plane. In both cases cross–sections larger than 1 pb can be excluded in most of
the Mχ̃0

1
−Mℓ̃R

plane.

9.1.5 Cross–Section Limits for Selectron and Smuon Pair–Production in

the Stau NLSP Scenario

For smuon and selectron pair–production with a stau NLSP the same analyses as for neu-
tralino pair–production (Sect 9.1.3) were used in the combination. No analysis covers very
long lifetimes, thus the results in this channel are valid for lifetimes up to 10−8 s only.

Significant overlaps exist between the search for ≥ 4 leptons plus missing energy and the
large impact parameter search (ǫ ≈ 26 %), between the search for ≥ 4 leptons plus missing
energy and the kink search (ǫ ≈ 10 %) and between the large impact parameter and the
kink search (ǫ ≈ 7 %). For the background, an overlap of ≈ 0.01 events was found between
the search for ≥ 4 leptons plus missing energy and the large impact parameter search at√
s = 189GeV.

Since in this channel the slepton undergoes a cascade decay, ℓ̃R → χ̃0
1ℓ → τ̃1τℓ (with

ℓ = µ, e), the efficiencies depend on four parameters: the smuon mass, the neutralino mass
and the stau mass, plus the stau lifetime. This is visible from Fig. 9.10, where the efficiencies
of the three analysis and their overlaps are shown for different mass combinations. To
eliminate one parameter without losing generality, the efficiency was minimised with respect
to the neutralino mass. Then, with two masses and the lifetime left, the same method as
for the neutralino pair–production was applied, i.e. for each smuon – stau mass combination
the maximum excluded cross–section was extracted by scanning over all lifetimes. The
zero lifetime search has some sensitivity also for long lifetimes, as in the neutralino pair–
production channel. This sensitivity, however, is lost by the minimisation, and no limits
were calculated for the “all lifetime” case.

The data with
√
s = 189 − 208 GeV were combined assuming a β3/s dependence of the

cross–sections.

Cross–section limits at 95 % C.L. and
√
s = 208.1GeV for a fixed selectron or smuon

mass of 100 GeV/c2 are shown in Fig. 9.11 (a) and 9.12 (a) for selectron and smuon pair–
production, respectively. In this example, both for selectron and smuon pair–production
cross–sections larger than 0.25 pb are excluded in most of the stau mass – lifetime plane.
The cross–section limits in the Mℓ̃R

− Mτ̃1 plane at
√
s = 208.1GeV, valid for decay

lengths ≤ 3m, are shown in Fig. 9.11 (b) for selectron and 9.12 (b) for smuon pair–
production. For both slepton flavours, cross–sections above 0.25 pb are excluded in most
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Figure 9.10: Efficiencies for smuon pair–production at
√

s = 206 GeV in the stau NLSP
scenario, as a function of the lifetime. In each plot the efficiencies are shown for a different
combination of the smuon, neutralino and stau mass. The symbols represent the efficiencies
for ten simulated lifetimes and the lines show the efficiency functions for events which are
selected by the search for ≥ 4 leptons plus missing energy (violet), the search for large
impact parameters (blue) and the search for kinks (green) exclusively. The overlap efficiencies
between these searches are shown as filled histograms if they exceed 0.1%. The sum of all
efficiencies, i.e. the exclusive selection efficiencies and the overlap efficiencies, is shown by
the red squares and the corresponding red line.
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Figure 9.11: Upper limits at 95% C.L. on the production cross–section for selectron pair–
production in the stau NLSP scenario at

√
s = 208 GeV. The data taken in the years 1998–

2000 were combined assuming a β3/s dependence of the cross–section. Plot (a) shows the
contours of the excluded cross–section in the mτ̃1 – lifetime plane for a fixed selectron mass
of 100 GeV/c2. Since the efficiency was minimised with respect to the neutralino mass, this
plot is valid for all neutralino masses. The contours of the maximal excluded cross–section,
after elimination of the lifetime, is shown in (b) as a function of mẽR and mτ̃1 . It is valid
for proper decay lengths up to three metres. Plot (c) shows, for each point in the selectron –
stau mass plane, the lifetimes corresponding to this cross–section limit.
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Figure 9.12: Upper limits at 95% C.L. on the production cross–section for smuon pair–
production in the stau NLSP scenario at

√
s = 208 GeV. The data taken in the years 1998–

2000 were combined assuming a β3/s dependence of the cross–section. Plot (a) shows the
contours of the excluded cross–section in the mτ̃1 – lifetime plane for a fixed smuon mass of
100 GeV/c2. Since the efficiency was minimised with respect to the neutralino mass, this
plot is valid for all neutralino masses. The contours of the maximal excluded cross–section,
after elimination of the lifetime, is shown in (b) as a function of mµ̃R

and mτ̃1 . It is valid
for proper decay lengths up to three metres. Plot (c) shows, for each point in the smuon –
stau mass plane, the lifetimes corresponding to this cross–section limit.
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of the plane apart from the region where the stau is very heavy. For stau masses below
≈ 85GeV/c2, cross–sections above 0.1 pb are excluded. For smuons slightly better results
are obtained than for selectrons. Fig. 9.11 (c) and 9.12 (c) show the lifetimes corresponding
to the highest excluded cross–sections at each point in the selectron/smuon – stau mass
plane. In both cases the weakest limit is mostly found for very short lifetimes.

9.1.6 Cross–Section Limits for Chargino Pair–Production

The topology for chargino pair–production is similar to the topology of slepton pair–
production with a slepton NLSP (Sect. 9.1.2), with the difference that a second invisible
particle, the neutrino, carries away energy. Therefore the same analyses were used in the
combination, i.e. the searches for acoplanar leptons, for tracks with large impact parameters
and for tracks with kinks. The search for tracks with anomalous dE/dx has no sensitivity for
this channel, since it requires these tracks to be back–to–back, while here they are acoplanar.
Thus, also in this channel only lifetimes up to 10−8 s, corresponding to a proper decay length
of 3m, were considered.

The efficiency function for slepton pair–production with a slepton NLSP was used, taking
into account that here the slepton is a secondary particle. Thus, for the efficiency function,
βγ of the slepton was calculated from the chargino decay according to formulae (6.1) – (6.3).
It was checked that the efficiency function so determined describes the efficiency well.

Cross–section limits were calculated both for the case of equal branching ratios for all
flavours (slepton co–NLSP scenario) and 100 % branching ratio to τ̃1ντ (stau NLSP scenario).

The data with
√
s = 189 − 208 GeV were combined assuming a β/s dependence of the

cross–sections.
To obtain cross–section limits that are valid for all lifetimes shorter than 10−8 s, the

method described in Sect. 9.1.3 was used; i.e., for each chargino – slepton mass combination
the maximum excluded cross–section was extracted by scanning over all lifetimes < 10−8 s.

The cross–section limits at 95 % C.L. and
√
s = 208.1GeV for a fixed chargino mass

of 99 GeV/c2 are shown in Fig. 9.13 (a) and 9.14 (a) for the slepton co–NLSP scenario and
the stau NLSP scenario, respectively. In both cases cross–sections larger than 0.15 pb are
excluded. The cross–section limits in the Mχ̃+

1
−Mℓ̃R

plane at
√
s = 208.1GeV, valid for

a proper slepton decay length ≤ 3 m, are shown in Fig. 9.13 (b) for the slepton co–NLSP
case and 9.14 (b) for the stau NLSP case. The obtained limits are similar and cross–sections
larger than ≈ 0.2 pb are excluded. In a large part of the plane, cross–sections above 0.1 pb are
excluded. Fig. 9.13 (c) and 9.14 (c) show the lifetimes corresponding to the highest excluded
cross–sections at each point in the mass plane. In both cases the weakest limit is found for
the very short lifetime, apart from the region with very large chargino masses. There the
lowest limit is found at the edge of the considered lifetime range, since the kink search is not
very efficient near the kinematic limit.
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Figure 9.13: Upper limits at 95% C.L. on the production cross–section for chargino pair–
production in the slepton co–NLSP scenario at

√
s = 208 GeV. The data taken in the years

1998–2000 were combined assuming a β/s dependence of the cross–sections. Plot (a) shows
the contours of the excluded cross–section in the mℓ̃R

– lifetime plane for a fixed chargino

mass of 99 GeV/c2 . The contours of the maximal excluded cross–section, after elimination
of the lifetime, is shown in (b) as a function of mχ̃+

