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Abstract

Diese Dissertation beschäftigt sich mit der Suche nach dem skalaren Top Quark t̃1 und
dem skalaren Bottom Quark b̃1 innerhalb des Minimal Supersymmetric Standard Model
(MSSM) unter der Annahme der R-Paritätserhaltung. Suchen nach den folgenden Zer-
fallsmoden des Stop-Quark wurden durchgeführt: t̃1 → cχ̃0

1, t̃1 → blν̃ (wobei l mit gle-
ichen Wahrscheinlichkeiten entweder e, µ oder τ ist) und t̃1 → bτ ν̃ (nur das Tau-Lepton
wird berücksichtigt). Zusätzlich wurde der Dreikörperzerfall t̃1 → bWχ̃0

1 im erlaubten
Massenbereich Mt̃1 > Mb+MW +Mχ̃0

1
≥ 86 GeV gesucht. Für das Sbottom-Quark wurde

der Zerfall b̃1 → bχ̃0
1 studiert. Jede dieser Zerfallsmoden wurde voneinander unabhängig

unter der Annahme eines 100 %igen Verzweigungsverhältnisses untersucht.

Für diese Suche wurden Daten aus e+e−-Kollisionen bei Schwerpunktsenergien im
Bereich von 202−208 GeV benutzt. Die Daten wurden im Jahr 2000 von dem L3 Detektor
am Large Electron Positron Collider (LEP) am CERN aufgenommen. Ferner wurden die
Resultate der Datenanalyse aus dem Jahr 2000 mit Resultaten der Squark-Suche kom-
biniert, die die L3 Kollaboration in vorhergehenden Jahren bei Schwerpunktsenergien
von 161 bis 202 GeV durchgeführt hat.

Die untersuchten Squark Zerfallskanäle bestimmen die Topologie der für uns inter-
essanten Ereignisse: 2 Jets (oder b-Jets) + fehlende Energie (+ 2 Leptonen für die
Stop-Dreikörperzerfälle). Die t̃1 → bWχ̃0

1 Zerfallstopologie hängt signifikant von den
weiteren Zerfällen des W-Bosons ab und kann bis zu 6 Jets im Endzustand haben.
Die Annahme der R-Paritätserhaltung impliziert die Stabilität des leichtesten super-
symmetrischen Teilchens (des LSP), das das leichteste Neutralino χ̃0

1 ist. Das LSP
wechselwirkt nur schwach und entweicht deswegen unentdeckt. Ein besonderes Merk-
mal der Signal-Ereignisse ist somit eine erhebliche Menge fehlender Energie Emiss. Die
sichtbare Energie Evis = Etot − Emiss ist in etwa proportional zu der Massendifferenz
zwischen dem Squark und dem LSP, ∆M = Mt̃1 − MLSP . Weil die Standardmodell-
Untergrundzusammensetzung vom Anteil der sichtbaren Energie abhängt, hängt die
Analyse auch vom Wert von ∆M ab.

Abhängig von der Menge fehlender Energie kann der Standardmodell-Untergrund in
drei Kategorien eingeteilt werden:

• die zwei-Fermion-Prozesse sind e+e− → e+e−, e+e− → µ+µ−, e+e− → τ+τ− and
e+e− → q q̄;

• die vier-Fermion-Kategorie besteht aus e+e− → W+W−, e+e− → W±e∓ν, e+e− →
Z0Z0 und e+e− → Z0e+e− Prozessen;



• die zwei-Photon-Untergrundprozesse sind e+e− → e+e−e+e−, e+e− → e+e−µ+µ−,
e+e− → e+e−τ+τ− and e+e− → e+e−q q̄.

Der letzte Prozess, e+e− → e+e−q q̄, trägt den grössten Anteil zu den SM-
Untergrundprozessen bei (wegen sehr hohem und stark schwankendem Emiss und dem
grössten Wirkungsquerschnitt).

Im ersten Schritt der Analyse wurden Events mit der gewünschten Topologie (2
Jets und hohes Emiss) vorselektiert. Die Selektion von Stop- und Sbottom-Ereignissen
wurde durch die Minimierung der mit 95% Confidence Level (C.L.) erwarteten oberen
Grenze des Squark-Wirkungsquerschnitts – berechnet aus MC-Vorhersagen – optimiert,
wobei der kleine theoretisch vorhergesagte Produktionswirkungsquerschnitt des Squarks
berücksichtigt wurde. In allen für den jeweiligen Squark Zerfallskanal optimierten Selek-
tionen stimmt die Anzahl von Daten Events mit der erwarteten Anzahl von Standard-
modellprozessen überein:

• für den t̃1 → cχ̃0
1 Zerfall wurden 29 Daten-Events beobachtet, wobei 26.5 ± 2.7

Events von den SM-Prozessen erwartet wurden;

• für den Dreikörperzerfall t̃1 → blν̃ wurden 4 Daten-Events selektiert bei einer
Standardmodell-Erwartung von 4.0 ± 1.0 Events;

• für den Zerfall t̃1 → bτ ν̃ sind die Daten- und SM-Eventzahlen 5 bzw. 3.9 ± 1.0;

• in der Selektion für t̃1 → bWχ̃0
1 wurden 184 Daten Events beobachtet und 181.6±

3.0 Events wurden vom Standardmodell vorhergesagt;

• für den Bottom Squark Zerfall b̃1 → bχ̃0
1 entsprachen die beobachteten 6 Events

der SM-Erwartung von 7.7 ± 1.3 Events.

Es wurden keine MSSM-Skalar-Quarks in den Daten des Experiments beobachtet und
das Resultat der Suche ist negativ.

Die modellunabhängige 95 % C.L. obere Grenze für den Squark-
Produktionswirkungsquerschnitt wurde aus der gemessenen Anzahl von Daten-
Events und der aus dem Standardmodell erwarteten Eventanzahl berechnet. Für
die Berechnung der oberen Grenzen der Produktionswirkungsquerschnitte wur-
den die Resultate der Squark-Suchen aus den L3-Daten bei Schwerpunktsenergien
von

√
s = 202 − 208 GeV mit den Resultaten aus vorherigen Suchen der L3-

Kollaboration bei 161 GeV <
√

s < 202 GeV kombiniert. Eine neue Methode
wurde entwickelt, um die kombinierten Grenzen zu berechnen. Die Methode berück-
sichtigt die statistische Unabhängigkeit jeder Messung und die Abhängigkeit des
Squark-Produktionswirkungsquerschnittes von der Schwerpunktsenergie. In der
Berechnung wurde den systematischen Unsicherheiten in der Standardmodell-
Untergrundabschätzung und der Signal-Selektionseffizienz Rechnung getragen.

Für die hier betrachteten Squark-Zerfälle t̃1 → cχ̃0
1, t̃1 → blν̃, t̃1 → bτ ν̃ und b̃1 → bχ̃0

1

werden typisch folgende oberen Grenzen mit 95% C.L. für den Squark Produktion-
swirkungsquerschnitt erhalten:

σ95%
t̃1

< 0.05 − 0.2 pb;



σ95%
b̃1

< 0.05 − 0.1 pb.

Bei den Suchen nach dem Stop-Dreikörperzerfall t̃1 → bWχ̃0
1 wurden die Produk-

tionswirkungsquerschnitte über 0.7 − 1.0 pb mit 95 % C.L. ausgeschlossen.
Innerhalb des Minimal Supersymmetrischen Standard Modells mit R-Paritätserhal-

tung wurden die unabhängigen Wirkungsquerschnittsgrenzen für den Ausschluss von
MSSM Parametern benutzt, insbesondere für die Stop- und Sbottom-Massen.

Die Squark-Massen wurden für jeden betrachteten Zerfallskanal in Hinsicht zwei
möglichen Szenarien ausgeschlossen: für den maximalen und den (näherungsweise) min-
imalen theoretischen Wirkungsquerschnitt. Der erste Fall korrespondiert zur maximalen
Mischung zwischen den links- und rechtshändigen Squark-Eigenzuständen, cos θLR = 1;
der zweite Fall ist definiert durch den Wert von cos θLR, bei dem die Squarks vom Z0

Boson entkoppeln. Abhängig vom Wert ∆M wurden die Squark Massen mit 95 % C.L.
bis zu den folgenden Werten ausgeschlossen:

t̃1 → cχ̃0
1 : Mσmin

t̃1
< 90 − 93 GeV, Mσmax

t̃1
< 95 − 96 GeV;

t̃1 → blν̃ : Mσmin

t̃1
< 87 − 89 GeV, Mσmax

t̃1
< 90 − 91 GeV;

t̃1 → bτ ν̃ : Mσmin

t̃1
< 83 − 88 GeV, Mσmax

t̃1
< 88 − 91 GeV;

b̃1 → bχ̃0
1 : Mσmin

b̃1
< 76 − 83 GeV, Mσmax

b̃1
< 94 − 97 GeV.

In beiden Fällen werden die experimentell beobachteten 95% C.L. Massen Auss-
chlussgrenzen mit den aus Monte Carlo Simulationen ohne SUSY Teilchen erwarteten
verglichen. Die experimentallen Ausschlussgrenzen Sind verträglich mit den erwarteten.

Die mit 95 % C.L. erhaltene obere Grenze für den Stop-Produktionquerschnitt ist im
Zerfall t̃1 → bWχ̃0

1 grösser als die zugehörige theoretische Vorhersage. Der Ausschluss
mit 95 % C.L. auf Massen war mit dem zur Verfügung stehenden Datensatz aus diesen
Grund nicht möglich.

Unter der Annahme, dass die Zerfallstopologie der skalaren Quarks der ersten zwei
Generationen ähnlich dem Zweikörperzerfall des Stop ist, wurden die Resultate der Suche
nach dem Zerfall t̃1 → cχ̃0

1 auch für die Berechnung der Massenausschlussgrenzen für
die Squarks der ersten beiden Familien benutzt. Zwei Möglichkeiten wurden hier in
Erwägung gezogen: die Massenentartung zwischen vier (ũ, d̃, c̃, s̃) und fünf (b̃ zusätzlich)
Squarks. Die Ausschlussgrenzen mit 95% C.L. auf die massenentarteten skalaren Quarks
in den Fällen der “nur-rechts” oder “links-und-rechts” Eigenzustände sind die folgenden:

q̃ = ũ d̃ c̃ s̃ : Mq̃R
< 95 − 96 GeV, M ˜qLR

< 99 − 100 GeV;

q̃ = ũ d̃ c̃ s̃ b̃ : Mq̃R
< 96 − 97 GeV, M ˜qLR

< 99 − 101 GeV.

Mit der Annahme der Gaugino-Vereinigung an der GUT-Skala im MSSM wurden
die Grenzen für die vierfach massenentarteten Squarks erneut in der mg̃-mq̃-Ebene in-
terpretiert. Ferner wurde das absolute Limit auf den MSSM-Parameter M2, der für



tan β = 4 aus anderen L3-SUSY-Suchen (für Chargino, Neutralino und skalare Lep-
tonen) ermittelt worden ist, in ein Gluino-Massenlimit übersetzt. Die mit 95% C.L.
erhaltenen Ausschlussgrenzen in der mg̃-mq̃-Massenebene sind

Mg̃ > 267 − 314 GeV,

Mq̃ > 99 − 100 GeV.



Abstract

This thesis is devoted to searches for the scalar top quark t̃1 and the scalar bottom quark
b̃1 within the framework of the Minimal Supersymmetric Standard Model (MSSM) with
the assumption of R-parity conservation. Searches for the following decay modes of the
stop quark have been performed: t̃1 → cχ̃0

1, t̃1 → blν̃ (where l is either e, µ or τ with
equal probabilities) and t̃1 → bτ ν̃ (where only the tau lepton is considered). In addition,
a three body decay t̃1 → bWχ̃0

1 has been searched for in the allowed mass region of
Mt̃1 > Mb + MW + Mχ̃0

1
≥ 86 GeV. For the sbottom quark the decay b̃1 → bχ̃0

1

was considered. Each of these decay modes was considered independently assuming a
branching ratio of 100%.

For this search, the experimental data of e+e− collisions at center-of-mass energies in
the range of 202 − 208 GeV have been used. These data were collected in the year 2000
by the L3 detector at the Large Electron Positron Collider (LEP) at CERN. The results
of the year 2000 data analysis were also combined with results of the squark searches
performed by the L3 Collaboration in previous years at center-of-mass energies from 161
up to 202 GeV.

The analyzed squark decay channels determine the topology of the events of our
interest: 2 jets (or b-jets) + missing energy (+ 2 leptons for stop three body decays).
The t̃1 → bWχ̃0

1 decay topology depends significantly on the further decay of the W
boson and can have up to 6 jets in the final state. The assumed conservation of R-parity
implies stability of the lightest supersymmetric particle (the LSP), which is the lightest
neutralino χ̃0

1. The LSP interacts only weakly and thus escapes undetected. This leads
to a large missing energy Emiss as a feature of the signal events. The visible energy
Evis = Etot − Emiss is roughly proportional to the difference between the masses of the
squark and the LSP, ∆M = Mt̃1 − MLSP , and since the Standard Model background
composition depends on the visible energy fraction, the whole analysis depends also on
the value of ∆M .

Depending on the magnitude of Evis, the Standard Model background can be grouped
into three categories:

• the two-fermion processes are e+e− → e+e−, e+e− → µ+µ−, e+e− → τ+τ− and
e+e− → q q̄;

• the four-fermion category is composed of e+e− → W+W−, e+e− → W±e∓ν,
e+e− → Z0Z0 and e+e− → Z0e+e− processes;

• the two-photon background processes are e+e− → e+e−e+e−, e+e− → e+e−µ+µ−,
e+e− → e+e−τ+τ− and e+e− → e+e−q q̄.



The last process, e+e− → e+e−q q̄, constitutes the largest fraction of all SM background
processes (due to very high and highly fluctuating Emiss and the highest cross section).

At the very first step of the analysis, only the events of interesting topology (with
2 jets and high Emiss) were preselected. Then, taking into account the small value of
the theoretically predicted production cross section of the scalar quarks, the selection
of stop and sbottom events was optimized by minimization of the 95% confidence level
expected upper limit on the squark cross section using calculated Monte Carlo events. In
all selections optimized for each particular squark decay channel, the number of selected
data events statistically agrees with the number of events expected from the Standard
Model processes:

• for t̃1 → cχ̃0
1 decay, 29 data evens were observed, while 26.5 ± 2.7 were expected

from the SM processes;

• for the three body decay t̃1 → blν̃, 4 data events were selected and the expectation
from the Standard Model is 4.0 ± 1.0 events;

• for the decay t̃1 → bτ ν̃ the data and SM event numbers are 5 and 3.9 ± 1.0,
respectively;

• in the selection for t̃1 → bWχ̃0
1, 184 data events were observed and 181.6 ± 3.0

were expected from the Standard Model;

• for the bottom squark decay b̃1 → bχ̃0
1 the observed 6 events correspond to the SM

expectation of 7.7 ± 1.3.

Thus, the MSSM scalar quarks were not observed in the experimental data and the
search results are negative.

The model independent 95 % C.L. upper limits on the squark production cross section
have been derived from the numbers of the observed data events and numbers of events
expected from the Standard Model. For calculation of the upper cross section limits, the
results of the squark searches performed in the L3 data of

√
s = 202 − 208 GeV were

combined with results of searches performed by the L3 Collaboration previously in the
data of

√
s from 161 up to 202 GeV. A new method has been developed for calculating

such combined limits. This method takes into account the statistical independence of each
measurement and the dependency of the squark production cross section on the center-
of-mass energy. In this calculation, the systematic uncertainties in the Standard Model
background estimation and in the signal selection efficiency have been also accounted
for.

For the considered squark decays t̃1 → cχ̃0
1, t̃1 → blν̃, t̃1 → bτ ν̃ and b̃1 → bχ̃0

1, the
typical obtained 95% C.L. upper limits on the squark production cross section are:

σ95%
t̃1

< 0.05 − 0.2 pb;

σ95%
b̃1

< 0.05 − 0.1 pb.



In the searches for the stop three body decay t̃1 → bWχ̃0
1, the cross sections above

0.7 − 1.0 pb have been excluded at 95 % C.L.
Within the framework of MSSM with conserved R-parity, the experimental model

independent cross section limits have been used for exclusion of the MSSM model param-
eters, in particular, exclusion of the stop and the sbottom masses. For each considered
decay channel, the squark masses have been excluded in two possible scenarios: for
the maximal and for the (approximately) minimal theoretical cross section. The first
case corresponds to the maximal mixing between the left and right squark eigenstates,
cos θLR = 1; the second case is defined by the cos θLR value, where squarks decouple
from the Z0 boson. Depending on the ∆M value, the squark masses have been excluded
at 95 % C.L. up to the following values:

t̃1 → cχ̃0
1 : Mσmin

t̃1
< 90 − 93 GeV, Mσmax

t̃1
< 95 − 96 GeV;

t̃1 → blν̃ : Mσmin

t̃1
< 87 − 89 GeV, Mσmax

t̃1
< 90 − 91 GeV;

t̃1 → bτ ν̃ : Mσmin

t̃1
< 83 − 88 GeV, Mσmax

t̃1
< 88 − 91 GeV;

b̃1 → bχ̃0
1 : Mσmin

b̃1
< 76 − 83 GeV, Mσmax

b̃1
< 94 − 97 GeV.

For both cases, the experimentally observed 95% C.L. mass exclusions are compared
to the expected ones, which have been obtained from the Monte-Carlo assuming no
SUSY particles. The observed exclusions of the squark masses are at the same level as
the expected ones.

The obtained 95 % C.L. upper limits on the stop production cross section in the
decay t̃1 → bWχ̃0

1 are bigger than the corresponding theoretical predictions, so, the
exclusion of masses at 95 % C.L. was not possible with the available data sample.

Assuming the topology of decays of the scalar quarks of the first two generations to
be similar to the two body decay of the stop, the results of the searches for the decay
t̃1 → cχ̃0

1 have been also used for calculation of the mass exclusion limits for the squarks
of the first two families. Two possibilities were considered here: the mass degeneracy
between four (ũ, d̃, c̃, s̃) and five (b̃ in addition) squarks. The 95% C.L. exclusion limits
on the mass degenerate scalar quarks for the cases of the “right-only” or “left-and-right”
eigenstates are the following:

q̃ = ũ d̃ c̃ s̃ : Mq̃R
< 95 − 96 GeV, M ˜qLR

< 99 − 100 GeV;

q̃ = ũ d̃ c̃ s̃ b̃ : Mq̃R
< 96 − 97 GeV, M ˜qLR

< 99 − 101 GeV.

Using the MSSM assumption about gaugino unification at the GUT scale, the limits
on the four mass degenerate squarks have been reinterpreted on the mg̃, mq̃ plane.
Moreover, the absolute limit on the MSSM parameter M2, obtained for tan β = 4 from
other L3 SUSY searches (for chargino, neutralino and scalar leptons), has been translated
into a gluino mass limit. The obtained 95% C.L. exclusions in the mg̃, mq̃ mass plane
are

Mg̃ > 267 − 314 GeV,

Mq̃ > 99 − 100 GeV.
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Chapter 1

Introduction

The first ideas of matter composition of some very small “bricks” appeared many cen-
turies ago. In modern Particle Physics, such “basic bricks”, which have no further sub-
structure, are called elementary particles. Particle Physics investigates their properties
and interactions between them.

The theoretical framework of modern Particle Physics is called Standard Model (SM).
It classifies the elementary particles into two categories: the fundamental fermions and
the gauge bosons. The fermions are grouped into three families of quarks and leptons and
are the basic constituents of matter. There are four types of interactions between the el-
ementary particles: strong, electromagnetic, weak and gravitational. They have different
nature and properties and are mediated by gauge bosons. The gravitation is too weak
in the microscopic world and is not considered in the Standard Model. The formalism
of the other three interactions is based on the principle of local gauge invariance of the
Lagrangian under certain symmetry transformations.

The electromagnetic interactions are described by the theory of Quantum Electrody-
namics (QED), which is based on a U(1)em gauge symmetry group. The electromagnetic
interactions affect particles with electrical charge and are mediated by a massless gauge
boson, the photon γ. The weak interactions affect both quarks and leptons and are
mediated by massive vector gauge bosons W± and Z0. Within the Theory of Glashow-
Weinberg-Salam, which is based on a U(1)Y ×SU(2)L gauge symmetry group, the weak
interactions are unified with the electromagnetic ones. The strong interactions are re-
alized by the exchange of massless gluons g and affect quarks and hadron particles
composed of them. This force is described by Quantum Chromodynamics (QCD), based
on the gauge group SU(3)C . The non-zero mass values of elementary particles in the
Standard Model Theory are provided by the so-called Higgs mechanism of Spontaneous
Symmetry Breaking, which introduces also the scalar Higgs boson particle. The theo-
ries of the electroweak and the strong interactions together with the Higgs mechanism
constitute the Standard Model. This theory is described in Chapter 2 of this thesis.

The appearance of the Standard Model was a real break-through in Particle Physics.
Many experimental confirmations of this theory, especially the discovery of the W± and
Z0 bosons in 1983 and the discovery of the top quark in 1995, have made the Standard
Model the fundamental theory of elementary particles. But despite of it’s numerous
experimental confirmations, this theory seems to be not perfect and fully understood.

1
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There are many strong conceptual indications for physics beyond the Standard Model:
the “hierarchy” and the “fine tuning” problems in attempts to extrapolate the SM to
the very big energy scales (∼ 1014 − 1016 GeV), the problem of unification of gauge
couplings and interactions at very high energies (the Grand Unification Theory, GUT),
the desired incorporation of quantum gravity into the theory and others. To solve these
problems, several theoretical extensions were proposed, intended both to include the
Standard Model itself and to explain it’s problematic points. All these questions are
considered in Chapter 3.

Supersymmetry (SUSY) is one of the most elegant solutions for building a theory
beyond the Standard Model. SUSY contains the Standard Model itself and introduces
a higher level symmetry between fermions and bosons. New fermions appear as su-
persymmetric partners for the “ordinary” SM bosons, and new SUSY boson partners
are related to the SM fermions. Within Supersymmetry, the “hierarchy” and the “fine
tuning” problems are solved due to cancellations of the mass divergences of the scalar
fields, the three couplings unify at the GUT scale and there is a way to incorporate
quantum gravity. The simplest Supersymmetric model is a generalization of the SM the-
ory with a minimal number of introduced SUSY partners. This theory is called Minimal
Supersymmetric extension of the Standard Model (the MSSM). It has many parame-
ters, undetermined by the moment. For practical investigations, certain assumptions
about them were added and such a scenario of the MSSM is called the Constrained
MSSM (the CMSSM). After the electroweak symmetry breaking in SUSY, the interac-
tion eigenstates of supersymmetric particles mix and produce the physical eigenstates.
For sfermions (scalar partners of SM fermions), this mixing is proportional to the masses
of the appropriate SM fermions. Thus, the scalar top t̃1 and the scalar bottom b̃1 can be
among the lightest SUSY particles within the CMSSM framework. The Supersymmetry
Theory and the CMSSM scenario are considered in more details in Chapter 4.

The Large Electron-Positron Collider (LEP) at CERN has achieved center-of-mass
energies up to 208 GeV. It provided experimental data suitable for new phenomena
searches within several theoretical models of modern Particle Physics. Searches for the
t̃1 and the b̃1 quarks constitute the subject of this thesis. Chapter 5 describes the
phenomenology of scalar quark production in e+e− collisions at LEP II. The following
decays have been searched for in this analysis: t̃1 → cχ̃0

1, t̃1 → b�ν̃ (� = e, µ, τ with equal
branchings), t̃1 → bτ ν̃ (dominant decay to τ) and b̃1 → bχ̃0

1. The assumed conservation
of the R-parity quantum number affects the topology of the squark events. It leads to
the existence of a stable lightest SUSY particle (LSP), which is the weakly interacting
lightest neutralino χ̃0

1. This in turn implies the missing energy in the squark decay events,
which can be significant depending on the LSP mass. So, the topology of the signal events
is two jets + missing energy (+ two leptons for three body stop decays).

In this analysis, the experimental data collected with the L3 Detector in the year 2000
has been used. The overview of the LEP Accelerator and details of the L3 Experimental
Setup, as well as the simulation and reconstruction software are described in Chapter 6.

Chapter 7 presents the description of features of the simulated squark signal and
the Standard Model background processes, the strategy of the search analysis and its
procedures.

After the search algorithm is developed and optimized, the search for squarks in the
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experimental data can be performed. This is described in Chapter 8.
Since no evidence for the searched squark signal has been found, the experimental

upper limits on the scalar quark production cross section have been derived. Within the
CMSSM framework, the cross section limits are interpreted as exclusion limits on masses
of the scalar top and the scalar bottom quarks. Chapter 9 is devoted to the calculation
of these limits.

In addition to the considered stop decays, the three body decay t̃1 → bWχ̃0
1 has been

analyzed. Because of the phenomenological features of this decay, its analysis slightly
differs from the other ones and is described separately in Chapter 10.

Chapter 11 compares the results obtained here to the corresponding search results
of the other LEP Experiments (ALEPH, DELPHI and OPAL) and to the squark searches
at the Tevatron. Future prospects for SUSY quark searches at the LHC and a Linear
e+e− Collider are also reviewed there.



Chapter 2

The Standard Model of Particle
Physics

2.1 Particles, Interactions and Symmetries

Particle Physics describes elementary particles (the basic constituents of matter, which
do not have any substructure), their properties and interactions between them.

In Particle Physics, the microscopic objects (the elementary particles, atoms,
molecules, etc.) have at the same time the properties of both material substances (parti-
cles in the classical sense) and field waves, representing a particle evolution in space and
time. From the other side, a particle-like object can be considered as a quantum of the
corresponding field; these quanta can be created in vacuum (from the field energy) and
destroyed. This concept is the basis of Quantum Field Theory [1,2], which describes both
particles and fields (both relativistic and non-relativistic) by wave functions Ψ(xµ), where
xµ = (	x; t) are the space-time coordinates. Interactions between particles and fields are
described by a Lagrangian, which is constructed from the wave functions:

L = Ekin{Ψ(xµ)} − Epot{Ψ(xµ)}, (2.1)

where Ekin and Epot are the kinetic and potential field energies correspondingly. Evolu-
tion of fields in space-time is given by the equations of motion, which are derived using
the Hamiltonian variational principle:

δS = 0 ⇒ ∂µ
δL

δ(∂µΨ)
− δL

δΨ
= 0, (2.2)

where ∂µ is the partial derivative ∂/∂xµ and the action S is defined as

S =

∫
d4xL(x). (2.3)

The interactions between elementary particles are mediated by the interaction field
quanta, which in turn represent another kind of elementary particles. In this sense, all the
elementary particles are grouped into two types: the basic constituents of matter, called
the fundamental fermions and the interaction carrier particles, called the intermediate

4
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vector bosons. The fermions have a spin quantum number equal to 1/2 and obey the
Fermi-Dirac statistics, while the vector bosons have a spin value of 1 and are described
by the Bose-Einstein statistics.

All known interaction forces between the elementary particles, called the fundamental
forces, are classified into four types: the electromagnetic (e.m.), weak, strong and gravi-
tational. Each interaction field has its distinct characteristics, such as type of space-time
transformations, a particular set of conservation rules that are obeyed by the interac-
tion and a characteristic coupling constant, whose value determines the magnitude of
the corresponding force (and, consequently, the cross sections, decay rates, etc.). The
strengths of the fundamental forces (determined by the values of the corresponding
coupling constants) are compared in Table 2.1. Note that the gravitational interaction
becomes important only at very high mass scales (in astrophysics) and is negligible at
the microscopic level, so, it is not accounted for in theory of Particle Physics.

Fundamental Strength Range Acts on
Interaction (arbitrary units) particles

strong 1 10−15 m quarks

electromagnetic � 1
137

infinite electrically charged

weak 10−5 10−17 m all

gravitational ∼ 10−39 infinite all

Table 2.1: The basic characteristics of the fundamental forces

The elementary particles have a set of characteristic quantities, called quantum num-
bers, whose values define the particle properties (electrical charge, spin, etc.) and types
and properties of the interactions, in which certain particles are involved (lepton and
baryon quantum numbers, flavour, etc.). These characteristics and properties serve for
classification of the elementary particles.

The symmetries of interactions under various phase or space-time transformations
(i.e. such transformations of the wave functions, which leave the Lagrangian invariant)
are also used for classification of interactions and particles and play an important role
in building of the particle theory in general. Such symmetries can be discrete (like time
inversion or charge conjugation) and continuous (like rotation in space, etc.). From the
other point of view, the internal symmetries (corresponding to phase transformations)
can be global and local (also called gauge). Global transformations do not depend on the
space-time point coordinates, while local transformations do depend. Noether’s theorem
states a relation between symmetries and conservation laws. The existence of a global
symmetry leads to the existence of associated charge and current, which both are con-
served. For example, symmetry under space translation leads to momentum conservation
and symmetry under time translation is connected to the conservation of energy.

Symmetry is represented mathematically by a corresponding symmetry group, a set
of irreducible symmetry operators and associated group generator(s), connected with
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the particle quantum numbers. For example, the electrical charge Q is connected with
the U(1)em group generator; the weak isospin operators Ti = σi/2 (i = 1, 2, 3; σi are the
Pauli matrices) are the generators of the symmetry group SU(2)L; and the hypercharge
Y = Q−T3 is a generator of the group U(1)Y . Global symmetries describe free particles
and correspond to scalar type of the wave functions, while gauge (local) symmetries
describe the particle interactions and correspond to wave functions of vector type. Thus,
Particle Physics considering the particle interactions is a gauge field theory.

The known fundamental fermion fields in Particle Physics are classified according to
their quantum numbers as shown in Table 2.2.

Family
Group H 1 2 3 T3 Y Q

Leptons
L = 1 B = 0

-1

(
νe

e

)
L

(
νµ

µ

)
L

(
ντ

τ

)
L

1/2
−1/2

−1/2
−1/2

0
−1

+1 eR µR τR 0 −1 −1

Quarks
B = 1/3 L = 0

-1

(
u
dw

)
L

(
c
sw

)
L

(
t
bw

)
L

1/2
−1/2

1/6
1/6

2/3
−1/3

+1 uR cR tR 0 2/3 2/3
dR sR bR 0 −1/3 −1/3

Table 2.2: Classification of the fundamental fermion fields. The presented quantum
numbers are: L - the lepton number, B - the baryon number, H - the helicity, T3 - the
third component of the weak isospin, Q - the electrical charge and Y - the hypercharge.

The fermions are subdivided into two main groups: quarks, which do participate in
the strong interactions, and leptons, which do not. Each group has left- and right-handed
components distinguished by the chirality quantum number, −1 and +1, respectively. 1

From another point of view, the fermions are grouped into three families, which are
identical in every property, except of the mass. Within each family, the quarks are
subdivided into two distinct states, called up (u, c and t quarks) and down (d, s and
b), while leptons are distinguished as neutrinos and e, µ and τ -leptons. The left-handed

1 Note that the existence of only one, left-handed component of neutrino in the Standard Model
(as listed in Table 2.2) follows from the assumption that neutrino is strictly massless. However, recent
solar and atmospheric neutrino experiments have proved the effect of neutrino oscillations from one to
another flavour state [1,3]. This implies the existence of finite non-zero mass for neutrino [4] (although
of a very small value, being within the current limits from accelerator measurements, e.g. mνe

< 3 eV).
In the Standard Model it can be provided by introducing into the theory additional right-haded neutrino
component νR. But since the neutrino mass does not directly affect the theoretical framework of our
analysis, we may for simplicity consider it in this thesis as massless and having only the left component.
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fermions transform under the weak isospin symmetry group SU(2)L as doublets

fL =

(
νi

�i

)
,

(
ui

dw
i

)
, (2.4)

where i = 1, 2, 3 is a family index, while the right-handed fermions fR = �i
R, ui

R, di
R

transform as singlets. The weak eigenstates of the left-handed down-type quarks dw
i ,

(i = 1, 2, 3 for dw, sw and bw), presented in Table 2.2, correspond to the field wave
functions, used in Particle Physics theory, but the real particles, existing in nature and
observed (perhaps, indirectly) experimentally, are represented by the mass eigenstates,
which are related to the weak ones through the Cabibbo-Kabayashi-Maskawa mixing
matrix [5]:

(di
L)mass =

3∑
j=1

V CKM
ij (dj

L)weak. (2.5)

The real fermion particles and their basic properties are listed in Table 2.3. The quark
mass values should be considered as approximate because quarks can not be observed
directly due to the feature of their confinement. The quark masses can only be estimated
by properties of hadron particles composed of them.

Leptons Quarks
Family particle mass particle mass

1 νe < 3 eV u 1.5 − 4.5 MeV
e 0.511 MeV d 5 − 8.5 MeV

2 νµ < 0.19 MeV c 1.0 − 1.4 GeV
µ 105.7 MeV s 80 − 155 MeV

3 ντ < 18.2 MeV t 174.3 ± 5.1 GeV
τ 1.777 GeV b 4.0 − 4.5 GeV

Table 2.3: The fundamental fermions and their masses [4].

For each fermion particle there is also the corresponding anti-particle, which is identi-
cal with it in all properties (mass, family, flavour, etc.), but has opposite signs of internal
quantum numbers (electrical charge, etc.).

Note also, that atoms are composed of fermions of the first family because they
are the lightest and stable (u and d quarks form a nucleon and electrons with nucleon
form an atom), while the fermions of the second and third families exist only at high
energies (either in star cores and cosmic rays, or are produced in modern accelerator
experiments); they are very short-lived and eventually decay to the fermions of the first
family.

Each of the three fundamental interactions, considered in Particle Physics (omitting
the gravitational one), is described by a gauge quantum field theory, based on a partic-
ular gauge symmetry group and its mathematical representations. Theory of Quantum
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Electrodynamics (QED) is based on the U(1)e.m. gauge group and describes the elec-
tromagnetic interactions [2, 6]. Quantum Chromodynamics (QCD) corresponds to the
strong interactions and is built on the SU(3)c gauge group [2,6]. The weak interactions
are described by the theory based on the gauge symmetry group U(1)Y × SU(2)L and
since the electromagnetic group U(1)e.m. enters here as a subgroup, the electromagnetic
and weak interactions are considered as unified on this basis and the theory is called
the Electroweak Theory, known also as the Glashow-Weinberg-Salam Standard Model of
Electroweak interactions by names of its authors [7].

The formalism of each of these theories is based on the construction of the gauge-
invariant Lagrangian from the particles’ and fields’ wave functions using the symmetry
group generators and in this sense it is common for all of them: for QED, for QCD and
for the Electroweak Theory. Let us briefly overview the major building blocks of these
theories.

2.2 Quantum Electrodynamics

QED postulates the U(1)e.m. local gauge symmetry as a basic characteristic feature of the
electromagnetic interactions. It means that a corresponding gauge phase transformation
of the fermion particle wave function Ψ(x)

Ψ(x) → Ψ′(x) = eiθ(x)Ψ(x) (2.6)

must not affect the evolution (equation of motion) of the particle, or, in other words,
the fermion Lagrangian must remain invariant under this transformation. Considering
the Lagrangian of a free fermion (i.e. the fermion having no interactions)

Lfree = Ψ̄(iγµ∂µ − m)Ψ, (2.7)

where m is the fermion mass and γµ are the Dirac matrices [1], we realize, that it is not
invariant under (2.6). To fulfill the requirement of gauge invariance, we have to modify
the Lagrangian (2.7) by introducing a vector gauge field Aµ(x) with the following gauge
transformation property:

Aµ(x) → A′
µ(x) = Aµ(x) +

1

e
∂µθ(x), (2.8)

where e is the electrical charge (in units of charge of the positron particle), the parameter
connected with the generator of the symmetry group U(1)e.m.. Then, replacing the partial
derivative ∂µ by a derivative of the so-called “covariant form”

Dµ = ∂µ − ieAµ(x), (2.9)

we obtain the Lagrangian
Linvar. = Ψ̄(iγµDµ − m)Ψ, (2.10)

which becomes invariant under the U(1)e.m. transformation (2.6) and corresponds to
a fermion, that interacts with the quantum of the electromagnetic field, the photon γ.
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Adding the kinetic term of the electromagnetic field −1
4
FµνF

µν , where Fµν is the strength
tensor of the electromagnetic field

Fµν = ∂µAν(x) − ∂νAµ(x), (2.11)

we obtain the complete Lagrangian of the QED Theory:

LQED = Ψ̄(iγµDµ − m)Ψ − 1
4
FµνF

µν =
free fermions = Ψ̄(iγµ∂µ − m)Ψ +

interaction term + Ψ̄eγµAµΨ –
kinetic energy of e.m. field – 1

4
FµνF

µν .

(2.12)

From this very brief overview of the QED formalism we see, that the principle of gauge
invariance under the U(1)e.m. symmetry group transformations has a great consequence
for the theory, because it leads to the appearance of a gauge vector field Aµ(x), associated
with the quantum of the electromagnetic field, the photon, which is responsible for the
electromagnetic interactions of fermions.