1

and mℓ̃R
. It is valid for proper decay

lengths up to three metres. Plot (c) shows, for each point in the chargino – slepton mass
plane, the lifetimes corresponding to this cross–section limit.
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Figure 9.14: Upper limits at 95% C.L. on the production cross–section for chargino pair–
production in the stau NLSP scenario at

√
s = 208 GeV. The data taken in the years 1998–

2000 were combined assuming a β/s dependence of the cross–sections. Plot (a) shows the
contours of the excluded cross–section in the mτ̃1 – lifetime plane for a fixed chargino mass
of 99GeV/c2 . The contours of the maximal excluded cross–section, after elimination of the
lifetime, is shown in (b) as a function of mχ̃+

1

and mτ̃1 . It is valid for proper decay lengths

up to three metres. Plot (c) shows, for each point in the chargino – stau mass plane, the
lifetimes corresponding to this cross–section limit.
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9.2 The Neutralino as the NLSP

Up to this point only searches for topologies where the NLSP is a slepton were considered.
However, in GMSB models also the neutralino can be the NLSP, as discussed in Chapter 2.
The free parameters in the GMSB model are the overall mass scale of the SUSY particles,
Λ, the ratio of the vacuum expectation values of the two Higgs doublets, tanβ, the mass
scale of the messenger particles, M , the number of generations of messenger particles, N ,
and the sign of the Higgs sector mixing parameter, sign(µ). In Fig. 9.15 the regions in the
Λ − tan β plane, where the neutralino, the stau or all sleptons are the NLSP, are shown in
different colours, for N = 1 and different combinations of the parameters M and sign(µ).
As visible from this plot, the neutralino is the NLSP in about half of the parameter space.
For medium and high M it even dominates, while for low M the neutralino is the NLSP only
for small Λ and tanβ < 20. The Figures 9.16 – 9.19 show the regions where the neutralino,
the stau or all sleptons are the NLSP for the cases N = 2 − 5. For N = 2 the neutralino
dominates for high M only, while for N > 2 the stau is the most important NLSP for all
M , with the neutralino being the NLSP in the low Λ and low tanβ region only. For positive
µ the regions where the neutralino is the NLSP are identical to or slightly larger than for
negative µ. The slepton co–NLSP scenario is realised in the region with tan β <∼ 8, only.

To constrain the GMSB parameter space for small N , it is therefore crucial to combine
the searches for slepton NLSP signatures with searches that assume the neutralino to be the
NLSP. This will be discussed in the following. Again, details about these analyses can be
found in the references given below. In GMSB the neutralino decays as χ̃0

1 → γG̃, resulting in
final states with photons, missing energy and, depending on the channel, additional detector
activity from leptons or hadrons. Just as for the slepton NLSP, the lifetime of the neutralino
NLSP can have any value. The channels considered in the combination are:

• Neutralino pair–production: e+e− → χ̃0
1 χ̃

0
1

• Slepton pair–production: e+e− → ℓ̃+ℓ̃− → χ̃0
1ℓ

+ χ̃0
1ℓ

−

• Chargino pair–production: e+e− → χ̃+
1 χ̃

−
1 → χ̃0

1 W+∗ χ̃0
1 W−∗, or, resulting in the same

final state as the leptonic W decays, e+e− → χ̃+
1 χ̃

−
1 → ℓ̃+ν ℓ̃−ν̄ → ℓ+ν χ̃0

1 ℓ
−ν̄ χ̃0

1

The following analyses were used for the combination (all results of these analyses are
preliminary):

Zero Lifetime

• Search for acoplanar photons:
If neutralinos are produced in pairs and both decay promptly, the topology is two
photons along with missing energy. A search for such acoplanar photon pairs, which
are predicted also in the context of many other models, was undertaken previously at
OPAL. For details see [54].

• Search for single photons:
If only one of the pair–produced neutralinos decays promptly or close to the interaction
point, the topology is a single photon, along with a large amount of missing energy.
The analysis that covers this topology is also described in [54].

• Search for photon(s) and missing energy plus leptons/jets:
For the indirect production channels, if at least one of the neutralinos decays promptly
or close to the event vertex, there will be at least one photon, missing energy and other
activity from leptons or hadrons in the detector. A dedicated analysis for this topology
was previously developed at OPAL. Details can be found in [55].
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Figure 9.15: The regions in the Λ− tanβ plane, where either the neutralino, or the stau, or
all sleptons (slepton co–NLSP scenario) are the NLSP, are shown in different colours, for
the number of generations of messenger particles N = 1. Regions where the neutralino is
the NLSP are coloured in magenta, regions where the stau is the NLSP are shown in light
blue and regions where all sleptons are the NLSP are shown in dark blue. The six plots are
for different combinations of the messenger mass M and sign(µ). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 .
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Figure 9.16: The regions in the Λ− tan β plane, where either the neutralino, or the stau, or
all sleptons (slepton co–NLSP scenario) are the NLSP, are shown in different colours, for
the number of generations of messenger particles N = 2. Regions where the neutralino is
the NLSP are coloured in magenta, regions where the stau is the NLSP are shown in light
blue and regions where all sleptons are the NLSP are shown in dark blue. The six plots are
for different combinations of the messenger mass M and sign(µ). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 .
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Figure 9.17: The regions in the Λ− tanβ plane, where either the neutralino, or the stau, or
all sleptons (slepton co–NLSP scenario) are the NLSP, are shown in different colours, for
the number of generations of messenger particles N = 3. Regions where the neutralino is
the NLSP are coloured in magenta, regions where the stau is the NLSP are shown in light
blue and regions where all sleptons are the NLSP are shown in dark blue. The six plots are
for different combinations of the messenger mass M and sign(µ). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 .
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Figure 9.18: The regions in the Λ− tan β plane, where either the neutralino, or the stau, or
all sleptons (slepton co–NLSP scenario) are the NLSP, are shown in different colours, for
the number of generations of messenger particles N = 4. Regions where the neutralino is
the NLSP are coloured in magenta, regions where the stau is the NLSP are shown in light
blue and regions where all sleptons are the NLSP are shown in dark blue. The six plots are
for different combinations of the messenger mass M and sign(µ). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 .
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Figure 9.19: The regions in the Λ− tanβ plane, where either the neutralino, or the stau, or
all sleptons (slepton co–NLSP scenario) are the NLSP, are shown in different colours, for
the number of generations of messenger particles N = 5. Regions where the neutralino is
the NLSP are coloured in magenta, regions where the stau is the NLSP are shown in light
blue and regions where all sleptons are the NLSP are shown in dark blue. The six plots are
for different combinations of the messenger mass M and sign(µ). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 .
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Intermediate Lifetimes

If the neutralinos decay in the detector, this leads to the topology of photons that do not
point to the primary event vertex. No dedicated search was performed at OPAL for such non–
pointing photons. Instead, the searches for promptly decaying neutralinos were used also for
this lifetime range, since especially the search for single photons and the search for photons,
missing energy plus leptons/jets maintain some (> 10%) efficiency for lifetimes up to about
10−8 s. The searches do not require the photons to point to the primary vertex, thus the
efficiency is limited by the probability of both photons decaying outside the electromagnetic
calorimeter.

Infinite Lifetime

• Search for acoplanar leptons:
For slepton pair–production and chargino pair–production with decays to sleptons or
leptonic W±∗ decays, a topology of acoplanar leptons is expected, if the neutralinos
are stable. Therefore the analysis described in Sect. 9.1 and in [51] is suitable.

• Search for charginos and neutralinos in the constrained MSSM:
For chargino pair–production with hadronic or semi–leptonic W±∗ decays, in the case
of stable neutralinos, the topology is identical to the corresponding channels in the
constrained MSSM (cMSSM), where the neutralino is the LSP and therefore stable.
Different analyses exist for final states with and without an identified lepton. These
are described in [56].

9.2.1 Cross–Section and Mass Limits for Neutralino Pair–Production

For neutralino pair–production in the neutralino NLSP scenario, the searches for acoplanar
and single photons were combined. If the neutralino is stable, or if both neutralinos decay
outside the detector, the efficiency is zero. Since in this case no energy is deposited in the
detector, such events are invisible and it is impossible to obtain results that are valid for all
neutralino lifetimes.