Note also that the experimentally proved massless of the photon is important for the
gauge invariance in the theory (if the photon would have a non-zero mass, then the mass
term of type m2AµA

µ breaks the gauge invariance of the QED Lagrangian).

2.3 Quantum Chromodynamics

The theory of strong interactions is based on the more complex gauge symmetry group
SU(3)c, where the index c denotes the color charge and 3 corresponds to three possible
color states of quarks: red, green and blue. But because the principle of the theory con-
struction remains the same - the requirement of gauge invariance under the symmetry
transformations, the formalism of QCD has a form very similar to Quantum Electrody-
namics.

Since the symmetry group of type SU(n) has n2−1 generators, the SU(3)c has eight
generators λa (a = 1, ..., 8), called the Gell-Mann matrices, and the same number of
vector gauge bosons ga, called gluons, which are associated to these group generators.
The strong interactions between quarks are mediated by the exchange of gluons, which
carry the charges of color.

Experimental observations suggest that quarks do not exist as free, separate particles.
The nature of the strong forces is such that quarks are bound into composite particles,
consisting of three quarks - baryons, or of quark-antiquark pairs - mesons. This feature
is known as confinement of quarks and it was one of the reasons to use the SU(3)c group
as a basis for QCD. Within the framework of Quantum Chromodynamics quarks are
triplets of the SU(3)c gauge group

q =

⎛
⎝ q1

q2

q3

⎞
⎠ , (2.13)

while mesons and baryons are color singlets

M =
∑

i

q̄iq
i, (2.14)
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B =
∑
ijk

εijkqiqjqk, (2.15)

where the indices i, j, k = 1, 2, 3 run over the three color states of quarks and εijk is the
completely antisymmetric Levi-Civita tensor.

The transformation corresponding to the color symmetry of the SU(3)c gauge group
is

q(x) → q ′(x) = ei λa
2

θa(x)q(x) (2.16)

and the requirement of gauge invariance of the QCD Lagrangian under (2.16) leads to
the introduction of gauge gluon fields Ga

µ of strong interaction with transformation rule

Ga
µ → G ′ a

µ = Ga
µ +

1

g3

∂µθ
a(x) + fabcθb(x)Gc

µ, (2.17)

where g3 is the strong coupling constant (frequently denoted also as g3) and fabc (a =
1, ..., 8) are the structure constants of the SU(3)c group. The covariant derivative has
the following form:

Dµ = ∂µ + ig3
λa

2
Ga

µ. (2.18)

Then the gauge invariant Lagrangian of QCD appears (in the form similar to the LQED):

LQCD =
∑

i

q̄i(iγ
µDµ − mi)qi − 1

4
F a

µνF
µν
a , (2.19)

where F a
µν is the gluon field strength tensor

F a
µν = ∂µG

a
ν − ∂νG

a
µ + g3f

abcGb
µG

c
ν . (2.20)

Despite of the formal similarity of the QED and QCD Lagrangians, there is an
important difference: the gluon kinetic term −1/4F a

µνF
µν
a contains three- and four-gluon

terms, which correspond to the self-interaction gluon vertices. This is not the case for
the gauge boson of QED: photons do not carry electrical charge and do not interact
(couple) to each other.

2.4 The Electroweak Theory

The formalism of the Electroweak Theory is similarly built on requirement of the gauge
invariance of Lagrangian under the U(1)Y × SU(2)L symmetry group transformations.
The structure of the EW Theory is defined by the properties of this symmetry group.

Four vector gauge boson fields appear here. One of them, Bµ, is associated with
generator of the U(1)Y group, the hypercharge Y . Three others, W i

µ (i = 1, 2, 3), are
related to the SU(2)L generators, the weak isospin Ti (i = 1, 2, 3). The SU(2)L sub-
group of the EW gauge group implies symmetry of the Lagrangian under the following
transformations:

fL → f ′
L = ei �T�θ(x)fL, (2.21)
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fR → fR, (2.22)

where the left-handed fermion component transforms as doublet (2.4); the transforma-
tions corresponding to the U(1)Y EW subgroup are (here fermions transform as singlets)

f → f ′ = eiY α(x)f. (2.23)

The transformation rules for the vector gauge bosons Bµ and 	Wµ correspond to the
structure of the EW subgroups, to which they belong: Bµ transforms under U(1)Y and
	Wµ under SU(2)L as

Bµ → B′
µ = Bµ − 1

g1

∂µα(x), (2.24)

W i
µ → W ′ i

µ = W i
µ − 1

g2

∂µθ
i(x) + εijkθj(x)W k

µ , (2.25)

where g1 and g2 are the correspondent gauge coupling constants.
The covariant derivative takes the form

Dµ = ∂µ − ig1Y Bµ − ig2
	T 	Wµ (2.26)

and the kinetic (self-interaction) terms for the e.m. and weak gauge fields are corre-
spondingly

−1

4
BµνB

µν (2.27)

and

−1

4
	Wµν

	W µν , (2.28)

where
Bµν = ∂µBν − ∂νBµ, (2.29)

	Wµν = ∂µ
	Wν − ∂ν

	Wµ + g2
	Wµ × 	Wν . (2.30)

Then the U(1)Y × SU(2)L gauge invariant Lagrangian of the Electroweak Theory
appears in the following form:

LEW =
∑

f

f̄ iγµDµf − 1

4
BµνB

µν − 1

4
	Wµν

	W µν . (2.31)

The vector gauge bosons (Bµ and 	Wµ) until here correspond to the interaction eigen-
states, which after rotation to the physical basis become the photon field Aµ and two
charged W±

µ and one neutral Z0 electroweak bosons. The relation between the interaction
and the physical eigenstates reads as

W±
µ = W 1

µ ± iW 2
µ (2.32)

and (
Zµ

Aµ

)
=

(
cos θw − sin θw

sin θw cos θw

)(
W 3

µ

Bµ

)
, (2.33)



12 2.5 The Standard Model

where θw is a characteristic mixing angle of the neutral weak boson sector called the
Weinberg angle and defined through the gauge coupling constants g1 and g2 as

cos θw =
g1√

g2
1 + g2

2

. (2.34)

After the transformation of the vector gauge bosons to the physical basis, the La-
grangian (2.31) can be rewritten in the form where the electroweak interactions between
fermions are given by separate terms:

LEW =
free fermions =

∑
f

f̄ iγµ∂µf –

e.m. interactions –
∑
f

f̄ eQfγ
µAµf –

weak neutral-current int. –
∑
f

f̄ g2

2 cos θw
γµ(gV − gAγ5)Zµf –

weak charge-current int. –
∑
f

f̄L
g2√
2
γµ(σ+W+

µ + σ−W−
µ )fL ,

(2.35)

where Qf is the electrical charge of particular fermion f (in units of the positron charge);
gV = T 3

f −2Qf sin2 θw and gA = T 3
f are the coupling constants corresponding to the parts

of the weak neutral-current interactions, which transform as vector and axial vector,
respectively; the matrices σ± = 1/2(σ1 ± iσ2) realize the transformations between up-
and down-type fermions which occur in the weak charged-current interactions.

2.5 The Standard Model

Now, after consideration of each of the interactions separately - the electromagnetic,
electroweak and strong, we can briefly summarize their basic components as shown in
Table 2.4.

Fundamental Symmetry Group Gauge Gauge
Interaction Group Generators Couplings Fields

Electro- U(1)Y Y g1 Bµ

weak SU(2)L T i (i = 1, 2, 3) g2 W i
µ (i = 1, 2, 3)

Strong SU(3)c λa (a = 1, ..., 8) g3 Ga
µ (a = 1, ..., 8)

Table 2.4: Summary of gauge symmetry properties of the electromagnetic, weak and
strong interactions.

The neutral leptons (neutrinos) undergo only the weak interactions since they have
neither electrical nor strong (color) charges. The charged leptons are involved in both
electromagnetic and weak interactions. But quarks do participate in all interactions, in
electroweak and strong. Thus, we need to consider all interactions together and for this
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purpose we combine the SU(3)c gauge group of QCD with the U(1)Y ×SU(2)L symmetry
group of the Electroweak Theory into one gauge group U(1)Y × SU(2)L × SU(3)c and
require the corresponding gauge invariance of Lagrangian of such combined theory.

The group generators, the associated gauge boson fields and the gauge coupling
constants remain the same as in the separate QCD and EW theories and the fermion
and gauge boson fields transformation rules and the covariant derivative also appear as
corresponding combinations:

f(x) = f ′(x) = V (x)f(x), (2.36)

where

V (x) = exp{ i

2
(Y α(x) + 	σ	β(x) + λaθ

a(x))}, (2.37)

Bµ → B ′
µ = V BµV

−1 +
i

g1

(∂µV )V −1, (2.38)

	Wµ → 	W ′
µ = V 	WµV

−1 +
i

g2

(∂µV )V −1, (2.39)

Ga
µ → G ′

µ = V Ga
µV

−1 +
i

g3

(∂µV )V −1 (2.40)

and covariant derivative

Dµ = ∂µ − ig1Y Bµ − ig2
	T 	Wµ + ig3

λa

2
Ga

µ. (2.41)

The gauge invariant Lagrangian gets the form similar to the QCD and EW La-
grangians with presence of both the QCD and the EW kinetic terms:

LSM =
∑

f

f̄ iγµDµf − 1

4
BµνB

µν − 1

4
	Wµν

	W µν − 1

4
F a

µνF
µν
a . (2.42)

The constructed in such way theory based on the combination of the QCD and
EW gauge symmetry groups U(1)Y × SU(2)L × SU(3)c, together with described above
classification of the fermions and the introduced vector gauge boson fields / particles by
requirement of the gauge invariance is called Standard Model of Elementary Particles
and Fundamental Interactions (SM in short) [1, 7].

It should be noted here that initially the term ”Standard Model” has appeared as a
title of the Glashow-Weinberg-Salam model of the electroweak interactions and in early
literature authors may call by the Standard Model the EW Theory. Keeping in mind
that this is just a subject of convention, in this thesis I call with the Standard Model
term a theory of combined gauge symmetry group U(1)Y × SU(2)L × SU(3)c.

One very important point in this combined group is the fact that junction of the
EW and the QCD symmetry groups into one does not mean unification of the strong
and electroweak interactions similarly to unification of the electromagnetic and weak
interactions in combined EW group U(1)Y × SU(2)L, because the EW unification is
caused by the mixing of the electromagnetic and weak field components Bµ and W 3

µ in
building of the physical gauge boson fields Aµ and Z0

µ.
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2.6 EW Symmetry Breaking and Higgs Mechanism

The SM Lagrangian, as well as the QCD and the EW Lagrangians, have been consid-
ered with absence of fermion and boson mass terms of type mf f̄f , mBBµB

µ (mAAµA
µ),

mW W
i(±)
µ W µ

i(±), etc, which would break the gauge invariance of these Lagrangians. Thus,
to preserve the invariance of the Standard Model, one should assume massless elemen-
tary particles, which is obviously not the case in nature according to our experimental
knowledge: only photon and gluons are massless (about the neutrino mass see footnote
at page 6).

The simplest possibility to introduce particle masses in the theory in a way which
allows to keep at the same time its gauge invariance, is the so-called Higgs mechanism of
Spontaneous (EW) Symmetry Breaking (SSB for shortness) [1, 2, 8]. The term ”Sponta-
neous Symmetry Breaking” denotes the situation, when system with interactions (and,
correspondingly, the Lagrangian) possess a symmetry, but its vacuum state (minimum
of its potential) does not. The Goldstone Theorem proves, that in the case of SSB addi-
tional scalar boson particles (called Goldstone bosons) must exist and their interactions
with vector gauge bosons provide them with masses. In the case of the gauge (SM) the-
ory, we need to introduce for this purpose a scalar boson field, called Higgs field. The
simplest possibility for the Higgs field is a complex scalar SU(2)L doublet

Φ =

(
φ+

φ0

)
(2.43)

with four real components φk (k = 1, ..., 4)

φ+ = φ1 ± iφ2, (2.44)

φ 0 = φ3 ± iφ4 (2.45)

and with hypercharge Y (Φ) = 1. The renormalizable form of the potential for this field
is

V (Φ) = λ(Φ†Φ)2 − µ2Φ†Φ, (2.46)

where λ > 0 and µ2 are the model parameters. The shape of the minimum of the
potential V (Φ), corresponding to the vacuum state, depends on the sign of µ2:

• in the case µ2 < 0, the vacuum < 0 |Φ| 0 >= 0 is symmetric under U(1)Y ×SU(2)L

and there is no SSB, as shown in Figure 2.1, a);

• if µ2 > 0, then the vacuum is

< 0 |Φ| 0 >=

(
0
υ√
2

)
, (2.47)

where the parameter υ = µ/
√

λ is called the vacuum expectation value (v.e.v.)
and is given by υ = (

√
2GF )−1/2 � 246 GeV (GF is the Fermi constant, GF �

1.16 × 10−5 GeV −2). The value of arg(Φ) is no fixed, so there can be an infinite
number of particular vacuum states as shown in Figure 2.1, b). Once for arg(Φ) a
particular value is chosen, the symmetry becomes spontaneously broken.
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Figure 2.1: The shape of the minimum of the Higgs potential V (Φ): a) for µ2 < 0 and
b) for µ2 > 0.

Now the corresponding Lagrangian of the SM, which contains particle masses and
keeps the gauge invariance, takes the form

LSM = L ferm + L gauge + LSSB + LY W , (2.48)

where the components are: L ferm - fermion part (including fermion interactions), L gauge

- gauge self-interaction part, LSSB - symmetry breaking and LY W - so-called Yukawa
Lagrangian,

L ferm =
∑

f

f̄ iγµDµf, (2.49)

L gauge = −1

4
BµνB

µν − 1

4
	Wµν

	W µν − 1

4
F a

µνF
µν
a , (2.50)

LSSB = (DµΦ)†(DµΦ) − V (Φ), (2.51)

LY W = λe�̄LΦeR + λuq̄LΦ̃uR + λdq̄LΦdR + (2nd and 3rdfamilies) + h.c., (2.52)

where �L and qL are the left-handed lepton and quark SU(2)L doublets given by (2.4)
and �R and qR are the right-handed singlets and Φ̃ = iσ2Φ

∗. The LSSB component
corresponds to Higgs interactions with the gauge vector fields W± and Z0, while LY W

contains Higgs interactions with fermion fields.

After a particular vacuum state has been fixed by choosing arg(Φ) and the symmetry
has been broken, the physical spectrum of particles is built according to the Goldstone
approach by “small quantum phase excitations” around this vacuum, which cost no
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energy. The Φ(x) field can be rewritten in the form

Φ(x) = exp{i	σ	ξ(x)

υ
}

(
0

υ+H(x)√
2

)
, (2.53)

where 	ξ(x) and H(x) are these “small excitation” fields. The first one, 	ξ(x), corresponds
to the φ1, φ2 and φ3 components of the introduced Higgs field Φ(x) and is unphysical,
because it can be eliminated by gauge transformations. The second one, H(x), is as-
sociated with the forth component φ4 of Φ(x) and corresponds to the physical Higgs
particle.

Now the fermion and gauge boson mass terms appear in the LSSB and LY W com-
ponents of the SM Lagrangian:

(DµΦ)†(DµΦ) = m2
W W+

µ W µ
− +

1

2
m2

ZZµZ
µ + ... (2.54)

V (Φ) =
1

2
m2

HH2 + ... (2.55)

LY W = meēLeR + muūLUR + mdd̄LdR + ... (2.56)

with the particle mass values

mW =
υ

2
g2, (2.57)

mZ =
υ

2

√
g2
1 + g2

2, (2.58)

mf =
υ√
2
λf (f = e, u, d, ...), (2.59)

mH = µ
√

2, (2.60)

mg = mγ = 0 (2.61)

and

mW /mZ = cos θw. (2.62)

Note, that the parameters λ and µ are undetermined in the theory and so, the Higgs
boson mass mH must be determined experimentally.

It is also important to mention, that the Higgs mechanism of Spontaneous EW
Symmetry Breaking is one of the best theoretical models of masses origin, and usually
it is considered as a part of the Standard Model framework.

Now, the basic properties (including mass) of the vector gauge boson particles of the
Standard Model can be summarized as shown in Table 2.5.
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Interaction Boson Q Mass

E.m. γ 0 0
Weak W± ±1 80.4 GeV

Z0 0 91.2 GeV
Strong g 0 0

Table 2.5: Basic properties of the Standard Model vector gauge boson particles [4].

2.7 Experimental Confirmations of the SM

The Standard Model is not only the most complete theory of Particle Physics available
at the moment, but also is the most successfully tested in many experiments.

Not only the existence of the gauge vector bosons W± and Z0 has been predicted by
the theory, but their masses have been at a good level of accuracy calculated and then
confirmed experimentally, first, indirectly, through measurement of the fine structure
constant α, the Fermi constant GF and the Weinberg angle θw [9], and, finally, through
their direct observation in CERN experiments in 1983 [1, 10]. Existence of the gauge
bosons of strong interactions, the gluons, was demonstrated experimentally at DESY in
1979 [11].

Another important part of the SM, the fermion family content, has been built on the
information from several experiments, which discovered heavy elementary and composite
resonance particles. The τ -lepton has been discovered at SLAC [12]. The c-quark has
been discovered in a SPEAR experiment at SLAC and independently at Brookhaven
Laboratory in 1974 by detection of the J/Ψ meson, composed of cc̄ pair [13]. The more
heavy b-quark has been found at Fermilab in 1977 by observation of the Υ-mesons (bb̄
resonance) and this was the discovery of the third family of quarks [14]. Finally, the
heaviest quark, the top, has been discovered at Fermilab in 1994 [15] and so, the whole
fermion family has obtained complete experimental confirmation.

The only key particle in the Standard Model, which is still to be discovered experi-
mentally, is the Higgs scalar boson. One of the difficulties here is the fact, that its mass is
not predicted theoretically. Another point is, that its mass can be larger than accessible
at the current e+e− experiments (

√
s < 209 GeV at LEP) or the cross section of Higgs

production at a pp̄ collider (at Fermilab), where the available energy is higher (up to 1.8
TeV), can be very small. Therefore, due to very high rates of background processes, very
large luminosities may be needed for the Higgs discovery. Nevertheless, the theory gives
an upper bound on the possible Higgs mass (mH ≤ 1 TeV) and current experiments have
set the experimental lower limit of 114.4 GeV (LEP, [16]). So, the Higgs discovery is a
one of the main goals of the modern and future accelerator experiments (at Tevatron,
Fermilab and LHC, CERN).



Chapter 3

Theory Developments Beyond the
Standard Model

3.1 Problems of the Standard Model

Although the Standard Model is successfully confirmed in many experiments, there are
numerous questions, which can not be answered by the SM, and various conceptual
indications that it is not the “ultimate theory of everything”.

All these questions and indications arise both from various purely theoretical aspects
and from several kinds of experimental evidences, and they can be related to several
topics: understanding of existing symmetries and parameters, extrapolation of the the-
ory to the very big energy scales, unification of interactions and gravity incorporation,
astrophysics and cosmology, etc.

First, the fermion classification and interactions via the gauge vector bosons are well
described by the gauge symmetry group U(1)Y ×SU(2)L×SU(3)c, but the origin of this
group is not completely understood. Another question is: is there a symmetry between
the three fermion families and if so, why is it broken ? Are there more symmetries
between particles in nature ?

The origin of the fermion and boson masses is well described theoretically by the
Higgs mechanism of the EW symmetry breaking. However, the negative results of all
modern experimental searches for the Higgs particle allow one to hesitate, is there an
alternative mechanism of the mass origin. Moreover, the deeper understanding of the
particles mass spectrum (why it is exactly so and why it is so wide: from 0.5 MeV up
to 175 GeV ?) would be very desirable.

Next, the Standard Model depends on nineteen arbitrary parameters: the three gauge
couplings g1, g2 and g3 of the U(1)Y × SU(2)L × SU(3)c group; the nine quark and
charged-lepton mass values; the two parameters µ2 and λ, which determine the mass
and self-interactions of the scalar Higgs boson; the three angles and one phase that
specify the quark mixing matrix and an additional phase θQCD that characterizes the
QCD vacuum state. In a satisfactory theory these parameters should not appear as
absolutely free, and there should be a way to understand their values and to establish
relations between them.

Another important topic is the problem of gravitational interactions. The ultimate

18
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theory should incorporate this fourth interaction, especially when the theory starts to
consider the very big energy scales (of the order of the Planck energy Ep =

√
�c5/GN �

1019 GeV; here GN is the Newton constant, GN � 10−38 GeV −2), where gravity becomes
important and can not be neglected, since the strength of the gravitational interactions
grows quadratically with energy. However, building a consistent quantum theory of grav-
ity remains a hard problem, because it results not in a renormalizable theory.

An important question is also why the electromagnetic and the weak interactions are
unified in the Standard Model, but the strong one is not unified with the electroweak.
Could it happen that they unify at very high energy scales (of the order of the Planck
energy) ?

These two last topics are the starting point for the so-called Grand Unification Theory
(GUT) approach [17], where the three gauge coupling constants are thought to unify
at a large energy scale and thereby provide the basis for understanding of the common
origin of all interactions (perhaps three, but hopefully the gravity can appear also on this
basis). In the Standard Model the dependence of the gauge couplings on the energy scale
appears due to radiative corrections and is accounted for by the Renormalization Group
Equations (RGEs). The calculations show that the three gauge couplings approach each
other at the energy scale EGUT ∼ 1014 − 1016 GeV. However, the unification of them
does not really occur with the particle content of the Standard Model alone. This makes
it possible to assume that the Standard Model is an effective theory which is valid up
to some energy scale cut-off Λ, beyond which a more general theory appears, and in
this sense the SM is a low-energy approximation of a more general theory. One may
feel tempted to associate Λ with the Planck or GUT scale values and to incorporate the
SM into a more general theory just by extrapolating it up to the GUT/Planck scale.
However, this attempt causes the so-called “hierarchy” (or “naturalness”) problem [18],
i.e. the Higgs mass parameter tends to grow significantly due to the radiative corrections
from self-interactions, fermion and W -boson loops:

∆m2
H ∼ O(

λ

4π
)2

Λ∫
0

d4k

k2
∼ O(

λ

4π
)2Λ2, (3.1)

where λ is the fermion (boson) trilinear coupling to the Higgs field. Indeed, if we assume
Λ � EGUT (or Λ � EP ), then the quantum corrections (3.1) become much larger than
the physical value of the Higgs boson mass itself (mH ∼ 102 GeV). This, in turn,
makes W± and Z0 bosons also very heavy at the order of the GUT/Planck scales. To
keep mH (i.e. the radiative corrections) small with rise of the energy scale requires an
unnatural re-adjustment of the model parameters when going to the high scales, known
as “fine tuning” procedure. This is a rather unsatisfactory situation and obviously a more
elegant solution would be some theoretical principle allowing the Higgs mass corrections
to remain of the order of its physical scale.

There are several more questions to the Standard Model, coming from the neutrino
experiments, top quark physics, non-accelerator experiments, cosmology, etc.

For example, the neutrino oscillations and the possibility for the ν to have a very
small but non-zero mass leads to the introduction of at least seven more parameters in
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the theory: three neutrino masses, three mixing angles and a CP-violating phase. Cosmo-
logical inflation implies at least one new mass scale of order 1016 GeV; the cosmological
baryon asymmetry also introduces additional parameters.

3.2 Main Scenarios Beyond the Standard Model

All these questions and problems have made it necessary to consider the development
of a framework beyond the Standard Model (these theories are denoted as BSM [19, 3]).
Several alternative BSM models have been built so far based on the ideas of solving one
or another particular difficulty of the Standard Model.

Attempts to extrapolate the SM to very big energy scales, to introduce the unification
of interactions and at the same time to avoid the “hierarchy” problem have lead to several
GUT theories [17], based on the idea of existence of one gauge symmetry group G of
higher symmetry order, corresponding to all interactions unified together at high E scale,
which breaks down to the SM symmetry group at scale mU � mZ :

GGUT

mU

	−→ GSM ≡ U(1)Y × SU(2)L × SU(3)c

mZ

	−→ U(1)e.m. × SU(3)c (3.2)

There are several possibilities within the GUT approach, which are based on various
kinds of the higher order gauge group: SU(5), SO(10), etc.

Another BSM scenario is a theory called Technicolor (TC) [20], which is based on the
assumption that the energy cut-off parameter Λ is not of the order of the GUT/Planck

scale, but is located somewhere slightly above the Fermi scale G
−1/2
F � 300 GeV. Then

the electroweak symmetry breaking scenario can be considered in an alternative way: the
SM Higgs scalar field can be replaced by some fermion condensate, introduced by a new
strong interaction near the Fermi scale. The Technicolor Theory adds a gauge symmetry
group SU(N)TC to the SM symmetry groups with corresponding coupling constant gTC

and an additional generation of fermion particles, called technifermions. This alternative
to the Higgs mechanism approach has the advantage that the “hierarchy” problem is
solved simply by avoiding the Higgs particle. But it also has the disadvantage that
fermion masses and mixings are not reproduced. Several further model scenarios within
TC are being developed in order to account for the fermion spectrum and so, the TC
Theory is not yet built in a fully consistent way and is still under investigations.

Completely different kind of BSM concept is String Theory, or the Theory of Extra
Dimensions [1]. It is based on the idea of representing particles by string-like extended
objects (with size of order of 10−35 m) instead of considering them as point-like. The
matter particles (the fermions) are being considered as closed strings (loops), while the
interaction particles (the gauge bosons) as open ones, corresponding to the finite nature
of the interactions instead of the point-like. This allows to avoid divergences in the
construction of a quantum theory of gravity and so, to incorporate the gravitational
interactions into Quantum Particle Physics. The requirement of renormalizability of the
theory leads to the introduction of additional dimensions (at least 6 more) to the usual
space-time, but this does not cause serious problems because they are considered as
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“curled up” or, compacted within size

�P =
�

cEP

∼ 10−35m. (3.3)

Note also, that the gravitational interactions are considered as corresponding to strings
in these additional (“transverse” to the usual space-time) dimensions and therefore, not
present in the Standard Model. The String Theory is a rapidly developing approach and
several scenarios are being considered.

For completeness we should also mention another model - the Leptoquark Theory [21],
which proposes to consider the SM fermions as not really elementary particles, but as
composed of even smaller ones (similarly to the composedness of mesons and baryons in
terms of quarks).

But among all of the possible theories beyond the Standard Model the most elegant,
well developed and self-consistent one is a theory called Supersymmetry (SUSY in short)
[1, 22, 23]. It introduces a new additional symmetry between fermions and bosons, i.e.
introduces an additional scalar partner particle to each of the SM fermions and an
additional fermion partner to each of the SM gauge bosons. Moreover, many of the
considered above BSM concepts can be also included in the SUSY framework (e.g.
unification at the GUT scale, gravity and strings, etc.) Therefore, Supersymmetry is not
an alternative theory to the above models, but is a more general one.

However, none of the theories beyond the Standard Model have been experimentally
confirmed at the moment. All of them are currently under intense theoretical devel-
opment and are being actively searched for in the modern experiments. Experimental
searches for the Supersymmetry partners of the SM quarks form the subject of this
thesis.



Chapter 4

Supersymmetry

4.1 Basic Concepts and Advantages of SUSY

In 1928, P.A.M. Dirac had incorporated the symmetries of the Lorenz group into quan-
tum mechanics and as a natural consequence of this he had found that for each known
particle there should be a partner particle, which is known now as antiparticle. In a
similar manner, the Theory of Supersymmetry introduces a new symmetry in Particle
Physics called supersymmetry, which links fermions and bosons by placing them into one
representation of supersymmetric algebra called supermultiplet. The symmetry transfor-
mations between fermions and bosons are realized via so-called spin-1/2 operators Sα

(where α is a spinorial index). These operators are of fermionic character and together
with the Poincare group they constitute the Supersymmetry algebra [24]. And similarly
to the particle-antiparticle symmetry, incorporation of the boson-fermion symmetry into
the Particle Physics again leads to the prediction of existence of partner particles (called
SUSY partners or sparticles) for all known Standard Model particles.

The beauty of the idea of a symmetry between fermions and bosons is not the only
motivation for SUSY. Another SUSY benefit is that introducing of supersymmetric
algebra in the theory provides an elegant solution for the main theoretical difficulties
of the Standard Model: the “hierarchy” problem in extrapolation to the high energy
scales, the unification of interactions at the GUT/Planck scale and the incorporation of
gravitational interactions into Particle Physics.

Indeed, the introduction of SUSY partners to each of the SM particles means, that
for each loop of the quantum corrections to the Higgs boson mass (Figure 4.1) a corre-
sponding loop of the SUSY partner particle is added. Then, since the fermion and boson
loops have opposite signs, each sparticle loop will compensate the correction from the
corresponding SM particle and the quadratic divergences in (3.1) become canceled [25]:

∆m2
H = (

λb

4π
)2(Λ2 + m2

b) − (
λf

4π
)2(Λ2 + m2

f ) = O(
λ

4π
)2‖m2

b − m2
f‖, (4.1)

where mf and mb are the fermion and boson masses and λf = λb = λ is the universal
fermion and boson coupling to the scalar Higgs field.

Next, introduction of new SUSY particles in the theory affects the evolution of the
gauge couplings with the energy scale. If we assume that masses of scalar partners to
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Figure 4.1: One-loop quantum corrections to m2
H within the Standard Model only

(upper row) and in Supersymmetry (upper and lower rows together). The SUSY loops
(lower row) compensate corresponding corrections of the Standard Model.

the SM fermions are of the order of 102 GeV and modify the Renormalization Group
Equations (RGE) accordingly, then the running gauge couplings can really meet in a
single point at a scale of ∼ 1016 GeV [26] as shown in Figure 4.2. Thus, SUSY makes a
significant step toward the Grand Unification Theory framework.

Finally, being realized locally, SUSY naturally accommodates Einstein’s General
Theory of Relativity [27] and postulates gravity as an interaction mediated by gauge
bosons called gravitons. Thus, the concept of SUSY can be a step towards a theory of
all interactions.

Figure 4.2: Evolution of the U(1)Y ×SU(2)L ×SU(3)c gauge coupling constants α1 =√
5
3

g2
1

4π
, α2 =

g2
2

4π
, α3 =

g2
3

4π
with energy scale Q calculated by the Renormalization Group

Equations a) for the SM particle content; b) for the SUSY particle content (unification in
one point at ∼ 1016 GeV) [23]. The double line for α3 denotes the current experimental
uncertainty on this coupling, while the errors for α1 and α2 are too small to be visible.



24 4.2 The MSSM and Supermultiplets

4.2 The MSSM and Supermultiplets

Supersymmetry groups particles into representations of the supersymmetric algebra
called supermultiplets, each containing both fermions and bosons, which serve as su-
perpartners of each other. Fermion and boson partners, which inhabit the same super-
multiplet, have equal masses, mb = mf . Furthermore, the supersymmetry generators act
independently of any internal symmetry, implying that particles in the same supermul-
tiplet have identical electric charges, weak isospin and color. Numbers of bosonic and
fermionic degrees of freedom in a supermultiplet are also equal, nb = nf .

The simplest supersymmetric theory called Minimal Supersymmetric Standard Model
(MSSM in short) is built directly on the basis of the SM particle content and is the
simplest extension of the Standard Model with introduced SUSY partners to the SM
particles [28, 29, 30]. In principle, there is no strong theoretical restriction, which would
forbid introduction of more complicated superfields and a richer set of particles [31], so
the MSSM can be considered as the most simple case of a SUSY Theory.

The MSSM is built on the two simplest possible kinds of supermultiplets, satisfying
the requirements described above:

• the chiral supermultiplet, containing a single spin-1/2 Weyl fermion and a complex
scalar field;

• the gauge supermultiplet, consisting of a massless spin-1 vector gauge boson and
its superpartner, a massless spin-1/2 Weyl fermion, called gaugino (or Majorana
particle) and having the same gauge transformation properties for the left- and
right-handed components.

In the MSSM, each of the known fundamental particles must reside either in a chiral
or in a gauge supermultiplet and have a superpartner with spin differing by half a unit.

The SM fermions can only be placed in chiral supermultiplets together with their
supersymmetric partners - scalar quarks (squarks) and scalar leptons (sleptons). The
left- and right-handed states of quarks and leptons are separate two-component Weyl
fermions with different SM gauge transformation properties. Therefore each must have
its own complex scalar partner, f̃L and f̃R.

The Higgs boson must reside in a chiral supermultiplet because it has spin 0. It turns
out, that one Higgs supermultiplet is not enough. One reason for this is the structure of
supersymmetric theories, where only a Y = +1/2 Higgs chiral supermultiplet can have
the Yukawa couplings necessary to give masses to up-type quarks; and only a Y = −1/2
Higgs can have the Yukawa coupling necessary to give masses to down-type quarks and
to the charged leptons. Thus, there are two SU(2)L-doublet complex scalar fields Hu

and Hd. The doublet Hu has two components H+
u and H0

u, while the Hd consists of H0
d

and H−
d components.

The chiral supermultiplets of the MSSM are classified according to their transforma-
tion properties under the SM gauge group U(1)Y ×SU(2)L×SU(3)c; this is summarized
in Table 4.1. The standard convention is that all chiral supermultiplets are defined in
terms of left-handed Weyl spinors, so that the conjugates of the right-handed quarks and
leptons and their superpartners are used.



25

Names spin 0 spin 1/2 SU(3)c SU(2)L U(1)Y

multiplets hypercharge

squarks / quarks Q (ūL d̄L) (uL dL) 3 2 1/6

(× 3 families) U ū∗
R u†

R 3̄ 1 -2/3

D d̄∗
R d†

R 3̄ 1 1/3

sleptons / leptons L (ν̄L ēL) (νL eL) 1 2 -1/2

(× 3 families) E ē∗R e†R 1 1 1

Higgs / higgsinos Hu (H+
u H0

u) (H̃+
u H̃0

u) 1 2 +1/2

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) 1 2 -1/2

Table 4.1: The chiral supermultiplets of the Minimal Supersymmetric Standard Model.
Symbols for the supermultiplets as a whole are indicated in the second column. The bar
on U , D and E fields is part of the name and does not denote any kind of conjugation. [30,
32,33]

The vector bosons of the Standard Model must reside in gauge supermultiplets. Their
fermionic superpartners are usually referred to as gauginos. The gauge bosons W i

µ and

Bµ have associated spin-1/2 superpartners W̃ i
µ and B̃µ respectively, which are called

winos and bino. After the EW symmetry breaking, the W 3
µ and Bµ gauge eigenstates

mix to give the mass eigenstates Z0 and γ. The similar gaugino mixtures of W̃ 3
µ and B̃µ

are zino Z̃0 and photino γ̃. The superpartner of the gluon, which mediates the SU(3)c

color gauge interactions of QCD, is a spin-1/2 color-octet particle called gluino g̃. The
gauge supermultiplets are summarized in Table 4.2.

Names spin 1/2 spin 1 SU(3)c SU(2)L U(1)Y

multiplets hypercharge

gluino / gluon g̃ g 8 1 0

winos / W -bosons W̃ i W i 1 3 0

bino / B-boson B̃ B 1 1 0

Table 4.2: The gauge supermultiplets of the Minimal Supersymmetric Standard
Model. [30, 32] (The gauge boson of gravitational interactions, the graviton G, and its
supersymmetric partner, the gravitino G̃, are omitted here.)
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4.3 The MSSM Lagrangian

Having specified the superfields of the theory, the next step is to construct the La-
grangian with requirement of SM gauge and SUSY invariance. Omitting for shortness
the intermediate formulae, we present here the SUSY Lagrangian expressed in terms of
the superfield components [29,26,33]:

LSUSY = L kin. + L gauge + L quartic + L superpot. (4.2)

where L kin., L gauge and L quartic are:

L kin. =
∑
i

(DµSi)
†(DµSi) +

∑
i

Ψ̄i
i
2
γµDµΨi

+
∑
A

λ̄A
i
2
γµDµλA − 1

4

∑
A

FA
µνF

µν
A ,

(4.3)

L gauge = −
√

2
∑
i,A

[
S†

i gαtαAΨ̄i
1 − γ5

2
λA + h.c.

]
, (4.4)

L quartic = −1

2

∑
A

[∑
i

S†
i gαtαASi

]2

(4.5)

(and L superpot. is described below).
Here Si denotes the scalar component (and Ψi - the fermionic one) of the ith chiral

supermultiplet, FA
µν is the Yang-Mills gauge field and λA is the gaugino superpartner

of the corresponding SM gauge boson. The sum
∑
i

runs over all fermion fields Ψi of

the Standard Model, over their scalar partners Si and also over the two Higgs doublets
and their fermionic partners. The sum

∑
A

runs over the SU(3)c, SU(2)L and U(1)Y

gauge fields and over their fermionic partners, the gauginos. The covariant derivatives
Dµ are the gauge covariant derivatives appropriate to the particular symmetry group
representation to which the field belongs.