In the selection for acoplanar photons the photons are not required to originate from the
primary vertex, resulting in a relatively constant efficiency up to lifetimes of approximately
10−9 s, as visible from Fig. 9.20. For longer lifetimes, the efficiency decreases rapidly. The
search for single photons has a sensitivity for events where one of the photons decayed
outside the detector, extending the efficiency to lifetimes of approximately 10−7 s. However,
the efficiency is small, and the analysis suffers from a high level of background. The overlap
between the two selections is large (ǫ ≈ 70%), as visible from Fig. 9.20, where the exclusive
selection efficiencies and the overlap efficiency are shown. Since the single photon analysis
requires at least one photon, it also selects most of the events of the acoplanar photon search.
The overlap in data and background was evaluated by a comparison of the selected candidates
and expected background events of the two analyses on an event–by–event basis, and was
taken into account in the limit calculation.

The expected cross–section was taken from a minimisation in the GMSB parameter scan,
as described in Sect. 7.1 .

The cross–section limit at 95 % C.L. and
√
s = 208.1GeV is shown in Fig. 9.21 (a). Up

to lifetimes of approximately 10−9 s cross–sections above 0.1 pb are excluded, apart from the
region close to the kinematic limit. In most of the plane, the upper limit on the cross–section
is below 0.03 pb. For longer lifetimes the sensitivity decreases rapidly, and for τ > 10−8 s
cross–sections above 1 pb cannot be excluded.

The corresponding limit on the neutralino mass at 95 % C.L. is shown in Fig. 9.21 (b).
For prompt neutralino decays, a limit of 95.5 GeV/c2 is found (expected limit: 94.5 GeV/c2).
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Figure 9.20: Efficiencies for neutralino pair–production at
√

s = 206 GeV in the neutralino
NLSP scenario, as a function of the lifetime. In each plot the efficiencies are shown for a
different neutralino mass. The symbols represent the efficiencies for ten simulated lifetimes
and the lines show the efficiency functions for events which are selected by the acoplanar
photon search (green) and the search for single photons (violet) exclusively. The blue line
gives the overlap efficiency between the two selections. The sum of all efficiencies, i.e. the
two exclusive selection efficiencies and their overlap efficiency, is shown by the red symbols
and the corresponding red line.
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√
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function of the neutralino lifetime, is shown as a blue solid line. The dashed line represents
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This limit was calculated with a step size of 1 GeV/c2 for the neutralino mass, and is valid
for a messenger index N ≤ 5.

9.2.2 Cross–Section Limits for Slepton Pair–Production

For slepton pair–production with a neutralino NLSP two analyses were combined: the search
for photons and missing energy plus leptons and/or jets for short lifetimes and the search
for acoplanar leptons for long lifetimes. As can be seen from Fig. 9.22 for selectrons, the
efficiency of the search for photons and missing energy plus leptons/jets is roughly constant
up to lifetimes of ≈ 10−8 s. For this lifetime, the efficiency of the search for acoplanar leptons
is already rising, thus the combined efficiency is fairly constant over the whole lifetime range.
The overlap between the two analyses is of the order of 15 %. For the search for photons
and missing energy plus leptons/jets only the results from the data of the year 2000 were
included, while for the acoplanar lepton search data of 1998–2000 were used. The different
datasets were combined assuming a β3/s dependence of the cross–sections.

Cross–section limits were calculated using the same method as for the channels with
cascade decays in the slepton NLSP case: first for each slepton mass and flavour limits in
the log (τ) − Mχ̃0

1
plane were calculated. Then, for each slepton and neutralino mass, a

scan over the lifetime was performed and the highest excluded cross–section was extracted.
The resulting cross–section limits at 95 % C.L. and for

√
s = 206.7 GeV in the Mℓ̃R

−Mχ̃0
1

plane are shown in Fig. 9.23 (a), 9.24 (a) and 9.25 (a) for selectrons, smuons and staus,
respectively. The lifetimes at which the highest excluded cross–sections were found are
shown in Fig. 9.23 (b), 9.24 (b) and 9.25 (b). Also shown are the cross–section limits for
the case of promptly decaying neutralinos (τ = 10−12 s), where only the search for photons,
missing energy plus leptons/jets contributes (Fig. 9.23 (c), 9.24 (c) and 9.25 (c)), and the
case of very long–lived neutralinos (τ = 10−6 s), where only the search for acoplanar leptons
contributes (Fig. 9.23 (d), 9.24 (d) and 9.25 (d)).

For selectrons the “all lifetime” limits for the cross–section (see Fig. 9.23 (a)) depend on
the mass difference between the slepton and the neutralino, ∆M = Mℓ̃R

−Mχ̃0
1
, and vary

between 0.03 pb for low ∆M and 0.1 pb for the case of large ∆M and light neutralinos. The
lifetime giving the highest upper limit is mostly ≈ 10−8 s. For the zero lifetime case limits
between 0.03 and 0.07 pb are obtained, while for long lifetime the limits are below 0.02 pb
for small ∆M and below 0.07 pb in most of the plane.

The smuon limits look very similar and the “all lifetime” limits range from 0.03 pb for
low ∆M to 0.09 pb for large ∆M and light neutralinos.

For staus the upper limits are higher. The “all lifetime” limits range from 0.04 pb for
low ∆M to 0.16 pb for large ∆M and light neutralinos. The lifetime giving the highest
upper limit is 10−6−10−7 s in a large part of the mass plane, corresponding to the acoplanar
lepton search. Correspondingly for the long lifetime case the limits in this channel range
from 0.02 pb to 0.12 pb. For the zero lifetime case, though, limits are similar to the other
channels and range from 0.02 to 0.08 pb.

9.2.3 Cross–Section Limits for Chargino Pair–Production

For chargino pair–production in the neutralino NLSP scenario again several analyses were
combined. For short lifetimes, the search for photons and missing energy plus leptons/jets
was used. This analysis is split into several selections, optimised for low and high–
multiplicity and for three ∆M regions, with ∆M = Mχ̃+

1
− Mχ̃0

1
. For long lifetimes, the

search for acoplanar leptons was used for leptonic W decays, while for semi–leptonic and
hadronic W decays the chargino/neutralino searches with and without an identified lep-
ton were used. All long lifetime analyses were separately optimised for the eight differ-
ent ∆M regions and eight different chargino masses used in the Monte Carlo simulation.
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Figure 9.22: Efficiencies for selectron pair–production with a neutralino NLSP for a selectron
mass of 90 GeV/c2 at

√
s = 208 .1 GeV, as a function of the lifetime. The plots show the

efficiencies for neutralino masses of 0.1 GeV/c2 , 10.0 GeV/c2 , 20.0 GeV/c2 , 45.0 GeV/c2 ,
70. GeV/c2 , 80.0 GeV/c2 , 85.0 GeV/c2 and 87 GeV/c2 . The symbols represent the efficien-
cies for ten simulated lifetimes and the lines show the efficiency functions for events which
are selected exclusively by the search for photons, missing energy plus leptons for short life-
times (violet) and the search for acoplanar leptons for long lifetimes (green). The overlap
efficiencies between these searches are shown as blue filled histograms. The sum of the ef-
ficiencies, i.e. the two exclusive selection efficiencies and their overlap, is shown by the red
squares and the corresponding red line.
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Figure 9.23: Contours of the cross–section limits at 95% C.L. and
√

s = 207 GeV for
selectron pair–production in the neutralino NLSP scenario. The cross–section limits in (a)
are valid for all neutralino lifetimes. Plot (b) shows the lifetimes corresponding to these “all
lifetimes” cross–section limits. The 95 % C.L. cross–section limits for prompt neutralino
decays (τ = 10−12 s), where only the search for photons, missing energy plus leptons/jets
contributes, are plotted in (c). In (d) the 95 % C.L. cross–section limits are shown for very
long–lived neutralinos (τ = 10−6 s), where only the search for acoplanar leptons contributes.
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Figure 9.24: Contours of the cross–section limits at 95 % C.L. and
√

s = 207 GeV for
smuon pair–production in the neutralino NLSP scenario. The cross–section limits in (a) are
valid for all neutralino lifetimes. Plot (b) shows the lifetimes corresponding to these “all
lifetimes” cross–section limits. The 95% C.L. cross–section limits for prompt neutralino
decays (τ = 10−12 s), where only the search for photons, missing energy plus leptons/jets
contributes, are plotted in (c). In (d) the 95 % C.L. cross–section limits are shown for very
long–lived neutralinos (τ = 10−6 s), where only the search for acoplanar leptons contributes.
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Figure 9.25: Contours of the cross–section limits at 95% C.L. and
√