The L kin. part of the SUSY Lagrangian contains the gauge invariant kinetic energies
for the components of the chiral and gauge superfields, which determine how all the
particles interact with gauge bosons. The Standard Model Lagrangian is also contained
here. The L gauge term describes the interactions of gauginos with matter and with the
Higgs multiplets, which are also determined by the gauge couplings. Here tαA is the
matrix representation of the group generators and gα are the corresponding SM gauge
coupling constants. (Thus, the interaction strengths in SUSY are fixed in terms of the
SM gauge couplings). The L quartic part contains the terms with quartic couplings of the
scalar matter fields.

The only part of the SUSY Lagrangian, which is not strictly defined by the structure
of the supermultiplets and by the SM gauge and SUSY invariance, is L superpot., depending

on an analytic function W of the chiral superfields Ŝ = Q,U,D,L,E,Hu, Hd. This
function is called superpotential and describes the Yukawa interactions between the Higgs
fields and the fermions (and their superpartners) [34]. It must be at most cubic in
the superfields since higher orders would yield non-renormalizable interactions in the
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Lagrangian. The U(1)Y × SU(2)L × SU(3)c invariant superpotential has the following
form (for the first generation of fermions and their scalar partners):

W = εijµH i
uH

j
d + εij

[
λLH i

dL̄
jĒ + λDH i

dQ
jD̄ + λUHj

uQ
iŪ

]
+ εij

[
λ1L

iLjĒ + λ2L
iQjD̄

]
+ λ3ŪD̄D̄,

(4.6)

where i, j are SU(2)L doublet indices and εij = −εji (with ε12 = 1) contracts the SU(2)L

doublet fields and λ1,2,3 are coefficients. With this superpotential the corresponding part
of the SUSY Lagrangian reads:

L superpot. = −
∑

i

∥∥∥∂W

∂Ŝi

∥∥∥2

Ŝi=Si

− 1

2

∑
i,j

{
ψ̄i

(1 − γ5

2

)( ∂2W

∂Ŝi∂Ŝj

)
Ŝ�=S�

ψj + h.c.
}

. (4.7)

The term µH i
uH

j
d in the superpotential (4.6) gives masses to the Higgs bosons when

applying ∂W/∂Ŝ in L superpot., and µ is called the higgsino mass parameter. The terms of
the superpotential proportional to λL, λD and λU give the usual Yukawa interactions of
fermions with the Higgs fields. These coefficients are determined in terms of the fermion
masses and the vacuum expectation values (v.e.v.) of the neutral members of the scalar
components of the Higgs doublets:

υ1 ≡< H0
d >

υ2 ≡< H0
u > .

(4.8)

The ratio
tan β = υ2/υ1 (4.9)

is an additional free parameter with respect to the Standard Model Theory.

4.4 R-parity

The terms of the superpotential (4.6) proportional to λ1, λ2 do contribute to lepton
number violating interactions and those proportional to λ3 do allow the baryon number
violating processes. For instance, this would allow the proton to decay at tree level
through the exchange of the scalar partner of the d quark. But it does not happen in
nature. To avoid these undesirable lepton and baryon number violations in a natural way,
a special symmetry called R-parity has been introduced [30,35]. It defines a multiplicative
quantum number

R = (−1)2s+3(B−L) (4.10)

where s, B and L are the spin, baryon and lepton quantum numbers respectively, and
postulates its conservation in particle interactions. All the Standard Model particles
have R-parity value +1 and the SUSY partner particles have it equal to −1. Thus, the
lepton and baryon number violation processes are not possible.

The requirement of R-parity conservation has very important phenomenological con-
sequences:
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• SUSY particles can only be pair produced in collisions of SM particles;

• a SUSY particle decays to SM particle(s) and supersymmetric one(s);

• at the end of the SUSY particle decay chain the lightest supersymmetric particle
called the LSP is produced and remains stable (i.e. can disappear only in pair-
annihilations with its antiparticle).

The experimental limits on the existence of exotic isotopes [36] imply that the LSP must
be a neutral and only weakly interacting particle. That’s why, a generic signature for
(R-parity conserving) SUSY processes in high energy particle collisions is missing energy
from the LSP particles, which escape undetected. In the MSSM framework, the LSP can
be either the lightest neutralino particle χ̃0

1 (which is a mixed state of neutral gauginos
and higgsinos and will be discussed in the next sections) or the sneutrino ν̃. However,
the possibility of the sneutrino to be the LSP has been ruled out by the LEP I limits on
the invisible Z width [37].

The R-parity conservation and the consequent existence of the only weakly inter-
acting and stable LSP have a very important implication for cosmology, since the LSP
particle is an excellent candidate for the non-baryonic Cold Dark Matter (CDM).

For completeness, we should mention, that the possible scenario of Supersymmetry
with R-parity violation (RPV-SUSY) is also considered as alternative model develop-
ment, where there is no stable LSP and the lightest SUSY particle decays further into
the ordinary SM particles. The phenomenology of such a model is significantly different
from Supersymmetry with R-parity conservation and missing energy is not a signature
for production of SUSY particles. The problem of the baryon and lepton number viola-
tion terms in the superpotential (4.6) requires another kind of solution in this case, for
example, either assuming the coefficients λ1,2,3 to be small enough to satisfy the exper-
imental observations, or, setting λ1 and λ2 or only λ3 exactly equal to zero for explicit
suppression of the proton decay, and so on.

The analysis presented in this thesis is based on the MSSM framework with R-parity
conservation and the LSP particle is assumed to be the lightest neutralino χ̃0

1.

4.5 The Breaking of Supersymmetry

Up to this point, Supersymmetry was considered as an unbroken symmetry, which is
obviously not the case, because otherwise the SUSY partner particles would have the
same masses as the ordinary SM particles, and thus, the spartners should have been
observed quite some time ago.

However, the intention to keep the radiative corrections to the Higgs mass in the order
of the Electroweak scale (∼ 102 GeV) when going to the high energy scales requires to
assume that the mass splitting of the superpartner particles after the Supersymmetry
breaking should not be much larger than the EW scale [38,39,40]. Therefore, it is usually
assumed that the SUSY breaking occurs in a “hidden” sector at some high energy scale
and this sector interacts with the “visible” one (i.e. with the ordinary SM particles and
their superpartners with masses of the EW order) only via the exchange of superheavy
particles.
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There are two main possibilities here concerning the type of such interaction. The first
one is the gravity-mediated Supersymmetry breaking, called SUGRA [41, 42], where the
hidden sector communicates with the visible MSSM sector by means of the gravitational
interactions, mediated by graviton G and it’s supersymmetric partner gravitino G̃ (in
this case the Goldstone particle which appears in the symmetry breaking mechanism is
absorbed by the gravitino and thus, gravitino plays the role similar to the scalar Higgs
in the SM Electroweak Symmetry breaking). The SUSY breaking occurs in this scenario
at an energy order of 1010 − 1011 GeV and the gravitino mass is of the order of the EW
scale.

The second alternative scenario is the gauge-mediated Supersymmetry breaking
(GMSB) [31], where such communication is realized via the ordinary U(1)Y ×SU(2)L ×
SU(3)c gauge interactions and the SUSY breaking scale is much lower, typically of the
order of 104 − 106 GeV. The gravitino in this case has a mass in the eV-KeV range and
therefore is the best candidate to be the LSP. However, the GMSB phenomenology is
very different from the gravity-mediated SUSY breaking model, which is assumed in the
analysis of this thesis.

The mechanism of Supersymmetry breaking is implemented by introducing of explicit
“soft” SUSY breaking terms in the Lagrangian [43]. The dimension of such terms must
be not bigger than 3, which means that the possible soft SUSY breaking operators are:

• mass terms for the scalar members of the chiral supermultiplets and for the vector
members of the gauge supermultiplets,

• bi-linear mixing terms (so-called B-terms) and

• trilinear scalar mixing terms (called A-terms).

The usual strategy is to add to the Lagrangian all of the mass and mixing terms which
are allowed by the gauge symmetries and by the requirement of R-parity conservation.
Then the complete “soft” SUSY breaking Lagrangian (for the first generation family) is
given by [26,43]:

L soft = - m2
1‖Hd‖2 − m2

2‖Hu‖2 + Bµεij(H
i
dH

j
u + h.c.)

- M2
QQ̄iQj − M2

U ŪU − M2
DD̄D − M2

LL̄iLj − M2
EĒE

-
1
2

[
M1B̃0B̃0 + M2W̃ aW̃ a + M3g̃g̃

]

-
g2εij√
2MW

[ md

cos β
AdH

i
dQ

j d̃∗
R +

mu

sin β
AuH

j
uQ

iũ∗
R +

me

cos β
AeH

i
dL

j ẽ∗R + h.c.
]
,

(4.11)
where i, j are the SU(2)L doublet indices and the scalar and gaugino masses and bi-
and trilinear mixing terms are arbitrary. The difference of the scalar and gaugino masses
from the SM fermion and gauge boson masses means the desired breaking of the mass
degeneracy between the SM particles and their SUSY partners, i.e. the SUSY breaking.
The A-terms affect primarily the particles of the third generation, while the B-term
mixes the scalar components of the two Higgs doublets.
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All these terms are called “soft” because they do not introduce quadratic divergences.
In the most general case, all of the mass and interaction terms in (4.11) are matrices
involving all three generations.

The origin of all these terms in (4.11) is left unspecified and so, L soft contains in
total 124 arbitrary SUSY model parameters [44], whereas the Lagrangian of unbroken
SUSY (4.2) contains only tan β as a new theory parameter in addition to the Standard
Model (plus coefficients λ1,2,3).

4.6 The EW Symmetry Breaking in SUSY

Another important topic is the ability of Supersymmetry to provide the Electroweak
symmetry breaking mechanism, which was considered within the Standard Model Theory
in section 2.6.

The scalar Higgs potential can be derived from the superpotential W (4.6) and from
L soft (4.11). After performing the SU(2)L gauge transformations in order to eliminate
the non-physical components of the Higgs field, the Higgs potential appears in the form:

VH =
(
‖µ‖2 + m2

1

)
‖Hd‖2 +

(
‖µ‖2 + m2

2

)
‖Hu‖2 − µBεij

(
H i

dH
j
u + h.c.

)

+
g2
1 + g2

2

8

(
‖Hd‖2 + ‖Hu‖2

)2

+
g2
2

2
‖H∗

dHu‖2.

(4.12)

Using the Renormalization Group Equations, m2
1 and m2

2 are evolved from the GUT
scale down to the EW scale, which gives large Yukawa coupling contributions. This can
result in negative values for one or both mass-square terms, therefore leading to the
spontaneous breaking of the Higgs potential symmetry.

After the Supersymmetry breaking, five physical Higgs particles appear: two neutral
CP-even, h and H (with mh < mH), one neutral CP-odd, denoted A, and a pair of
charged Higgs particles H±. Their masses at tree level are given by:

m2
A =

2‖µB‖
sin 2β

, (4.13)

m2
H± = m2

A + m2
W , (4.14)

m2
h,H =

1

2

[
m2

A + m2
Z ∓

√
(m2

A + m2
Z)2 − 4m2

Am2
Z cos2 2β

]
. (4.15)

It follows from Equation (4.15) that the mass of the lightest neutral Higgs h should
be smaller than mZ‖cos2β‖. However, taking into account radiative corrections to the
Higgs masses, which can be large, the upper bound on mh can be moved up to 130
GeV [45].

The EW gauge bosons W± and Z0 obtain masses, which are fixed by the common
vacuum expectation value parameter υ2 = υ2

1 + υ2
2:

mW =
υ√
2
g2, (4.16)
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mZ =
υ√
2

√
g2
1 + g2

2. (4.17)

The up-type quarks get their masses entirely from υ2, while the down-type ones and
the charged leptons obtain them from υ1, as a consequence of the hypercharge quantum
numbers of Hu and Hd, given in Table 4.1. Then for the corresponding Yukawa couplings
we obtain the following relations:

λU =
g2mu√

2mW sin β
, (4.18)

λD =
g2md√

2mW cos β
, (4.19)

λL =
g2m�√

2mW cos β
. (4.20)

Thus, the Electroweak symmetry breaking can be generated radiatively [46] within
the framework of Supersymmetry, whereas in the Standard Model it is put in “by hands”.
This fact serves as one more important advantage of the SUSY model.

4.7 The Constrained MSSM

So, the most general case of the Minimal Supersymmetric Standard Model with minimal
field content as described earlier and with R-parity conservation contains in total 124
model parameters. A further deeper understanding of the SUSY breaking mechanism
and evolution with energy up to the GUT scales may relate many of these parameters and
so, restrict the total number of arbitrary ones. Several experimental facts and theoretical
principles give hints for the reduction of the set of free parameters.

For instance, the observed behavior of the gauge couplings with energy and their
unification at the GUT scale suggests the unification at the GUT scale of the gaugino
masses:

M1 = M2 = M3 ≡ m1/2 (GUT ). (4.21)

Having this at the GUT scale as initial condition and using the RGEs for evolution down
to the low energies, one finds (at one-loop level) their relation at the EW scale [47]:

3M1

5g2
1

=
M2

g2
2

=
M3

g2
3

, M2 ≈ 0.82 m1/2 (EW ). (4.22)

Furthermore, in order to avoid lepton number violation, the slepton mass matrices
M̃L and M̃E should be flavour diagonal. Next, constraints on the Flavour Changing
Neutral Current (FCNC) processes suggest that the squark mass matrices and the tri-
linear couplings should be also flavour diagonal [48]. The GUT approach lets to assume
the mass unification of squarks and sleptons at the GUT scale, similarly to the mass
unification of the gauginos:

MQ = MD = MU = ML = ME ≡ m0 (GUT ), (4.23)
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Ad = Au = Ae ≡ A0 (GUT ), (4.24)

The MSSM Theory with this set of assumptions and corresponding reduction of the
number of arbitrary parameters is called constrained MSSM (CMSSM) [46, 49]. It has
only 6 free parameters in addition to the Standard Model, which are:

•M2 - the SU(2)L gaugino mass at EW scale,
•m0 - the universal scalar mass at GUT scale,
•A0 - the universal trilinear coupling at GUT scale,
• tan β - the ratio of the vacuum expectation values

of the two Higgs fields at EW scale,
•µ - the higgsino mass parameter at EW scale,
•MA - the CP-odd Higgs boson mass.

When these 6 parameters are fixed at certain values, the entire sparticle spectrum
at the Electroweak scale is derived using the Renormalization Group Equations.

The CMSSM is the most attractive SUSY scenario for experimental searches in the
High Energy Physics. The CMSSM model (with gravity mediated SUSY breaking and
R-parity conservation) is the theoretical framework of this thesis.

There is even more constrained version of CMSSM, where it is assumed that the
soft-SUSY breaking Higgs masses are also equal to the masses of other scalars:

m1 = m2 ≡ m0 (GUT ). (4.25)

and furthermore, the acquirement of the EW symmetry breaking in SUSY with the
measured value of Z0 gauge boson mass can restrict the dependence on the µ parameter
to a dependence on only its sign (thus, reducing the set of the free parameters from 6
down to 4 plus a two-fold ambiguity corresponding to the sign(µ)). This version of the
CMSSM is called mSUGRA [38, 50]. In addition to the Standard Model it contains the
following four arbitrary parameters:

•m1/2 - the SU(2)L gaugino mass at GUT scale,
•m0 - the universal scalar mass at GUT scale,
•A0 - the universal trilinear coupling at GUT scale,
• tan β - the ratio of the vacuum expectation values

of the two Higgs fields at EW scale,
•sign(µ) - sign of the higgsino mass parameter at EW scale.

4.8 The Mixing and CMSSM Particle Content

After the Electroweak symmetry breaking in SUSY, the interaction eigenstates of spar-
ticles with the same quantum numbers mix and produce the physical states.

The Sfermion Mixing

In general, the left f̃L and right f̃R field components of sfermions mix into the mass
eigenstates. With completely arbitrary soft SUSY terms, the physical states are obtained
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by diagonalization of 6 × 6 mass matrices, one for up-type squarks, one for down-type
ones and one for the charged sleptons. They can be decomposed into 2 × 2 matrices,
when ignoring the intergenerational mixing, which is a reasonable assumption to avoid
oversized FCNC. These 2 × 2 mass matrices for the scalar quarks and charged scalar
leptons are given by [51]:

M2
f =

(
m2

f̃L
afmf

afmf m2
f̃R

)
(4.26)

with
m2

f̃L
= M2

F̃
+ m2

Z cos 2β(T 3
f − Qf sin2 θW ) + m2

f , (4.27)

m2
f̃R

= M2
F̃ ′ + Qfm

2
Z cos 2β sin2 θW + m2

f , (4.28)

af = Af − µ(tan β)−2T 3
f , (4.29)

where F ≡ Q,L for squarks and sleptons, respectively; F ′ denotes U in the case of up-
type squarks, D in the case of down-type ones and L in the case of the charged sleptons;
T 3

f is the third component of the weak isospin; mf is the mass of the Standard Model
fermion, corresponding to a given sparticle and MF̃ and MF̃ ′ are the soft SUSY masses at
the EW scale, which are derived from the GUT scale values using the Renormalization
Group Equations (there are three contributions here: from the gaugino and Yukawa
couplings and from the trilinear terms, and it can be shown [52, 53], that MF̃ and MF̃ ′

are much lower for the third generation compared to the first and second families).
The relation between the weak and the mass eigenstates of the sfermions is expressed

through the mixing angle θLR as:(
f̃1

f̃2

)
=

(
cos θLR sin θLR

− sin θLR cos θLR

)(
f̃L

f̃R

)
, (4.30)

where

cos θLR =
−afmf√

(m2
f̃L

− m2
f̃1

)2 + a2
fm

2
f

, (4.31)

sin θLR =
m2

f̃L
− m2

f̃1√
(m2

f̃L
− m2

f̃1
)2 + a2

fm
2
f

. (4.32)

Then the masses of the two physical eigenstates of the sfermions are given by:

m2
f̃1,2

=
1

2

(
m2

f̃L
+ m2

f̃R
∓

√
(m2

f̃L
− m2

f̃R
)2 + 4a2

fm
2
f

)
, (4.33)

with the general convention that f̃1 denotes the lighter of the two sfermion mass eigen-
states, mf̃1

≤ mf̃L,R
≤ mf̃2

.