s = 207 GeV for
stau pair–production in the neutralino NLSP scenario. The cross–section limits in (a) are
valid for all neutralino lifetimes. Plot (b) shows the lifetimes corresponding to these “all
lifetimes” cross–section limits. The 95 % C.L. cross–section limits for prompt neutralino
decays (τ = 10−12 s), where only the search for photons, missing energy plus leptons/jets
contributes, are plotted in (c). In (d) the 95 % C.L. cross–section limits are shown for very
long–lived neutralinos (τ = 10−6 s), where only the search for acoplanar leptons contributes.
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In this channel the overlap had to be treated differently than before, since no information
about the background and data events was available. Most of the analyses combined in this
channel use a likelihood shape analysis, in which the information about the background is
kept in form of histograms of the background likelihood distributions; information about
individual events is not kept. Thus the overlaps were not treated as separate channels, but
the overlap between two selections was counted for one of them only, and for the other
selection the exclusive efficiency was used. Starting from the first analyses (photons plus
missing energy plus leptons/jets, low multiplicity selection) with efficiency ǫ1, the other
analyses were added consecutively by taking only the efficiency for events that were not yet
selected by previous analyses. To combine the second analysis with efficiency ǫ2 with the first
one, the “exclusive” efficiency for the second analysis, ǫ∗2, was calculated from ǫ∗2 = ǫ2 − ǫ12,
where ǫ12 is the efficiency of the overlap between analyses 1 and 2. The exclusive efficiency
of analysis 3 is then given by ǫ∗3 = ǫ3 − ǫ13 − ǫ32∗ , where ǫ13 is the efficiency of the overlap
between analyses 1 and 3, and ǫ32∗ is the overlap between the exclusive selection 2 (denoted
as 2∗) and 3. In this way double counting of the efficiency is avoided. For the background
of the analyses i with ǫ∗i the background of the original analyses with ǫi was used, since the
overlap in background was not known. Thus, if there was an overlap in background, it was
counted for all affected analyses, which is not optimal but is conservative.

The resulting efficiencies are plotted in Fig. 9.26. The selections for photons and missing
energy plus leptons/jets maintain a constant efficiency up to τ ≈ 10−8 s, while dropping
rapidly for longer lifetimes. The selections for leptonic and semi–leptonic W decays are
efficient for τ > 10−8 s, and the search for hadronic W decays maintains some efficiency for
all lifetimes. Overall, the total efficiency is much higher for short lifetimes, especially for low
∆M .

For the acoplanar lepton search the data from 1998–2000 were used. For the chargino
and neutralino searches, results were available for the years 1999 and 2000, only. Finally, for
the search for photons and missing energy plus leptons/jets only the data from the year 2000
were included. The results at different center–of–mass energies were combined assuming a
β/s dependence of the cross–sections.

The cross–section limits were calculated with the same method as that used for the
channels with cascade decays in the slepton NLSP case: first, for each chargino mass, cross–
section limits in the log (τ)−Mχ̃0

1
plane were obtained. Then, for each chargino and neutralino

mass, a scan over the lifetime was performed and the highest excluded cross–section was
extracted. The resulting “all lifetime” cross–section limit at 95 % C.L., for

√
s = 208.1 GeV,

in the Mχ̃+
1
−Mχ̃0

1
plane is shown in Fig. 9.27 (a). Cross–sections above 0.25 pb are excluded

in all of the mass plane, while in most of the plane cross–sections above 0.15 pb are excluded.
The lifetime at which the highest cross–section limit was found is shown in Fig. 9.27 (b) for
all mass points. The weakest limit is always found for long lifetimes, τ = 10−7 − 10−6 s.
This is consistent with Fig. 9.27 (c), where the cross–section limits for the case of promptly
decaying neutralinos (τ = 10−12 s), where mainly the search for photons, missing energy
plus leptons/jets contributes, are plotted. Here the constraints are much stronger and cross–
sections above 0.1 pb are excluded in the whole mass plane, although data are included from
one year only. The case of very long–lived neutralinos (τ = 10−6 s) is plotted in Fig. 9.27 (d),
with cross–section limits similar to (in some regions slightly better than) the “all lifetime”
case.
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Figure 9.26: Efficiencies as a function of the lifetime for chargino pair–production with
a neutralino NLSP, for different combinations of the chargino and neutralino mass. The
symbols represent the efficiencies for ten simulated lifetimes and the lines show the efficiency
functions. The efficiencies for the three analyses for photons, missing energy plus leptons/jets
for short lifetimes are shown in blue. The search for acoplanar leptons is shown in light
green, and the searches for semi–leptonic and hadronic W ∗ decays are shown in dark green
and orange, respectively. The sum of the efficiencies is shown by the red squares and the
corresponding red line.
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Figure 9.27: Contours of the cross–section limits at 95 % C.L. and
√

s = 208 GeV for
chargino pair–production in the neutralino NLSP scenario. The cross–section limits in (a)
are valid for all neutralino lifetimes. Plot (b) shows the lifetimes corresponding to these
“all lifetimes” cross–section limits. The results for prompt neutralino decays (τ = 10−12 s),
where mainly the search for photons, missing energy plus leptons/jets contributes, are plotted
in (c). In (d) the limits are shown for very long–lived neutralinos (τ = 10−6 s).
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9.3 Interpretations in the Framework of the GMSB Model

9.3.1 Exlusions within the GMSB Parameter Space

Up to this point, cross–section and mass limits were presented. In addition, to interpret
the experimental results in the framework of the GMSB model, the constraints on the pro-
duction cross–sections were used to exclude points in the GMSB parameter space. For this
interpretation, all channels described in Sect. 9.1 and 9.2 were included.

For each of the 30 sets of the GMSB parameters N , M and sign(µ) considered in the
GMSB parameter scan (Chapter 7), the exclusion in the Λ − tanβ plane was studied. At
each point in this plane, the mass spectrum, the cross–sections for the various channels as
well as their branching ratios are known. A point in the parameter space is excluded if it
is kinematically accessible and the expected cross–section in at least one channel is lower
than the experimental 95 % C.L. cross–section limit in this channel, taking into account the
branching ratio(s). The regions where the NLSP is lighter than 45 GeV/c2 (LEP 1 search
region) were not considered in this analysis.

Three cases were studied:

• all NLSP lifetimes (10−12 s≤ τ ≤ 10−6 s),

• negligible NLSP lifetime (τ = 10−12 s),

• NLSP lifetime τ < 10−8 s, corresponding to a proper decay length below three metres.

In addition to the most general case of all lifetimes, the two other cases were studied for
the following reasons. For negligible lifetime, the best exclusion for the important case of
N = 1 is found. This is due to the fact that for small lifetimes the search for neutralino
pair–production in the neutralino NLSP scenario contributes, which improves the limit in
the cases where the neutralino NLSP scenario is important, i.e. for low N . For the case
τ < 10−8 s the cross–section limits for neutralino pair–production in the neutralino NLSP
scenario are much weaker than for negligible lifetimes, as described in Section 9.2.1, however
they are still strong enough to exclude significant regions in the parameter space (while for
the “all lifetime” case this analysis does not contribute at all). Although for lifetimes of
τ < 10−8 s smaller regions in the parameter space can be excluded compared to the case
of negligible lifetime, for both cases rather similar constraints can be set on the parameter
Λ, independent of tanβ (the limits on Λ are discussed in the following section). Thus the
constraints on Λ are relatively insensitive to lifetime for τ < 10−8 s, and the lifetime range
where these limits are valid is extended by several orders of magnitude by studying the case
τ < 10−8 s.