As it is seen from (4.33), the size of mixing between f̃L and f̃R is proportional to
the corresponding SM fermion mass and so, can be approximately neglected for the
first two generations, which means that the mass eigenstates can be regarded as the
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interaction ones. However, since the SM top quark is significantly heavier compared to
all other SM quarks, the situation for the scalar top is completely different: the mixing
between t̃L and t̃R is big and the resulting mass eigenstates have a significant mass
splitting, which makes the lighter scalar top eigenstate t̃1 being the lightest of all the
physical scalar quarks. For the sbottom quark the magnitude of the mixing depends
on the tan β value, which enters into the af parameter: strong mixing occurs at large
tan β (> 10) and this case is preferred in many GUT scenarios (for instance, solution
of λb(GUT ) = λτ (GUT ) equation, which is a condition for b and τ Yukawa coupling
unification, gives tan β ∼ 35 [54]). So, the lighter sbottom quark b̃1 is considered (in the
framework of the SUSY scenario of this thesis) as the second lightest scalar quark mass
eigenstate.

The Gaugino Mixing

The interaction eigenstates of gauginos also mix with each other and produce physical
eigenstates of SUSY particles.

Mixing of charged winos W̃± and higgsinos H̃± gives two physical states called
charginos χ̃±

1 and χ̃±
2 (with convention mχ̃±

1
≤ mχ̃±

2
). Their mass values are given by [55]:

m2
χ̃±

1,2
=

1

2
(M2

2 + µ2 + 2m2
W ) ∓ 1

2

√
(M2

2 + µ2 + 2m2
W )2 − 4(µM2 − m2

W sin 2β)2. (4.34)

In case M2 � ‖µ‖, the lighter chargino is mainly the wino and the heavier chargino is
mainly higgsino-like. The situation reverses if M2 � ‖µ‖.

The neutral wino, bino and neutral higgsinos combine to produce four neutralinos,
χ̃0

1,2,3,4 with the convention mχ̃0
1
≤ mχ̃0

2
≤ mχ̃0

3
≤ mχ̃0

4
. These eigenstates are characterized

by a 4×4 mass mixing matrix [56], which in the (B̃, W̃ 3, H̃0
d , H̃0

u) basis takes the following
form:⎛

⎜⎜⎝
M1 0 −mZ cos β sin θW mZ sin β sin θW

0 M2 mZ cos β cos θW −mZ sin β cos θW

−mZ cos β sin θW mZ cos β sin θW 0 µ
mZ sin β sin θW −mZ sin β cos θW µ 0

⎞
⎟⎟⎠
(4.35)

If M2 � ‖µ‖, the lightest neutralino χ̃0
1 is mainly the photino, the next lightest one

χ̃0
2 is mainly the zino and the two heaviest neutralinos χ̃0

3,4 are mainly the higgsinos.
For M2 � ‖µ‖, the two lightest neutralinos are mainly the higgsinos, χ̃0

3 is mainly the
photino and χ̃0

4 is mainly zino.
The gluino g̃, which is the only color octet gaugino, remains unmixed after the

Electroweak symmetry breaking. In the MSSM with gaugino unification at the GUT
scale, the gluino mass can be related to M3 and M2 in the following way:

mg̃ = M3 =
g2
3

g2
2

M2 ≈ 2.6 m1/2, (4.36)

however, the QCD corrections to this relation can be important [57].
Note also, that eigenstates of the superpartner of the graviton, the gravitino G̃, also

do not mix, but the detailed consideration of the theory of gravity is outside the scope
of this thesis.
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The CMSSM Particle Content

After specification of the MSSM model scenario and eigenstate mixing after the
Electroweak symmetry breaking, the physical particle content of the CMSSM can be
summarized as shown in Table 4.3.

“Ordinary” Supersymmetric
Particles Partners

Interaction Mass
Eigenstates Eigenstates

� = e, µ, τ Ch. Leptons �̃L,R Sleptons �̃1,2

ν� Neutrinos ν̃� Sneutrinos ν̃�

q = u, d, c, s, t, b Quarks q̃L,R Squarks q̃1,2

g Gluon g̃ Gluino g̃

W±

H±
W−bosons
Ch.Higgses

W̃±

H̃±
Winos
Higgsinos

}
χ̃±

1,2 Charginos

γ
Z0

h,H,A

photon
Z − boson
Neut.Higgses

γ̃

Z̃0

H̃1,2

Photino
Zino
Higgsinos

}
χ̃0

1,2,3,4 Neutralinos

G Graviton G̃ Gravitino G̃

Table 4.3: The CMSSM particle content after the EW symmetry breaking.
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Scalar Quarks in e+e− Collisions

5.1 Stop and Sbottom Production at LEP II

Due to the assumed conservation of R-parity, sparticles can only be pair produced in
interactions of the Standard Model particles. The general scheme for sfermion pair pro-
duction in e+e− collisions is the Z/γ exchange, as shown in Figure 5.1 (for selectrons,
there is also an additional t-channel contribution). The tree level cross section for a
production of a scalar quark pair is given by [58,59]:

σee→q̃1q̃1 =
πα2

s

(
1 − 4m2

q̃1

s

)3/2 [
e2

q + a2TZZ − aeqTZγ

]
, (5.1)

TZZ =
1 + v2

e

256 sin4 θW cos4 θW

s2

(s − m2
Z)2 + m2

ZΓ2
Z

, (5.2)

TZγ =
ve

8 sin2 θW cos2 θW

s(s − m2
Z)

(s − m2
Z)2 + m2

ZΓ2
Z

, (5.3)

where
√

s is the center-of-mass energy, α is the fine structure constant, eq is the charge
of the squarks (et = 2/3, eb = −1/3), a = 4(I3 cos2 θLR − eq sin2 θW ) is the Zq̃ ¯̃q coupling

Figure 5.1: The general scheme for sfermion pair production at LEP. (For selectrons,
there is also an additional contribution from t-channel exchange).
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Figure 5.2: The dependency of the stop and sbottom production cross section on the
mixing angle θLR for fixed

√
s and fixed squark masses.

and ve = 4 sin2 θW − 1. The first and the second terms in Equation 5.1 correspond to
the cases of sfermion production via purely γ or purely Z exchange, while the third
term describes the γ − Z interference, which explains the characteristic minimum in
dependence of the sfermion production cross section on the mixing angle θLR. The cross
section is maximal at cos θLR = 1, which corresponds to the case of no mixing, f̃1 ≡ f̃L,
and it comes to the minimum at

cos2 θLR

∣∣∣
σ=min

=
eq sin2 θW

I3

[
1 + (1 − s

m2
Z

)F (sin2 θW )
]
, (5.4)

where F (sin2 θW ) = cos2 θW (Le+Re)/(L
2
e+R2

e) with Le = sin2 θW−1/2 and Re = sin2 θW

[60, 61].
The considered tree level cross sections are suitable for scalar fermions in general,

which can be either squarks or sleptons (except selectrons having additional t-channel
contribution). On the other side, in the case of the scalar quarks, there is an additional
contribution from QCD radiative corrections (due to gluons), which enhances the pro-
duction cross section of squarks [62, 63]. On the other side, the SUSY-QCD corrections
are found to be of the order of a few percent (below 2 %, [64]).

The dependency of the scalar top and the scalar bottom production cross section
on the mixing angle θLR, on the scalar quark mass and on the center-of-mass energy is
illustrated in Figures 5.2 and 5.3. As it is seen, in general the production cross section
decreases with the squark mass at fixed values of center-of-mass energy and the mixing
angle. But it increases with center-of-mass energy at fixed values of the squark mass and
the mixing angle (when the squark mass is close to the kinematic limit). The dependency
on the mixing angle has a flat shape at cos θLR < 0.5 and has its minimum near the
point, where the scalar quarks decouple from the Z boson (at cos θLR = 0.57 for the stop
and cos θLR = 0.39 for the sbottom), above cos θLR = 0.5−0.7 the cross section increases
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Figure 5.3: The dependency of the stop and sbottom production cross section on the
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√
s and mixing angle θLR (two values are used: cos θLR = 1

corresponding to no mixing and cos θLR = 0.57 for stop and cos θLR = 0.39 for sbottom,
corresponding to the decoupling from the Z boson.)

and reaches its maximum at cos θLR = 1. The dependency on the mixing angle is bigger
for the scalar bottom quark pair production compared to the scalar top pairs, because
of the dependency on the corresponding Standard Model quark mass (mt � mb). Also,
the dependency on the mixing angle is much smaller near the kinematic limit at fixed
center-of-mass energy.

The produced pairs of scalar top or scalar bottom quarks have the angular distribu-
tion, which is typical for scalar particles:

dσ

d cos ϑ
=

3

4
σ sin2 ϑ, (5.5)

where ϑ is the scattering angle.

5.2 Decays of Stop and Sbottom Quarks

Within the assumed CMSSM framework with conserved R-parity, the scalar fermions
predominantly decay to the Standard Model fermion of the same flavour plus neutralino,
f̃ → fχ̃

0(∗)
i , and to the SM fermion of the other flavour plus chargino, f̃ → f ′χ̃±(∗)

i .
The lightest scalar bottom quark b̃1 decays at LEP II energies according to this

scheme:

(a) b̃1 → bχ̃0
1

(b) b̃1 → bχ̃0
2
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(c) b̃1 → cχ̃−
1 .

The decay (b) to the next-to-lightest neutralino, χ̃0
2, would have a large phase-space

suppression due to the lower limits of the χ̃0
2 mass, about 65-90 GeV [65]. That’s why

we do not consider this decay. For the majority of the MSSM scenarios, the cross section
of chargino pair production is higher than the cross sections of the stop or the sbottom
pair production in e+e− collisions at LEP II energies. Therefore the charginos would be
discovered first from the direct pair production and not from the decays of the scalar
quarks. The experimental 95 % C.L. limit on the lightest chargino mass obtained by
L3 [65], mχ̃±

1
≥ 93 GeV is very close to the kinematic limit and thus, excludes decay (c)

from our consideration. So, only the sbottom decay (a) is searched for in this analysis.
The situation with the lightest scalar top decays at LEP II is less trivial, because

the Standard Model top quark is too heavy for pair production at LEP II and the decay
t̃1 → tχ̃0

1 is prohibited. Thus, the following stop decay modes are left for consideration:

(e) t̃1 → bχ̃+
1

(f) t̃1 → cχ̃0
1

(g) t̃1 → b�ν̃

(h) t̃1 → b�̃ν

(k) t̃1 → bWχ̃0
1.

Decay (e) has practically 100 % branching ratio, when kinematically allowed. How-
ever, we exclude this decay from our consideration due to the above mentioned experi-
mental limits on the chargino mass.

Decay (f) is the one of our special interest because it corresponds to the case when
t̃1 is the lightest visible SUSY particle and therefore is potentially the first one to be dis-
covered at LEP II. This decay is a flavour changing weak process. In the case of absence
of any flavour changing effects in the squark sector, this decay proceeds through a loop
as shown in Figure 5.4, otherwise it occurs at tree-level through the stop-scharm mixing.
The estimated decay time for this process τ ∼ 10−14 − 10−15 s is much longer than
the strong interaction time scale ∼ 10−23 s, therefore the scalar top quark hadronizes
into colorless states before it decays. This proceeds in the following way: the produced
in e+e− interaction stop quark first radiates off gluons and this phase can be treated
perturbatively; then there is a nonperturbative phase, when the stop hadronizes into a
“meson” t̃1q̄ or a “baryon” t̃1qq; and only afterwards the stop decays [63]. This mecha-
nism is illustrated in Figure 5.5, which is suitable to hadronisation of both the scalar top
and the scalar bottom quarks. (More exactly, for the sbottom quark, the hadronisation
scenario depends on the gaugino-higgsino content of the neutralino and the sbottom
lifetime can be comparable to the hadronisation time, but since this affects only the
track multiplicity, but does not change the event topology, we follow the “hadronisation
before decay” scenario also for the sbottom quark).
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Figure 5.4: The Feynman diagram for the flavour changing decay t̃1 → cχ̃0
1.

The three-body decays (g) and (h) proceed in two steps via virtual chargino exchange:
t̃1 → bχ̃+

1 and then χ̃+
1 → �ν̃/�̃ν. The Feynman graph for the t̃1 → blν̃ case is presented

in Figure 5.6 (and the diagram is very similar for the t̃1 → b�̃ν case). The estimated stop
quark lifetime τ ∼ 10−17 s is also longer than the typical hadronisation time implying
that hadronisation again will take place before the scalar top quark decay [58]. When
kinematically allowed, these three-body decays can dominate, thus they are considered
in parallel to the two-body stop decay (f) and also, both of the stop quarks produced in
e+e− collisions decay in the same way (no mixed cases, when one stop decays through (e)
and another one through (g) or (h) are considered). The produced slepton/sneutrino in
turn decay via �̃± → �±χ̃0

1, �
±χ̃0

2, ν̃χ̃±
1 and ν̃ → νχ̃0

1, νχ̃0
2, �

±χ̃∓
1 , however, decays involving

a chargino are precluded (because chargino would be discovered first) and decays to the
next-to-lightest neutralino χ̃0

2 also have a large phase-space suppression from the lower
limits on the χ̃0

2 mass [65]. Thus, we assume that ν̃ → νχ̃0
1 and �̃ → �χ̃0

1 occur with 100 %
branching ratio and therefore, both of (g) and (h) decays have the same particles in the
final state: b, �, ν and χ̃0

1. So, we consider for simplicity only one of these decays, namely,
t̃1 → b�ν̃, but keep in mind that the process (h) may occur very similarly. Taking into
account that the third generation sfermions are expected to be lighter than sfermions
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Figure 5.5: The mechanism of hadronisation and decay of the scalar top and the scalar
bottom quarks: a squark decays after the hadronization.
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t1
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χ +
1

∼

ν
∼

l +

Figure 5.6: The Feynman diagram for the t̃1 → blν̃ decay.

of the first two generations, the lepton/slepton in the final state can be predominantly
tau/stau. On the other side, if there is no sizable mass splitting between three generation
of sneutrinos, ν̃e, ν̃µ and ν̃τ , or between three generations of sleptons, ẽ, µ̃ and τ̃ , then the
lepton/slepton flavour in decays (g) and (h) is determined by the chargino composition.
For the wino-like chargino, decays to all three lepton/slepton flavours occur with equal
probabilities. If the chargino is mainly the higgsino, the decay to tau/stau becomes
dominant. Thus, we consider the two above scenarios separately: either lepton is e, µ
or τ with equal branching ratios, or the separate case of the lepton being with 100 %
branching τ (and similarly for the slepton case).

When kinematically allowed, decay (k) also dominates over the two-body stop decay,
but it is possible only in the small parameter corner of the stop and neutralino masses,
Mt̃1 > Mb + MW + Mχ̃0

1
≥ 86 GeV, that’s why it is considered as additional and as

complementary to the t̃1 → cχ̃0
1 decay and it is described separately in Chapter 10.

To summarize, in our search analysis we consider the following decay channels of the
scalar top and the scalar bottom quarks: t̃1 → cχ̃0

1, t̃1 → blν̃, t̃1 → bτ ν̃, b̃1 → bχ̃0
1 and

t̃1 → bWχ̃0
1; each channel is analyzed separately with assumed 100% branching ratio.

5.3 The Squark Monte Carlo Generator

For the Monte Carlo generation of the scalar top and the scalar bottom production and
their decays, an event generator developed for the OPAL Collaboration [66] was modified
by the L3 Collaboration MC Group.

In the first step of the e+e− → t̃1
¯̃t1 event simulation the ISR photon(s) is (are)

emitted and the reduced center-of-mass energy is calculated. Then, perturbative gluon
emission off the squarks is performed. Since the squark is a scalar particle, the spectrum
of gluons differs from that emitted off a Standard Model quark. In particular, the squark
fragmentation function is harder than that of a fermion of the same mass. However, at
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LEP energies, using JETSET [67] with default emission probabilities (which assumes
the radiating particle is a fermion) can be regarded as an adequate description of the
process [68].

As discussed in the previous section, the stop (sbottom) quark forms a “meson” t̃1q̄
(b̃1q̄) or a “baryon” t̃1qq (b̃1qq) before it decays. In the MC the hadronisation is performed
according to the Lund Model as implemented in JETSET. The choice on the flavour of
the spectator quark(s) is made using the Lund prediction and is mainly restricted to u,
d and s quarks [67]. An invariant mass of 500 MeV is assigned to the spectator system.
The energy sharing among the produced hadrons is described according to the Peterson
fragmentation function [69] with the parameter εq̃ propagated from εb of the b-quark:

εq̃ = εb
m2

b

m2
q̃

, (5.6)

where εb = 0.0035 [70] and mb = 5 GeV.
After hadronisation the stop (sbottom) hadrons decay and produce c or b quarks

(depending on the decay mode specified), which in turn undergo fragmentation.
The stop leptonic three-body decay mode is implemented in the MC according to

the following scheme: first, the decay products are distributed according to phase space,
i.e. assuming that there is no dynamics involved. However, this is not actually true and
the weak structure of the decay matrix element has to be taken into account [58]. The
matrix element depends on many SUSY parameters. In the approximation of mb → 0
and mt̃1 << mχ̃+

1
<< mχ̃+

2
, the decay distribution has the form [58]:

dΓ

dzbdz�

∝
[
(1 − zb)(1 − z�) − m2

ν̃

m2
t̃1

]
, (5.7)

where zb = 2pt̃1pb/m
2
t̃1

and z� = 2pt̃1p�/m
2
t̃1

are the scaled energies of the b-quark and
lepton. This structure of the decay distribution is implemented in the Monte Carlo.



Chapter 6

The L3 Experiment at LEP

6.1 The LEP Collider

The Large Electron Positron Collider (LEP) is the biggest collider built by physicists
so far to accelerate e+e− beams. It provided the highest center-of-mass energy for e+e−

collisions - up to
√

s = 208 GeV. The Collider has the form of a ring with a circumference
of 26.7 km and was built by the European Organization for Nuclear Research (CERN)
at the border of France and Switzerland near Geneva (Figure 6.1).
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Figure 6.1: The LEP Collider and the Detectors.
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Electron and positron beams are accelerated in the LEP ring in opposite directions
and collide at four interaction areas equipped with four separate particle detectors,
ALEPH, DELPHI, L3 and OPAL [70]. Each detector is a quite complicated experimen-
tal setup, which triggers, identifies and measures energy, momentum and directions of
particles and jets produced in the collisions of e+e− beams. The detectors make complete
and independent measurements of similar physics processes, serving as complementary
but stand-alone experiments.

The LEP operation has started in 1989 and finished in the fall of the year 2000.
During these years there were two phases of the LEP operation: the first phase (called
LEP I) in the years 1989-1995, and the second phase (LEP II) afterwards. The center-
of-mass energy of e+e− collisions at LEP I was close to the Z boson mass (about 91.2
GeV). The primary goal of this phase of operation were tests of the Standard Model
and precise measurements of the model parameters. Searches for the Higgs boson and
new phenomena were also performed. The second phase of LEP operation has started in
the fall of 1995. During the LEP II period the center-of-mass energy was continuously
increased from 130 GeV in 1995 up to 208 GeV at the end of the operations in the
year 2000. These years the main goals were the searches for the Higgs boson and for
new phenomena, in particular, searches for SUSY particles, as well as more tests and
measurements within the Standard Model with ZZ and W+W− pair production.
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Figure 6.2: The integrated luminosi-
ties collected by the L3 detector from
1997 to 2000.

Figure 6.2 shows the typical integrated luminosities collected by each of the four
LEP experiments at different

√
s during the last four years of LEP operation. In the

year 2000 each of the four LEP experiments collected data at center-of-mass energies
from 202 and 208 GeV with an integrated luminosity over 200 pb−1.

Since the increase of the center-of-mass energy of e+e− beams leads to increase of the
radiation losses, further increase of the energy becomes more expensive and less efficient.
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Therefore, in the year 2000 the operation of the LEP Collider has been stopped and now
the LEP tunnel is being prepared for the LHC experiments.

6.2 The L3 Detector at LEP

The L3 detector [71] is a general purpose particle detector designed and built to trigger,
identify and measure energies, momenta and directions of electrons, photons, muons
and hadrons, produced in e+e− collisions. Figure 6.3 shows a 3-dimensional view of the
detector setup.

To measure the momenta of charged particles with the help of a magnetic field, the
detector is surrounded by a solenoidal magnet, providing a uniform 0.5 Tesla field along
the beam axis.

The following right handed coordinate system is used in the experiment: the origin
is in the geometric center of the detector; the positive z axis coincides with the direction
of the electron beam; the y axis points vertically upward and the x axis goes toward the
center of the LEP ring. The distance between a point in the x-y plane and the geometric
center of the detector is the radius r. The azimuthal angle φ is an angle between the

,

e-

e+

Outer Cooling Circuit

Muon Detector

 

Silicon Detector

Vertex DetectorHadron Calorimeter

DoorCro
wn

Barrel Yoke

Main Coil

Inner Cooling Circuit

BGO Calorimeter

 

 

Figure 6.3: The 3D view of the L3 detector at LEP.
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radius vector 	r and the positive x axis. The polar angle θ is an angle between the direction
of a particle and the electron beam direction.

The major components of the L3 detector are characteristic for all general purpose
detectors, used in modern High-Energy Physics: the central tracking system surrounding
the interaction point; then the electromagnetic and hadron calorimeters and finally the
muon spectrometer (their hierarchy is illustrated in Figures 6.3 and 6.4).

The particular L3 detector components are the following:

1. The Central Tracking System

– The Silicon Microvertex Detector (SMD)

– The Time Expansion Chamber (TEC)

– The Z Chamber

– The Forward Tracking Chamber (FTC)

2. The Calorimetry System

– The Electromagnetic Calorimeter (BGO ECAL)

– The Hadron Calorimeter (HCAL)

Hadron Calorimeter Barrel

Hadron Calorimeter
Endcaps

Luminosity
Monitor

FTC

BGO

BGO

SMD

HC1

HC3 HC2 Z chamber

TEC

Active lead rings

 

SLUM

RB24

Figure 6.4: Schematic view of the tracking and the calorimeter systems of the L3
detector.
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3. The Muon Spectrometer (MUCH)

4. The Magnet System

5. Additional Detectors

– The Scintillator Counters

– The Active Lead Rings (ALR)

– The Luminosity Monitor

In the following sections all these subdetectors are briefly reviewed.

6.2.1 The Central Tracking System

The Central Tracking System consists of the vertex and tracking parts, serving corre-
spondingly for a determination of the origin points of the tracks close to the interaction
area and for a measurement of the further traces of particles for the later reconstruction
of their tracks.

4.2.1.1 The Silicon Microvertex Detector

The Silicon Microvertex Detector (SMD) is the innermost L3 subdetector, directly sur-
rounding the beam pipe of the collider, which has a radius of 5.3 cm [72]. The main
goal of the SMD detector is to locate the particle traces in the area close to the inter-
action point. After combining with further tracking information, this allows to improve
significantly the momentum resolution of the tracks and to identify possible secondary
vertices, arising from the decays of particles like hadrons containing a b quark.

The SMD detector consists of two similar cylindrical layers around the beam pipe
with radii of about 6 cm and 8 cm, respectively. The length of the SMD along the z-axis
is 30 cm which yields a polar angle coverage of 22◦ ≤ θ ≤ 158◦. Both layers consist
of 12 modules (ladders), subdivided into two independent halves at θ = 0◦. The half-
ladders consist of 2 double-sided silicon sensors, which are 70 mm long, 40 mm wide and
made from 300 µm thick n-type silicon of high purity. The junction side of the sensors
consists of 25 µm wide strips with a readout pitch of 50 µm. They run parallel to the
beam axis and so, provide the determination of the rφ coordinate. On the other side
the implantation strips are arranged perpendicular to the junction side strips with a
pitch of 50 µm. The readout pitch is 200 µm for 0.53 ≤| cos θ |≤ 0.93 and 150 µm for
| cos θ |≤ 0.53. These strips are used for the r-z measurement. A resolution of 7.5 µm
in rφ and 14.3 µm in z is obtained [73]. The structure of the SMD ladders and their
arrangement in the rφ-plane are shown in Figure 6.5.
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Figure 6.5: The Silicon Microvertex Detector: the ladder structure (left) and ladder
arrangement in the rφ-plane (right).

4.2.1.2 The Time Expansion Chamber

The Time Expansion Chamber (Figures 6.4 and 6.6) plays the role of the main central
tracking detector and serves for the reconstruction of the rφ and z coordinates of the
tracks of charged particles and their momentum. The detector consists of two concentric
cylindrical drift chambers with a common gas volume and common end plates. It operates
in the time expansion mode. The drift chambers are subdivided into sectors. The anode
and cathode wires run in z direction. The inner drift chamber consists of 12 sectors
with 8 anode wires each. The outer drift chamber is subdivided into 24 sectors with 54
anode wires each. The inner and the outer radius of the TEC equals 9.15 cm and 45.6
cm, respectively. The length is 126 cm. The anode planes are surrounded by grid planes
which divide the drift regions in areas of different field strength. The small field strength
between the cathode and the grid plane leads to a small drift velocity which results in
a very good spatial resolution. In the region of the high field strength gas amplification
occurs and the electron avalanche is detected by the anodes. In order to resolve the left
right ambiguity additional wires in the grid plane are read out. The gas mixture consists
of 80 % CO2 and 20 % isobutane. The drift velocity is 6 µm/ns. In rφ a resolution of
(50-60) µm is obtained. Some anode wires are read out on both sides. These signals
are used to obtain a rough z coordinate (resolution some cm) by means of the charge
division principle.
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Figure 6.6: The Central Tracker: rφ view of the SMD, TEC and the Z Chambers (left)
and the drift field in the TEC (right).

4.2.1.3 The Z Chamber

Particles with a polar angle between 42◦ and 138◦ will pass the Z chamber. This detector
supplements the measurements of TEC and SMD with a z coordinate at r = 50 cm.
It consists of two multiwire proportional chambers with cathode readout. The anode
wires are aligned in z direction. The two chambers contain two cathode layers each. The
cathode layers are made of 240 strips with a pitch of 4.45 mm. The strips of two of
the layers are arranged perpendicular to the z direction (z layer) and the strips of the
other two layers run under a stereo angle of ±69◦. The gas mixture consists of 80 %
Argon, 16 % CO2 and 4 % isobutane. A charged particle traversing the chamber ionizes
the gas. The resulting electron avalanche around the anode wire induces image charges
on the cathode layers. The relative amount of the signal measured on the individual
cathode strips is used for the coordinate determination. The φ component of the stereo
layer allows the matching of the cluster with a TEC track. The z layers are used for the
measurement of the z coordinate. The resolution varies depending on the polar angle.
At cos θ = 0 the resolution is about 200 µm whereas at | cos θ |= 0.74 the resolution is
1000 µm. The special design of the readout electronics can be used to tag the interacting
bunchlet when LEP is operating in the Bunch Train Mode [74].

4.2.1.4 The Forward Tracking Chamber

Complementary to the Z Chamber, the Forward Tracking Chamber is an additional
tracking detector just outside the TEC (Figure 6.4). It consists of drift chambers and
is used to measure the position and direction of the tracks on the forward edge of the
tracker system and provides a spatial resolution of better than 200 µm and an angular
resolution better than 10 mrad.
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6.2.2 The Calorimetry System

In modern particle physics experiments the particles produced in beam collisions, espe-
cially, hadrons and jets, have a very high energy. Therefore, they may penetrate very
deep in the material around. Moreover, the level of their penetration into the detector
material fluctuates. So, it is possible to measure the energy of hadrons or jets only if
they are totally absorbed in the detector and do not carry the fluctuating portion of
their energy outside. By these reasons, to measure energies of hadrons and jets, one has
to use thick detectors consisting of dense material - the calorimeters.

Since the electromagnetic and strong interactions of particles with matter are quite
different, the particles participating only in electromagnetic processes produce showers,
which develop very differently from those produced by hadrons. The first ones are much
shorter and narrower. That’s why, the calorimetry system consists usually of two com-
plementary parts: the electromagnetic calorimeter inside, and the hadron calorimeter
outside the first one. In this way, all electromagnetic showers are absorbed in the elec-
tromagnetic calorimeter, and the hadron ones in the hadron detector. And only weakly
interacting particles, but no showers go outside.

4.2.2.1 The Electromagnetic Calorimeter

The electromagnetic calorimeter (BGO) is a uniform-type calorimeter and allows the
very precise measurement of electrons and photons with energies between 100 MeV and
100 GeV [75]. It consists of bismuth germanate (Bi4Ge3O12) crystals pointing to the
interaction region, Figure 6.7. The crystals have a front face of 2 × 2 cm2, a rear face
of 3 × 3 cm2 and a length of 24 cm, corresponding to the radiation length of ∼ 21 X0.
In the central part of the detector (barrel) there are 7680 crystals. They cover the polar
angle 42◦ ≤ θ ≤ 138◦. In the forward-backward region (endcap) of the detector there
are 1527 BGO crystals which cover the angles 11.6◦ ≤ θ ≤ 38◦ and 142◦ ≤ θ ≤ 168.4◦.
The scintillation light of the BGO crystals is collected by two photodiodes which are
mounted at the rear face of the crystals. The energy resolution is 5 % at 100 MeV and

Photodiode

To ADC

Xenon lamp fibers
BGO crystal

Carbon fiber wall (0.2 mm)

2 
cm

3 
cm

24 cm

Figure 6.7: The arrangement of the BGO crystals in the ECAL and schematic view
of the crystal signal readout.
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less than 2 % at energies larger than 1 GeV [76].

The gaps between the barrel and the endcap BGO crystals are filled with lead-
scintillating fiber calorimeters, called SPACAL or EGAP (Figure 6.4, [77]). They consists
of 24 modules (bricks) containing a lead structure filled with scintillating fibers. The
scintillation light is collected by phototriodes glued on the rear site of the bricks. The
energy resolution of the SPACAL is 15 % at 45 GeV.

4.2.2.2 The Hadron Calorimeter

The energy of hadrons is measured in the hadron calorimeter (Figure 6.8). As in the case
of the BGO, it also consists of a barrel and two endcap parts. The barrel calorimeter
allows the energy measurement within 35◦ ≤ θ ≤ 145◦ whereas the endcap calorimeters
cover the angles 5.5◦ ≤ θ ≤ 35◦ and 145◦ ≤ θ ≤ 174.5◦ in the forward-backward region
of the detector.

The central part of the hadron calorimeter contains 9 rings with 16 modules. These
modules consist of uranium absorber plates with a width of 5.5 mm interspersed with
proportional wire chambers. There are in total 7968 chambers in the barrel part. The
two endcaps are each built up of one outer and two inner rings. Each of these rings
contains 12 modules.

The material, which a particle arising from the interaction point has to traverse,
depends on the polar angle and varies between 6 and 7 nuclear absorption lengths. A
muon filter mounted on the outside wall of HCAL, serves also as an additional absorption
length suppressing the flow of secondary particles from the hadron calorimeter into the
muon chambers.

Electromagnetic
Barrel

Hadron end cap

Hadron Barre
l

Electromagnetic
end cap

TECBGO

HC1

HC2

HC3

Figure 6.8: The Hadron Calorimeter of the L3 detector.



52 6.2 The L3 Detector at LEP

6.2.3 The Muon Spectrometer

The muon detector is the outermost and the largest part in the L3 experiment (Fig-
ure 6.9). It envelopes all other detector components. It was designed to measure muon
momenta with very high precision. The barrel part of the detector covers the polar angle
range from 44◦ to 136◦. It consists of two halves with a gap at z=0. Each of the halves
is subdivided into octants. As illustrated in Figure 6.10 (left) each octant consists of
five precision drift chambers (P-chambers) which are arranged in three layers. The outer
and inner chambers contain 16 wires each whereas the middle chambers are equipped
with 24 wires. In order to determine the z-coordinate of a muon track, there is a set of
Z-chambers mounted on the top and the bottom of the inner and the outer layer. The
momentum resolution for muons measured in all 3 layers is σp/p ≈ 2.5% at 45 GeV.

The barrel part of the muon detector is complemented by a forward backward spec-
trometer covering the polar angles 24◦ ≤ θ ≤ 44◦ and 136◦ ≤ θ ≤ 156◦. Three rings
consisting of 16 drift chambers are attached to the magnet doors as shown in Figure 6.10.
They are triggered by Resistive Plate Counters (RPCs). The magnet doors are wrapped
up with coils producing a toroidal magnetic field of 1.2 T. The resolution depends on
the polar angle or, more precisely, on whether the inner and middle layers of the barrel
detector were also hit by the muon. The momentum resolution varies from 6% at θ = 43◦

to 35% at θ = 28◦ [78].
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Figure 6.9: The outer part of the L3 Detector: the Muon Spectrometer and the Magnet.
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Figure 6.10: Left: the structure of a muon octant in the barrel. Right: The forward-
backward muon chambers.

6.2.4 The Magnet System

The Magnet System surrounds the whole L3 Detector except the End-Cap (For-
ward/Backward) Muon Chambers (Figure 6.9). The magnet has an octagonal shaped
solenoidal coil with inner radius of 5.93 m and total length of 11.90 m. The coil is sur-
rounded by the iron yoke with an outer radius of 7.90 m. The magnet system provides
a uniform 0.5 Tesla solenoidal field parallel to the beam axis, which allows bending of
the charged particles tracks and measurement of their momenta in the central tracking
system and in the barrel muon chambers.

6.2.5 Additional Detectors

Beside the main components of the L3 detector, the tracker, the calorimeters and the
muon spectrometer, there are several smaller detector systems, which serve for auxiliary
purposes.

4.2.5.1 The Scintillator Counters

The scintillator counters system consists of 30 single plastic scintillator plates of size 10
mm thick × 290 cm long × 167(187) mm width, which are located between the elec-
tromagnetic and the hadron calorimeter. The counters are read out by photomultipliers
and the signal is processed by Time-to-Digital Converters (TDCs), which provide the
precise time information on the signal with a resolution of 0.46 ns. This allows easily
to discriminate cosmic muons from particles produced in the beam collisions. Another
purpose of the Scintillator Counters is to trigger hadron events using the scintillator hit
multiplicity.
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4.2.5.2 The Active Lead Rings

The Active Lead Rings (ALR) are additional detectors, placed in the forward region
at distances ±104 cm from the interaction point, covering the polar angle ranges of
4◦ < θ < 9◦ and 171◦ < θ < 176◦ for negative z (Figure 6.4). The ALR detector is used
for tagging particles in the forward region and for the improvement of the hermeticy
of the whole L3 detector. These detectors consist of 18.5mm (3.3X0) thick lead sheets,
needed to initiate particle interactions with matter, followed by plastic scintillators,
registering the particle showers.

4.2.5.3 The Luminosity Monitor

A precise knowledge of the luminosity is very important for most of the measurements
made at LEP. This is achieved by measuring low angle Bhabha scattering and comparing
the measured rate with a precise theoretical calculation [79]. The L3 luminosity monitor
consists of two electromagnetic calorimeters complemented with two silicon trackers
(SLUM). These two sets are located at z = ±2.7 m (Figure 6.4) and cover the polar
angles 24.93 mrad ≤ θ ≤ 69.94 mrad.

6.2.6 The Trigger and Data Acquisition System

An efficient trigger system is needed to separate interesting physics events from those
events which just contain energy deposits caused by beam-gas, beam-wall interactions,
synchrotron radiation or detector noise. All subdetectors are prepared for data taking
by the beam crossing signal (≈ 1.7 µs before the electron and positron bunches are
expected to collide).

The number of events written to tape is reduced in 3 steps. The first step (level-1
Trigger) takes coarse information from the subdetectors into account. These are track
information from the TEC (TEC trigger), energy deposits in the calorimeters (energy
trigger), scintillator hits (scintillator trigger), energy deposits in the luminosity monitor
(luminosity trigger) and tracks in the muon chamber (muon trigger). If one of these
triggers has fired, the event is passed to the level-2 trigger, where more time is available
to make a first cross check between the individual triggers. This removes already a large
fraction of the background events mentioned above. If an event was accepted by more
than one trigger, the event is not rejected. At the trigger level-3 the full information of
an event is available. The correlation between the individual subdetector information
is exploited and tighter requirements on the individual decisions can be made. Events
with multiple positive decisions on trigger level-1 or with a luminosity trigger are not
rejected. All events passing the trigger level-3 decision are written to tape.

6.3 Detector Simulation and Event Reconstruction

Understanding of the observed experimental results can be achieved only when they are
compared to the corresponding theoretical model. In particular, to understand the data,
measured and recorded with the L3 detector, people need to compare it with what one
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can expect from already known physics processes, happening in e+e− collisions at given
center-of-mass energies, like Z or W production. Such expectations should be estimated
as precisely as possible taking into account the characteristics and parameters of the
particular experimental setup. So, we need to simulate by Monte Carlo programs the
response, which the L3 detectors will give us from the known processes. From the other
side, when looking for a new physics, we need theoretical predictions for them also
to be compared with experiment. That’s why Monte Carlo simulation is of the same
importance for the physics analysis as the L3 experimental data itself.

6.3.1 The Monte Carlo Event Generation

At this level, we consider physics events themselves - the particle production and decay
rates and their kinematics. No interaction with detector material is considered here.

First of all, we need to define, which physics events are the most important and
expected in e+e− collisions at a given center-of-mass energy. For example, e+e− → e+e−,
e+e− → q q̄, e+e− → W+W− and e+e− → Z0Z0 processes are important for studies of
two-jet events. So, we need to generate banks of events of these processes as they occur
in e+e− collisions.