In Fig. 9.28 the excluded regions in the Λ − tanβ plane, valid for all NLSP lifetimes,
are shown for N = 1 and for the six combinations of M and sign(µ). The different colours
correspond to different search channels, indicating the relevance of the various analyses in
the parameter space. In general, for low M more points can be excluded than for high M ,
and slightly more points can be excluded for µ < 0. The 2–tau and 2–lepton channels exclude
a significant part of the parameter space where the slepton co–NLSP scenario or the stau
NLSP scenario is realised, as visible from a comparison with Fig. 9.15. The importance of
the slepton NLSP scenarios decreases with M : for small M , the sleptons can be the NLSP
for all values of tan β, with the slepton co–NLSP scenario being realised in the small tanβ
region. For large M the sleptons are the NLSP only for tan β >∼ 20. The 4–lepton channel
excludes points in a smaller part of the slepton NLSP parameter space, and these points
are also excluded by the 2–tau or 2–lepton channels. In the neutralino NLSP channels, a
large fraction of the neutralino NLSP points can be excluded by the searches for slepton
pair–production. The chargino pair–production with a neutralino NLSP channel excludes
mostly points that can also be excluded by the searches for sleptons, apart from the case of
high M , where the charginos rule out additional points in the region with low tanβ. In this
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channel a complication arises due to the fact that the chargino has two decay modes that
can lead to the same final state:

(1) e+e− → χ̃+
1 χ̃

−
1 → χ̃0

1 W+∗ χ̃0
1 W−∗,

(2) e+e− → χ̃+
1 χ̃

−
1 → ℓ̃+ν ℓ̃−ν̄ → ℓ+ν χ̃0

1 ℓ
−ν̄ χ̃0

1 .

Since in the scan for the branching ratios of the different final states no information about the
decay chain is available, it is impossible to decide if the branching ratio to the ℓ̃−ν̄ ℓ̃+ν final
state is due to leptonic W decays (1), or due to the direct decay mode (2). Experimentally,
only results from the decay channel (1) were used. The analyses sensitive to the leptonic
final state are the search for acoplanar leptons for long lifetimes and the search for photons,
missing energy plus leptons, for short lifetimes. It was checked that these analyses have a
similar efficiency for both chargino decay modes that lead to the leptonic final state. The
branching ratio to ℓ̃ν was treated as if it was purely due to channel (1). Since the efficiency
for (2) is roughly the same, even if this branching ratio was totally due to decay mode (2), the
cross–section limits would essentially not be affected. Coming back to the regions excluded
by this channel, in general, the production cross–section for charginos is larger than that for
sleptons. Nevertheless, the sleptons give better exclusion limits than the charginos, because
in GMSB models the charginos are mostly heavier than the (right–handed) sleptons. Thus,
the charginos are kinematically limited and higher values of Λ can be reached by the sleptons.

The grey regions cannot be excluded. The light grey regions are not within the kinematic
reach of LEP2; i.e., the sleptons, the neutralino and the chargino are heavier than half
the center–of–mass energy, at which the cross–section limits were calculated (206.7 GeV for
slepton pair–production with a neutralino NLSP, 208.1 GeV for all other channels). In the
dark grey regions at least one search channel presented here is kinematically allowed. Values
of Λ of about 100 TeV/c2 for large and about 80 TeV/c2 for low tan β are reachable at LEP 2
for N = 1. For larger N the SUSY particles are in general heavier for the same value of Λ
than for N = 1. For N = 5, Λ values of only about 25− 35TeV/c2, depending on tan β, can
be reached.

With increasing N , the slepton NLSP scenarios dominate more and more, and the neu-
tralino is the NLSP only for small Λ and tanβ. This behaviour is particularly pronounced
for low M . The exclusions for N = 2 − 5 are shown in Figures 9.29 – 9.32. As visible from
these plots, for large N the most important channels are the 2–lepton and 2–tau channels.
A significant part of the kinematically accessible parameter space is excluded.

For the case of negligible NLSP lifetime, the excluded regions, for messenger indices of
N = 1 and N = 3, are shown in Fig. 9.33 and 9.34. One important difference with respect
to the case of all lifetimes is that for negligible lifetimes the search for neutralino pair–
production in the neutralino NLSP scenario excludes large parts of the neutralino NLSP
regions. In addition, the search for chargino pair–production in the slepton NLSP scenarios
contributes for short lifetimes and excludes points in a restricted part of the parameter space.
Also the search for selectron or smuon pair–production in the stau NLSP scenario is now
included and excludes, especially for low M , points in a significant region in the parameter
space. However, these are also excluded by other channels. For slepton and chargino pair–
production in the neutralino NLSP scenario, much stronger constraints on the cross–sections
are obtained for very short lifetimes, as visible from Figures 9.23 – 9.25 and 9.27. This results
in larger excluded regions for these channels. In the 4–lepton channel, where no dedicated
analysis exists for long slepton lifetimes, the constraints for all lifetimes are particularly
weak (Fig. 9.9). Therefore, in this channel more points can be excluded if only very short
slepton lifetimes are considered. In the 2–lepton and 2–tau channel the “all lifetime” limits
are almost identical to the limits for very short lifetimes, and no improvement is found.

Finally, the excluded regions for the case τ < 10−8 s and N = 1 are shown in Fig. 9.35.
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Figure 9.28: Excluded regions in the Λ − tan β plane for N = 1 and different values of M
and sign(µ), valid for all NLSP lifetimes. From top to bottom: high M (M = 10 6 TeV/c2),
medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left: sign(µ) = −1 , right:
sign(µ) = +1 . The white regions are not allowed by theory. In the black regions the NLSP is
lighter than 45GeV/c2. These regions were not considered in this analysis. The grey regions
cannot be excluded, with the light grey region being beyond the kinematic reach of LEP2.
The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.29: Excluded regions in the Λ − tanβ plane for N = 2 and different values of M
and sign(µ), valid for all NLSP lifetimes. From top to bottom: high M (M = 10 6 TeV/c2),
medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left: sign(µ) = −1 , right:
sign(µ) = +1 . The white regions are not allowed by theory. In the black regions the NLSP is
lighter than 45GeV/c2. These regions were not considered in this analysis. The grey regions
cannot be excluded, with the light grey region being beyond the kinematic reach of LEP2.
The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.

109



20 40 60 80 100

10

20

30

40

50

20 40 60 80 100

10

20

30

40

50

Excluded regions for N=3

High M, µ negative

Λ (TeV/c
2
)

ta
n

(β
)

High M, µ positive

Λ (TeV/c
2
)

ta
n

(β
)

20 40 60 80 100

10

20

30

40

50

20 40 60 80 100

10

20

30

40

50

Medium M, µ negative

Λ (TeV/c
2
)

ta
n

(β
)

Medium M, µ positive

Λ (TeV/c
2
)

ta
n

(β
)

20 40 60 80 100

10

20

30

40

50

20 40 60 80 100

10

20

30

40

50

Low M, µ negative

Λ (TeV/c
2
)

ta
n

(β
)

Low M, µ positive

Λ (TeV/c
2
)

ta
n

(β
)

Figure 9.30: Excluded regions in the Λ − tan β plane for N = 3 and different values of M
and sign(µ), valid for all NLSP lifetimes. From top to bottom: high M (M = 10 6 TeV/c2),
medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left: sign(µ) = −1 , right:
sign(µ) = +1 . The white regions are not allowed by theory. In the black regions the NLSP is
lighter than 45GeV/c2. These regions were not considered in this analysis. The grey regions
cannot be excluded, with the light grey region being beyond the kinematic reach of LEP2.
The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.31: Excluded regions in the Λ − tanβ plane for N = 4 and different values of M
and sign(µ), valid for all NLSP lifetimes. From top to bottom: high M (M = 10 6 TeV/c2),
medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left: sign(µ) = −1 , right:
sign(µ) = +1 . The white regions are not allowed by theory. In the black regions the NLSP is
lighter than 45GeV/c2. These regions were not considered in this analysis. The grey regions
cannot be excluded, with the light grey region being beyond the kinematic reach of LEP2.
The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.32: Excluded regions in the Λ − tan β plane for N = 5 and different values of M
and sign(µ), valid for all NLSP lifetimes. From top to bottom: high M (M = 10 6 TeV/c2),
medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left: sign(µ) = −1 , right:
sign(µ) = +1 . The white regions are not allowed by theory. In the black regions the NLSP is
lighter than 45GeV/c2. These regions were not considered in this analysis. The grey regions
cannot be excluded, with the light grey region being beyond the kinematic reach of LEP2.
The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.33: Excluded regions in the Λ − tan β plane for N = 1 and different values of
M and sign(µ), for negligible NLSP lifetimes (τ = 10−12 s). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 . The white regions are not allowed by theory. In the
black regions the NLSP is lighter than 45GeV/c2. These regions were not considered in this
analysis. The grey regions cannot be excluded, with the light grey region being beyond the
kinematic reach of LEP2. The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.34: Excluded regions in the Λ − tanβ plane for N = 3 and different values of
M and sign(µ), for negligible NLSP lifetimes (τ = 10−12 s). From top to bottom: high
M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M (M = 1 .01 · Λ), left:
sign(µ) = −1 , right: sign(µ) = +1 . The white regions are not allowed by theory. In the
black regions the NLSP is lighter than 45GeV/c2. These regions were not considered in this
analysis. The grey regions cannot be excluded, with the light grey region being beyond the
kinematic reach of LEP2. The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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Figure 9.35: Excluded regions in the Λ − tanβ plane for N = 1 and different values of M
and sign(µ), for lifetimes < 10−8 s, corresponding to a proper decay length < 3m. From
top to bottom: high M (M = 10 6 TeV/c2), medium M (M = 250 TeV/c2) and low M
(M = 1 .01 ·Λ), left: sign(µ) = −1 , right: sign(µ) = +1 . The white regions are not allowed
by theory. In the black regions the NLSP is lighter than 45 GeV/c2. These regions were not
considered in this analysis. The grey regions cannot be excluded, with the light grey region
being beyond the kinematic reach of LEP2. The coloured regions are excluded by:

test slepton pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the slepton co–NLSP or stau NLSP scenario,

test selectron or smuon pair–production in the stau NLSP scenario,

test chargino pair–production in the slepton co–NLSP or stau NLSP scenario,

test neutralino pair–production in the neutralino NLSP scenario,

test slepton pair–production in the neutralino NLSP scenario,

test chargino pair–production in the neutralino NLSP scenario.
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9.3.2 Constraints on the SUSY Particle Mass Scale Λ

From the exclusions in the Λ − tan β plane presented in the previous section, lower limits
on the SUSY particle mass scale Λ, independent of tanβ, were inferred. This parameter
determines, for fixed N , the GMSB particle spectrum at the messenger scale, since the
gaugino masses are given by

mλi
(M) ∼ N · Λαi(M)

4π
,

where λi are the gaugino fields of gauge group i and the αi are the GUT normalised coupling
constants of these gauge groups. Also the messenger scale scalar masses are determined
by Λ:

m2(M) ∼ 2N · Λ2
3

∑

i=1

ki

(

αi(M)

4π

)2

.

The sum is over the gauge groups SU(3)C × SU(2)L × U(1)Y (details are discussed in
Chapter 2).

Constraints on Λ were again obtained for three cases: all NLSP lifetimes (10−12 s≤ τ ≤
10−6 s), negligible NLSP lifetimes (τ = 10−12 s), and for NLSP lifetimes τ < 10−8 s. The
results for these lifetimes and the 30 parameter sets included in the scan are summarised
in Table 9.2. As visible from this table, the constraints on Λ decrease with larger N , with
typical lower limits of 50TeV/c2 for N = 1 and 15TeV/c2 for N = 5. The constraints
depend slightly on M , and are almost independent of the sign of the parameter µ.

For N ≤ 3, the constraints are lower for the case of all lifetimes than for negligible
NLSP lifetimes, while for larger N the same limits are found. As already mentioned, for
small lifetimes the search for neutralino pair–production in the neutralino NLSP scenario
contributes and improves the limits in the cases of small N , where the neutralino NLSP
scenario is important.

For τ < 10−8 s, the Λ limits are, apart from two parameter combinations, identical to the
case of negligible lifetimes. The validity in lifetime of the strong Λ constraints obtained for
negligible lifetimes can thus be extended by several orders of magnitude, with slightly lower
limits obtained only for two of the parameter combinations studied.

In conclusion, constraints on Λ of Λ > 40, 27, 21, 17, 15 TeV/c2 were derived for N =
1, 2, 3, 4, 5, respectively, for all NLSP lifetimes.

The constraints on Λ imply lower limits on the masses of all SUSY particles and Higgs
bosons, including those that are kinematically not accessible at LEP 2. Such lower limits
were calculated for all N , for the cases of all NLSP lifetimes and τ < 10−8 s. The results are
shown in Fig. 9.36 for all particles for which no mass limits could be derived directly, i.e. the
χ̃±

1 , χ̃±
2 , χ̃0

2, χ̃
0
3, χ̃

0
4, τ̃2, µ̃L, ẽL, and the Higgs bosons. It has to be stressed, however, that the

program used for the parameter scan (SUSYGEN) is not recommended by the authors for
detailed studies of the Higgs sector [18]. For the case τ < 10−8 s, stronger mass constraints
are found especially for the lighter chargino.

Without any Λ constraint, the sleptons, the χ̃0
2 and the light Higgs h0 can be rather

light (< 100GeV/c2), while for the other particles masses of typically 100 − 150GeV/c2 are
allowed in the GMSB models considered in the scan. The indirect constraint on the light
Higgs h0 is below experimental bounds, while for all other particles severe constraints are
implied by the lower limits on Λ obtained in this work.
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Lower limit at 95 % C.L. on Λ [TeV/c2] for all NLSP lifetimes

N = 1 N = 2 N = 3 N = 4 N = 5

µ < 0 40 27 21 17 15
High M

µ > 0 43 27 21 17 15

µ < 0 49 31 26 22 20
Medium M

µ > 0 49 33 26 22 20

µ < 0 54 37 30 25 22
Low M

µ > 0 52 37 30 25 22

Lower limit at 95 % C.L. on Λ [TeV/c2] for τ = 10−12 s

N = 1 N = 2 N = 3 N = 4 N = 5

µ < 0 67 33 22 17 15
High M

µ > 0 67 34 22 17 15

µ < 0 66 33 26 22 20
Medium M

µ > 0 67 34 26 22 20

µ < 0 54 37 30 25 22
Low M

µ > 0 52 37 30 25 22

Lower limit at 95 % C.L. on Λ [TeV/c2] for τ < 10−8 s

N = 1 N = 2 N = 3 N = 4 N = 5

µ < 0 64 33 22 17 15
High M

µ > 0 66 34 22 17 15

µ < 0 66 33 26 22 20
Medium M

µ > 0 67 34 26 22 20

µ < 0 54 37 30 25 22
Low M

µ > 0 52 37 30 25 22

Table 9.2: Lower limits at 95% C.L. on the SUSY particle mass scale Λ, for various sets of
the GMSB parameters M , N and sign(µ). Three cases were considered: all NLSP lifetimes
(10−12 s≤ τ ≤ 10−6 s), negligible NLSP lifetimes (τ = 10−12 s), and τ < 10−8 s.
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Figure 9.36: Indirect constraints on the masses of various particles, implied by the limits on
the parameter Λ, for different values of the messenger index N and within the framework
of the GMSB parameter scan used in this work. Left: mass constraints valid for all NLSP
lifetimes, right: mass constraints valid for small NLSP lifetimes < 10−8 s.
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Chapter 10

Summary and Discussion

In the Gauge Mediated Supersymmetry Breaking model the next–to–lightest supersymmetric
particle (NLSP) is the lightest slepton in a large part of the parameter space, and its lifetime
is a free parameter. For intermediate slepton lifetimes of about 10−11−10−9 s, corresponding
to proper decay lengths of the order of millimetres to several tens of centimetres, the decay
of the slepton to a lepton and an invisible gravitino leads to the experimental topology of
tracks with large impact parameters. In this work a search for sleptons with intermediate
lifetimes was performed, using data from e+e− collisions recorded with the OPAL detector
at LEP2. The results of this search for sleptons with intermediate lifetimes were combined
with other OPAL analyses for promptly decaying, long–lived and stable sleptons.

A program was developed that allows for proper simulation of supersymmetric particles
with arbitrary lifetimes and their decays. This program is used by all OPAL GMSB searches
as well as searches for other supersymmetric processes with long–lived particles.

Efficient selections, exploiting the topology of tracks with large impact parameters, were
developed for all production channels possible in GMSB models with a slepton NLSP at
LEP 2 energies: slepton pair–production, neutralino pair–production and chargino pair–
production. Unmodeled background, which gives a serious contribution to the total ex-
pected background for this topology, was successfully removed. No evidence for sleptons
with intermediate lifetimes was found in the data set taken at

√
s = 189 − 209 GeV with

an integrated luminosity of approximately 600 pb−1. Instead, for all channels the number of
selected candidates is in good agreement with the number of events expected from Standard
Model sources. For selectron and smuon pair–production in the scenario where the sleptons
are degenerate in mass (slepton co–NLSP scenario), which is the channel with the lowest
level of remaining background, no candidate was selected, while 0.09 events are expected
from Standard Model processes.

To obtain limits on cross–sections and masses that are independent of the slepton lifetime,
a combination was performed that includes also other OPAL searches covering negligible, long
and infinite slepton lifetimes. In all channels studied, cross–section limits were presented.
For slepton pair–production in the slepton co–NLSP scenario, stau pair–production in the
stau NLSP scenario and for neutralino pair–production, these cross–section limits are valid
for all slepton lifetimes. The cross–section limits for slepton pair–production in the stau
NLSP scenario and chargino pair–production are valid for proper slepton decay lengths up
to 3m.

Mass limits were derived for selectrons, smuons and staus. To reach as much generality
as possible within the framework of the GMSB model, a scan of the GMSB parameters was
performed, and the expected cross–section was calculated from a minimisation within this
scan. Slepton mass limits of mẽR

> 60.1GeV/c2 for the right–handed selectron (expected
limit: mẽR > 60.0GeV/c2), mµ̃R

> 93.7GeV/c2 for the right–handed smuon (expected
limit: mµ̃R

> 93.6GeV/c2) and mτ̃1 > 87.4GeV/c2 for the lighter stau (expected limit:
mτ̃1 > 88.2GeV/c2 in the slepton co–NLSP scenario and mτ̃1 > 87.6GeV/c2 in the stau
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NLSP scenario) were derived, for a messenger index N ≤ 5 and independent of the slepton
lifetime. These limits significantly improve and generalise previous OPAL results: in [55],
based on the data set taken at

√
s = 189 GeV, slepton mass limits of Mτ̃1 = 69 GeV/c2 and

Mµ̃R,ẽR
= 88 GeV/c2 (assuming a mass degeneracy between the smuon and the selectron)

were established for tanβ = 20. For the case of tan β = 2, a mass limit of Mℓ̃ = 83 GeV/c2

(assuming a mass degeneracy among the sleptons) was reported. These numbers are valid
for N ≤ 4 and prompt slepton decays. Previously, with the large impact parameter topol-
ogy uncovered, a smuon mass limit of approximately 50GeV/c2 was quoted for all slepton
lifetimes [57].

The results of the studies presented here can be compared with results from the other
LEP collaborations, ALEPH, DELPHI and L3. The slepton mass limits of the ALEPH [58],
DELPHI [59] and L3 [60] collaborations, together with the results from OPAL presented in
this work, are summarised in Table 10.1, and the stau mass limits are shown in Fig. 10.1. As
visible, the results presented in this thesis surpass previous LEP results, both for the observed
and expected limit. It has to be stressed that the ALEPH selectron limit was calculated by
neglecting the t–channel contribution and its destructive interference with the s–channel to
the expected cross–section. Considering the interference would reduce the ALEPH limit
significantly.

M(ẽR) [GeV/c2] M(µ̃R) [GeV/c2] M(τ̃1) [GeV/c2]
√
s [GeV]

ALEPH 83 (s–channel only) 88 77 (82) 189–209

DELPHI – 88 82.5 130–209

L3 – – 63.5 (67) 200

OPAL 60.1 (60.0) 93.7 (93.6) 87.4 (88.2/87.6) 189–209

Table 10.1: Compilation of selectron, smuon and stau mass limits at 95 % C.L. within the
GMSB model from ALEPH, DELPHI, L3 and OPAL, as presented in this thesis. The
expected limits are given in parentheses, when available from the experiment (for OPAL, the
two numbers for staus correspond to the slepton co– and the stau NLSP scenario). The OPAL
search for heavy stable charged particles uses, in addition, the data with

√
s = 130−183 GeV.

To interpret the experimental results in terms of the GMSB model, the constraints on the
production cross–sections were used to exclude regions within the GMSB parameter space.
Significant parts of the kinematically accessible parameter space with a slepton NLSP can
be excluded by the presented combination. For a messenger index N = 1, or larger N but
a small SUSY particle mass scale Λ, the neutralino rather than the slepton is the NLSP.
Thus, to establish constraints on Λ, searches for topologies with a neutralino NLSP had
to be included. This combination yields constraints on Λ of Λ > 40, 27, 21, 17, 15 TeV/c2

for N = 1, 2, 3, 4, 5, respectively, independent of the NLSP lifetime. For prompt NLSP
decays, the limits are Λ > 52, 33, 22, 17, 15 TeV/c2 for N = 1, 2, 3, 4, 5, respectively. This
surpasses previous OPAL limits of Λ > 48, 31, 22, 19 TeV/c2 for N = 1, 2, 3, 4, respectively,
valid for the special case of zero NLSP lifetime [55].

The ALEPH collaboration quotes constraints on Λ of Λ > 36TeV/c2 for N = 1 and
Λ > 10 TeV/c2 for N = 5, valid for all NLSP lifetimes. The DELPHI collaboration reports
a limit of Λ > 17.5 TeV/c2 for N ≤ 4 and negligible NLSP lifetimes.

No hint for any SUSY particles was found at LEP. For the near future, the best chance
to discover supersymmetry will be at the Tevatron, where protons and antiprotons collide
at

√
s = 1.96 TeV. At this center–of–mass energy, the main production channels in GMSB

models are χ̃+
1 χ̃

−
1 and χ̃±

1 χ̃
0
2. The primary particles decay and the cascades terminate with

the lightest slepton, if it is the NLSP. In the stau NLSP scenario the D0 experiment, for
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Figure 10.1: Overview of stau mass limits obtained at LEP. Top left: stau mass limit at
95 % C.L. from ALEPH, as a function of the lifetime [58]. The expected limit is shown as a
blue line. The red lines indicate the regions excluded by the searches for acoplanar leptons,
for large impact parameters and kinks, and for heavy stable charged particles. Top right:
stau mass limit at 95% C.L. from DELPHI, as a function of the gravitino mass [59]. The
blue region is excluded by the searches for large impact parameters and tracks with kinks,
and the yellow regions are excluded by the search for sleptons in gravity mediated models
(MSUGRA) and the search for stable heavy leptons. The dotted line gives the expected limit
for the large impact parameter and kink searches. Bottom left: stau mass limit at 95% C.L.
from L3, as a function of the stau decay length [60]. The thick line represents the expected
limit. The thin lines indicate, from left to right, the regions excluded by the searches for
sleptons with zero lifetime, tracks with large impact parameters, tracks with kinks, and heavy
stable charged particles (top: with, bottom: without using dE/dx). Bottom right: the stau
mass limit, as a function of the lifetime, as presented in this work (Sect. 9.1.3), is shown as
yellow histogram. The hatched region is excluded at 95 % C.L. by the search for tracks with
large impact parameters. The dashed lines indicate the expected limits for the combination
and the large impact parameter search.
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Figure 10.2: Indirect constraints on the masses of various particles, implied by the limits on
the parameter Λ. These constraints are valid for NLSP lifetimes < 10−8 s, corresponding to
a proper decay length below three metres, and within the framework of the GMSB parameter
scan used in this work.

example, will be able to discover a chargino with a mass up to 160 GeV/c2 for negligible stau
lifetime, assuming an integrated luminosity of 2 fb−1 [61]. If the stau is stable, a chargino
with a mass up to 340 GeV/c2 and a stau with a mass up to 160 GeV/c2 can be discovered.
In Figure 10.2 indirect constraints on the masses of various particles, implied by the lower
constraints on the parameter Λ obtained in this work, are shown. For a short–lived stau and
a messenger index N = 2, as used by D0, a mass of the lighter chargino below approximately
150 GeV/c2 is indirectly excluded by this work.

At the LHC (Large Hadron Collider), with a center–of–mass energy of 14 TeV, squarks
and gluinos will be produced copiously, if SUSY exists at the electroweak scale. Other super-
symmetric processes will form the main background, and the issue will be to decide between
different SUSY models. If GMSB exists and complete decay chains can be kinematically
reconstructed, most GMSB parameters can be determined. This was studied for several
scenarios and it was found that typically relative errors of 10–20 % will be achieved for most
parameters, for an integrated luminosity of 10 fb−1 [62].

The results of a preliminary version of the analysis presented in this thesis are publicly
available as a conference contribution [40], and entered into a preliminary LEP combination
released for Moriond Electroweak 2002. A publication of the results presented here is planned
for summer 2002. This will be the final OPAL publication on GMSB searches. In addition,
a combination of the final results from all LEP collaborations is planned.
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Appendix A

The OPAL Track Parameters

Charged particles cause hits in the jet chamber from which tracks are reconstructed. Each
track is parametrised by the five parameters φ0, κ, d0, tan λ and z0. The first three parame-
ters describe the track in the plane transverse to the beam axes (x− y or r−φ plane), while
the last two parameters parametrise the track in the plane defined by z and the path–integral
s along the track in the r − φ plane. The definition of the track parameters is given below.
For illustration the track parameters are depicted in Fig. A.1.

• The parameter φ0 is the azimuthal angle of the track tangent at the point of closest
approach (p.c.a.). The p.c.a. is the point on the extrapolated track with the smallest
distance to the origin, i.e. it is not necessarily a point between the first and last recorded
hit of the track.

• The curvature κ of the track is given by:

|κ| =
1

2ρ
,

where ρ is the radius of the curvature of the track. The sign of κ is defined such that
for positive κ the angle φ increases if one moves along the track starting from the
p.c.a. into the direction with decreasing |x|. For the magnetic field pointing in the
+z direction, as in OPAL, the tracks of negatively charged particles have a positive
curvature. Consequently, the charge of the particle can be calculated by

q = −sign
(

Bz

κ

)

.

• The parameter d0 is the impact parameter of the track, i.e. |d0| is the distance from the
p.c.a. to the origin in the transverse plane, and the sign is derived from the formula:

d0 = q · (ρ− rc).

Here rc is the radial distance of the centre of the track circle.

• The parameter tan λ describes the slope of the track in the s − z plane. The angle λ
is complementary to the polar angle θ: λ = 90◦ − θ, thus tan λ = cot θ.

• Finally z0 is the z coordinate of the point of closest approach.

The momentum components of the particle are then given by:

pT (GeV/c) =
1

2

∣

∣

∣

∣

Bz (kG)

κ (cm−1)

∣

∣

∣

∣

c (cm · s−1) · 10−14
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px = pT cos φ0

py = pT sinφ0

pz = pT tanλ

p = pT

√

1 + tan2 λ .

✲

✻

x

y

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

..
..
..
.
..
..
..
..
..

..
..
..
..
..
..
.

..
...
..
..
..
..

..
..
..
..
..
...

..
..
..............
....
....
..
.
..

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

.............

............. ...
..
..
..
.
..
.

........

.

.

.

.

.

.

.

d0

φ0

ρ

✲

✻

s

z

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
...
..
..

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
.

..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
..
...
..
..
..
..
..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

...

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

. . . . . . . . . . . . . . ..
.
.
.
.
.
.
.
.
.
.
.
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

..

z0

λ

Figure A.1: The track parameters in the x − y (top) and z − s plane (bottom). The solid
lines depict the measured part of the track, the dashed line its interpolation.
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Appendix B

The Signal Monte Carlo Grid

In this appendix a complete list of the simulated signal Monte Carlo points for the slepton
NLSP channels is given. For all channels the following ten NLSP lifetimes were simulated:
τ = 10−12, 10−11, 10−10, 5 · 10−10, 10−9, 5 · 10−9, 10−8, 5 · 10−8, 10−7, 10−6 s.

• Selectron and smuon pair–production in the slepton co–NLSP scenario:√
s = 208.1GeV.

Mℓ̃R
= 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 104GeV/c2 .

• Stau pair–production:
√
s = 208.1GeV.

Mτ̃1 = 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100, 101, 102, 103, 104GeV/c2 .

• Neutralino pair–production with a slepton NLSP:
√
s = 206.0GeV.

For both the stau NLSP scenario and the slepton co–NLSP scenario 17 combinations
of neutralino and slepton masses were generated:
Mχ̃0

1
= 50GeV/c2: Mℓ̃ = 45, 48GeV/c2

Mχ̃0
1

= 70GeV/c2: Mℓ̃ = 45, 65, 68GeV/c2

Mχ̃0
1

= 85GeV/c2: Mℓ̃ = 45, 65, 83GeV/c2

Mχ̃0
1

= 95GeV/c2: Mℓ̃ = 45, 65, 85, 93GeV/c2

Mχ̃0
1

= 102GeV/c2: Mℓ̃ = 45, 65, 85, 95, 100GeV/c2

• Chargino pair–production with a slepton NLSP:
√
s = 206.0GeV.

For both the stau NLSP scenario and the slepton co–NLSP scenario 24 combinations
of chargino and slepton masses were generated:
Mχ̃+

1
= 60GeV/c2: Mℓ̃ = 50, 57GeV/c2

Mχ̃+
1

= 70GeV/c2: Mℓ̃ = 50, 60, 67GeV/c2

Mχ̃+
1

= 80GeV/c2: Mℓ̃ = 50, 60, 70, 75GeV/c2

Mχ̃+
1

= 90GeV/c2: Mℓ̃ = 50, 60, 70, 80, 83GeV/c2

Mχ̃+
1

= 100GeV/c2 : Mℓ̃ = 50, 60, 70, 80, 89GeV/c2

Mχ̃+
1

= 102.5GeV/c2 : Mℓ̃ = 50, 60, 70, 80, 90GeV/c2

• Slepton pair–production in the stau NLSP scenario:
√
s = 206.0GeV.

61 combinations of slepton, neutralino and stau masses were generated:
Mℓ̃R

= 60GeV/c2 : Mτ̃1 = 50GeV/c2: Mχ̃0
1

= 52, 58GeV/c2

Mℓ̃R
= 60GeV/c2 : Mτ̃1 = 56GeV/c2: Mχ̃0

1
= 58GeV/c2

Mℓ̃R
= 70GeV/c2 : Mτ̃1 = 50GeV/c2: Mχ̃0

1
= 52, 60, 68GeV/c2

Mℓ̃R
= 70GeV/c2 : Mτ̃1 = 60GeV/c2: Mχ̃0

1
= 62, 68GeV/c2

Mℓ̃R
= 70GeV/c2 : Mτ̃1 = 66GeV/c2: Mχ̃0

1
= 68GeV/c2

Mℓ̃R
= 80GeV/c2 : Mτ̃1 = 50GeV/c2: Mχ̃0

1
= 52, 65, 78GeV/c2

Mℓ̃R
= 80GeV/c2 : Mτ̃1 = 60GeV/c2: Mχ̃0

1
= 62, 70, 78GeV/c2
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Mℓ̃R
= 80GeV/c2: Mτ̃1 = 70GeV/c2: Mχ̃0

1
= 72, 78GeV/c2

Mℓ̃R
= 80GeV/c2: Mτ̃1 = 76GeV/c2: Mχ̃0

1
= 78GeV/c2

Mℓ̃R
= 90GeV/c2: Mτ̃1 = 50GeV/c2: Mχ̃0

1
= 52, 70, 88GeV/c2

Mℓ̃R
= 90GeV/c2: Mτ̃1 = 60GeV/c2: Mχ̃0

1
= 62, 75, 88GeV/c2

Mℓ̃R
= 90GeV/c2: Mτ̃1 = 70GeV/c2: Mχ̃0

1
= 72, 80, 88GeV/c2

Mℓ̃R
= 90GeV/c2: Mτ̃1 = 80GeV/c2: Mχ̃0

1
= 82, 88GeV/c2

Mℓ̃R
= 90GeV/c2: Mτ̃1 = 86GeV/c2: Mχ̃0

1
= 88GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 50GeV/c2: Mχ̃0

1
= 52, 75, 98GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 60GeV/c2: Mχ̃0

1
= 62, 80, 98GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 70GeV/c2: Mχ̃0

1
= 72, 85, 98GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 80GeV/c2: Mχ̃0

1
= 82, 90, 98GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 90GeV/c2: Mχ̃0

1
= 92, 98GeV/c2

Mℓ̃R
= 100GeV/c2: Mτ̃1 = 96GeV/c2: Mχ̃0

1
= 98GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 50GeV/c2: Mχ̃0

1
= 52, 76.2, 99.9GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 60GeV/c2: Mχ̃0

1
= 62, 81.3, 99.9GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 70GeV/c2: Mχ̃0

1
= 72, 86.2, 99.9GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 80GeV/c2: Mχ̃0

1
= 82, 91.2, 99.9GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 90GeV/c2: Mχ̃0

1
= 92, 96.2, 99.9GeV/c2

Mℓ̃R
= 102.5GeV/c2 : Mτ̃1 = 98GeV/c2: Mχ̃0

1
= 99.9GeV/c2

In all cases 1000 events were generated for each point of the mass grid.
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