At this level, several Monte Carlo generators exist and can be used for different
processes. Among several alternative possibilities, the most precise and well-tuned gen-
erators have been chosen for each particular process. The generators used in the L3
collaboration and processes, simulated by them, are shown in table 6.1.

M. C. Generator Physics Processes

BHWIDE [80] e+e− → e+e−

KORALZ [81] e+e− → µ+µ− and e+e− → τ+τ−

KORALW [82] e+e− → W+W−

PHOJET [83] e+e− → e+e−q q̄
EXCALIBUR [84] e+e− → ff̄f ′f̄ ′ and e+e− → W±e∓ν
DIAG36 [85] e+e− → e+e−e+e−, e+e− → e+e−µ+µ− and e+e− → e+e−τ+τ−

PYTHIA [67] e+e− → q q̄, e+e− → Z0Z0 and e+e− → Z0e+e−

SUSYGEN [86] supersymmetry processes

Table 6.1: The Monte Carlo generators used in the L3 Collaboration.

For some processes, special event generators have been developed within the LEP
working groups. For example, for the generation of stop and sbottom quarks and their
decays, a PYTHIA-based GSQUARK generator has been developed for the L3 experi-
ment in collaboration with the OPAL group. On the other side, the experimental data
also was used for tuning of the simulation parameters for those processes, which are dif-
ficult to simulate precisely, like, for example, the e+e− → e+e−q q̄ process [87,88], where
two electrons usually escape at very low angles in the beam pipe, taking an unknown
fraction of the total visible energy.



56 6.3 Detector Simulation and Event Reconstruction

6.3.2 Simulation of the Detector Response

After the physics events are generated, the next step is to calculate, what response the
L3 detector and its subsystems will give to each of these events, i.e. which signals these
events will produce.

For the simulation of the tracking of particles through the detector material, the
general purpose simulation program GEANT3 [89] is used. Based on these program
tools, the exact geometry and material parameters of each L3 subdetector are described
for the simulation at very detailed level, with accuracy of 0.1 mm. The magnetic field
inside the L3 detector is also taken into account using a special grid mapping of the
magnetic field in space. Each generated physics event is then simulated in the detector in
the following way: the results of process generation, i.e. the produced particles with their
momenta are the inputs for the detector response program; then, tracking of each particle
in the detector is simulated according to its interaction with atoms and nuclei of the
detector materials, like decays, ionization losses, multiple scattering, photoproduction, δ-
rays and so on. This simulation uses the cross sections of particular particle interactions
with particular target materials at given energies. For the complicated hadronic shower
interactions, the GHEISHA [90] simulation package is used. The shower development
and individual particle tracking is done down to very low energies of the particles (down
to 100 KeV for e± and γ, 1 MeV for muons and charged hadrons and down to 10 KeV
for neutrons). After that, the particles are considered as stopped in the material due
to the kinetic energy losses in the multiple scattering. The results of the test beam
studies of the L3 subdetectors, like linearity, compensation and resolution of the e.m.
and hadron calorimeters and resolution of the tracker and muon chambers, are also taken
into account for tuning the program parameters for a most accurate simulation. The ADC
and TDC conversions are also considered in the simulation, providing the results in the
same form, as the output of the L3 readout electronics. During the detector operation
some imperfections may occur, like electronics noise or darkening of the BGO crystals
due to the high radiation or dead wires in the muon chambers. These circumstances
are also taken into account as worsening of the corresponding signals, to make the
simulation corresponding to the real life. The program developed in this way and used
for the simulation of the L3 detector response, is called SIL3. [71].

6.3.3 The Event Reconstruction

The event reconstruction procedure produces the physically meaningful observables,
like particle tracks, energy depositions and jet clusters in the calorimeter, identified
leptons and missing energy and momentum, from the detector signals of raw format.
This procedure is implemented both on the events, generated and simulated by means of
Monte Carlo, and on the events from the real e+e− collisions data. The reconstruction of
known Monte Carlo events helps to understand how precisely the reconstruction is done,
and, from the other side, allows to understand, what physics event corresponds to the
reconstructed signal from the real e+e− beam event. The program of event reconstruction
for L3 is called REL3 [71].



Chapter 7

Methodology of the Squark Search

As it was mentioned in the previous chapter, the general idea of experimental data
analysis is the comparison of what we measure with what is explained and expected
from the existing theoretical model. Thus, the general procedure of analysis deals with
three types of event samples: the experimental data, the simulated signal events and the
simulated background events.

One important principle here is the requirement that our search method should be
absolutely independent of the experimental data. We should develop the method of
searches according to our theoretical knowledge and expectations and only then apply
it to the experimental data and conclude, what we measure. Therefore the analysis
algorithm described in this chapter deals only with simulated signal and background
events. Afterwards the search itself is performed on the collected experimental data.
This is described in the next chapter.

First, we consider only the t̃1 → cχ̃0
1, t̃1 → blν̃, t̃1 → bτ ν̃ and b̃1 → bχ̃0

1 squark decay
channels. Analyzes for these decays are very similar to each other and we call them main
considered squark decay channels. The additional analysis for the three body stop decay
t̃1 → bWχ̃0

1 differs slightly from the above channels and we describe it in a separate
chapter.

7.1 Simulated Squark Signal Samples

The production of the scalar top and scalar bottom quarks in e+e− collisions at LEP
and their decays were discussed in detail in chapter 5. Here we describe the search for
the dominating squark production and decay modes, which are listed below with their
expected event topology:

e+e− → t̃1t̃1 , t̃1 → cχ̃0
1 : 2 jets + Emiss

e+e− → b̃1b̃1 , b̃1 → bχ̃0
1 : 2 b-jets + Emiss

e+e− → t̃1t̃1 , t̃1 → blν̃ : 2 b-jets + 2 leptons + Emiss

e+e− → t̃1t̃1 , t̃1 → bτ ν̃ : 2 b-jets + 2 τ -leptons + Emiss

The Feynman graphs for these stop and sbottom decays are shown in Figure 7.1.
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Figure 7.1: Feynman graphs for the considered two body decays of the lightest scalar
top, t̃1 → cχ̃0

1 (a), the lightest scalar bottom, b̃1 → bχ̃0
1 (b), and for stop leptonic decays

t̃1 → blν̃ (c) with � being either e, µ, τ or purely τ . The full circle in graph (a) denotes
the loop of the flavour changing current (see Chapter 5 for more details).

The corresponding signal events have the following topological features:

• the significant missing energy Emiss is a common feature, because it follows from
the R-parity conservation and stability of the LSP, which is assumed to be the
lightest neutralino χ̃0

1 (in the leptonic stop decay channels the sneutrino decays
further into the SM neutrino and the LSP, ν̃ → νχ̃0

1);

• the three-body decays have leptons in the final state; since the τ leptons decay
within the detector into one or more charged particles, in contrast to electrons and
muons, the decay t̃1 → bτ ν̃ is analyzed separately from the decay t̃1 → b�ν̃;

• for each channel we expect two high multiplicity acoplanar jets; the b-jets can be
distinguished from other quark jets by means of identifying secondary vertices,
also known as B-tagging;
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• one important feature is the strong dependence of the signal kinematics on the
fraction of the visible energy Evis in the event, which is roughly proportional to
the mass difference between the squark and the escaping LSP (or ν̃)

∆M = Msquark − Mχ̃0
1(ν̃) ∼ Evis

(hereafter, for generalization purposes, when we will speak about the mass difference
between squark and the LSP, we will always keep in mind that the LSP is the
neutralino χ̃0

1, and for the leptonic stop decay channels we understand this mass
difference as Msquark − Mν̃ , because the decay ν̃ → νχ̃0

1 is invisible). When the
masses of the squark and the LSP are close to each other, the missing energy
Emiss is very big in the event and correspondingly, the track multiplicity, their
momenta and energy depositions are low. When the mass difference is higher, the
track multiplicity, their momenta and energy depositions increase, which gives a
completely different event shape, and, consequently, a different kind of background
than in the first case.

The squark signal events were produced with the PYTHIA-based Monte Carlo gen-
erator GSQUARK [66] for e+e− collisions at a center-of-mass energy of 206 GeV. Since
both the squark and the LSP masses are unknown, and due to the mentioned depen-
dency of the signal topology on their mass difference, the Monte Carlo signal samples
with various Msquark and MLSP (Mν̃ for leptonic stop decays) were generated with mass
steps of a few GeV in order to cover all regions of the mass plane. Since the stop and
sbottom masses have already been excluded by LEP I up to 45 GeV, we simulate for
our analysis MC samples with Mt̃1 and Mb̃1

varying from 45 GeV up to the kinematic
limit (Ebeam) with steps of about 5-10 GeV. The χ̃0

1 neutralino mass was scanned from
1 to Mt̃1 − 3 GeV for the t̃1 → cχ̃0

1 decay and from 1 to Mb̃1
− 7 GeV for the b̃1 → bχ̃0

1

channel. Since the sneutrino mass has also been excluded by LEP I up to 43 GeV, we
simulate MC samples with Mν̃ varying from 43 up to Mt̃1 − 8 GeV for the three-body
stop decays.

In total, about 180 signal samples were produced, each containing at least 1000
events.

7.2 The Standard Model Background Processes

Depending on the signal topology and kinematics, different Standard Model processes
may constitute important or negligible background. In particular, for the considered
squark signal channels, we can classify the SM backgrounds by the following criteria:
number and type of reconstructed jets in the event; presence or absence of a lepton pair
(suitable for the leptonic stop decays); fraction of missing and visible energy (the ∆M
dependence) and, of course, the type of physics of the considered process.

Based on the type of physics reaction, we group all Standard Model processes, which
may serve as a background, into three categories: two-fermion, four-fermion and two-
photon processes.

The first group, two-fermion production, consists of the following processes: e+e− →
e+e−, e+e− → µ+µ−, e+e− → τ+τ− and e+e− → q q̄. These processes occur through
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Figure 7.2: Two-fermion production at LEP.

the exchange of a virtual Z or γ as shown in Figure 7.2 a). The cross sections for these
processes decrease proportional to 1/s with increasing center-of-mass energy. There is
also an additional t-channel contribution for e+e− production presented in Figure 7.2 b).
At

√
s = 206 GeV the cross section of e+e− production is one of the highest among all

considered backgrounds and is about 1.3 nb. For the µ+µ− and τ+τ− production the
cross sections are very close and approximately equal to 7 pb, while for the qq̄-production
it amounts to about 80 pb. The lepton pairs in these processes are coplanar (except
leptons from the decaying tau-leptons). The e+e− , µ+µ− and qq̄ events usually have
small or no missing energy Emiss, except in the cases of a hard photon from initial-state
radiation, which escapes undetected in the beam pipe and therefore contributes to Emiss.
In general, the leptonic pairs serve as a background for the leptonic stop decays t̃1 → blν̃
and t̃1 → bτ ν̃, while qq̄ and τ+τ− correspond to the two body squark decays.

The second, four-fermion group of backgrounds consists of the processes: e+e− →
W+W−, e+e− → W±e∓ν, e+e− → Z0Z0 and e+e− → Z0e+e−. The W+W− pairs are
produced through the virtual Z0 or γ exchange in the s-channel and ν exchange in the
t-channel (Figures 7.3 a,b). The Z0Z0 production occurs through only weak t-channel
diagram (as shown in Figure 7.4 a). The single W (Weν) and single Z0 (Zee) production
diagrams are shown in Figures 7.3, c) and 7.4, b), respectively.
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Figure 7.3: The W pair (a,b) and single W (c) production at LEP.
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Figure 7.4: The pair (a) and single (b) Z0 production at LEP.

The W± and Z0 pair production cross sections saturate after the center-of-mass
energy reaches a value of about twice the mass W± or Z0, respectively. For single W±

and single Z0 production the cross sections continue to increase with higher
√

s. The
W+W−, Weν, Z0Z0 and Zee processes are significant background sources for all the
squark channels. Depending on the decays of the W , either W± → qq̄ or W± → lν,
the W+W− pairs show a topology of either four-jets, two-jets + lepton(s) or purely
leptons with some missing energy due to the neutrinos. Therefore the significance of this
background differs from event to event. The Z0Z0 and Z0e+e− processes may also have
both jets and leptons in the final state as well as Emiss. The considerable missing energy
present in Weν events is to a large extent due to the e± usually escaping in the beam
pipe.

The third category of background events are two-photon interactions, e+e− →
e+e−ff̄ , which also have four fermions in the final state, like the four-fermion group.
But this background differs from it by the production mechanism (Figure 7.5). The two-
photon interactions have the biggest cross section compared to all other processes at LEP,
which is practically independent of

√
s. Therefore this background is very important.

The main contribution here comes from the e+e− → e+e−q q̄ channel with a cross
section of about 16.3 nb at

√
s = 206 GeV, while the remaining channels are much less

important: the cross sections for e+e− → e+e−e+e− and e+e− → e+e−µ+µ− processes
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Figure 7.5: The two gamma fermion production at LEP.
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are about 0.7 nb and the cross section for e+e− → e+e−τ+τ− is about 0.4 nb. Since the
e+e− pair in the final state is usually scattered at very small angles and escapes in the
beam pipe, the missing energy Emiss is in general quite large. Therefore this background
contributes mainly to the region of very low mass difference between the squark and the
LSP. Moreover, the uncertainty in the simulation of this process and in the estimation
of its cross section are much higher than for other processes. This makes the two-photon
processes the most difficult kind of background and requires much higher Monte Carlo
statistics for it.

The cross section values, Monte Carlo generators and numbers of generated events for
all considered Standard Model background processes are given in Table 7.1. Figure 7.6
shows the cross section dependence on the center-of-mass energy.

To eliminate the influence of the Monte Carlo statistics, the amount of the MC
simulated events for each process must exceed at least several times (better, more than
10 times) the number of events of the corresponding process in the experimental data.

In order to correspond to the statistics of the experimental data, the Monte Carlo
simulated events of the Standard Model background processes are then weighted accord-
ing to their cross section σ and the integrated luminosity Lint of the experimental data
in the following way:

NW = ω NM.C., ω =
Lint σ

NM.C.

, (7.1)

where NMC and NW are numbers of simulated and re-weighted events and ω is a weight.

Background SM Process Monte Carlo σ, pb Number of

Group Generator (at
√

s = 206 GeV) events, ∼

Two e+e− BHWIDE [80] 1 300 1 200 000
fermion µ+µ− KORALZ [81] 7 15 000

τ+τ− KORALZ [81] 7 15 000
qq̄ PYTHIA [67] 80 200 000

Four W+W− KORALW [82] 20 150 000
fermion Weν EXCALIBUR [84] 1 10 000

Z0Z0 PYTHIA [67] 1 10 000
Z0e+e− PYTHIA [67] 4 20 000

Two e+e−e+e− DIAG36 [85] 700 1 800 000
photon e+e−µ+µ− DIAG36 [85] 700 1 500 000

e+e−τ+τ− DIAG36 [85] 400 1 200 000
e+e−q q̄ PHOJET [83] 16 300 22 000 000

Table 7.1: The Monte Carlo generators, cross sections and statistics for the SM back-
ground processes.
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Figure 7.6: The cross sections of the two-photon, two-fermion and four-fermion Stan-
dard Model processes (σ in pb vs.

√
s in GeV) [70,71].

The Monte Carlo signal events are weighted in the same way according to the theo-
retical prediction on their cross section, but since it is not known exactly, this weighting
is just conventional and in the analysis only the signal selection efficiency is used, which
does not depend on the value of the cross section.

7.3 The Analysis Tools

The basic idea of our search analysis is the separation of signal events from the known
backgrounds by using various properties and features of the events. This can be realized
by means of numerical restrictions (cuts) on certain variables describing the event topol-
ogy, like the total transverse momentum pT , energy deposition in electromagnetic and
hadron calorimeters, etc. To perform this, and, in general, to analyze the event prop-
erties numerically, the set of variables, describing the event topology, should be defined
and calculated for every event, both for the experimental data and for the Monte Carlo.
This procedure includes also particle identification, reconstruction of hadron jets and
calculation of their parameters, etc.

7.3.1 Particle Identification

Detectors of different types are used for particle identification. Depending on the detec-
tor properties as e.g. radiation and interaction length, the spatial resolution, etc., the
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Figure 7.7: Principles of particle identification in the L3 detector.

detector response can be used to identify the particle. The following L3 subdetectors
allow to perform the identification of particles: Central Tracker, Electromagnetic and
Hadronic Calorimeters and Muon Spectrometer. This identification is described in more
details below and is summarized in Figure 7.7 and in Table 7.2.

Electron Identification

Identification of electrons is based on two features of their penetration through de-
tectors and interaction mechanisms: tracks in the Central Tracker system and specific

Identified Central ECAL HCAL Muon
Particle Tracker Chambers

γ — e.m. shower — —

e± track e.m. shower — —
µ track MIP only MIP only track

charged track MIP / shower had. shower —
hadron

Table 7.2: Basic principles of identification of particles penetrating a particular detector
of the L3 setup.
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electromagnetic showers in ECAL. The initially produced electrons are expected to be
fully stopped in ECAL and only small tails of electromagnetic showers may reach HCAL
due to statistical fluctuations.

Because the electron is a charged particle, it ionizes the gas. The produced ions drift in
an electric field and induce signals in the TEC wires called hits. Using the set of hits along
the particle way with direction from the interaction point, the track is reconstructed.
Since usually in e+e− collision events a lot of charged particles are produced and since
they produce numerous hits in the Central Tracker, possible noise or bias hits should be
eliminated from the reconstruction procedure to avoid fake track reconstruction. This is
done by requiring some minimal quality of the track to be accepted:

• the momentum of the track must be greater than 0.2 GeV;

• the transverse momentum must be greater than 50 MeV;

• the track must consist of at least 10 TEC hits;

• the distance of closest approach to the primary vertex, DCA, must be not more
than 10 mm;

• the difference between the first and last wire numbers should be at least 15.

In the Electromagnetic Calorimeter, electrons and photons cause specific shower,
developing via electromagnetic interactions. Compared to the shower of hadrons, the
electromagnetic showers is much narrower and shorter and is practically confined in the
ECAL (Figure 7.8). This defines two major requirements for showers in the ECAL to be
identified as electromagnetic: the transverse size and the length.

The major deposition of the energy in the electromagnetic shower is usually contained
within one crystal of the BGO ECAL, which is called the hottest cell and is considered
to be the shower center. In the transverse plane the shower is mainly contained in 3× 3
crystals around the central cell. To distinguish the electromagnetic shower from the
hadronic one, the following cut on the lateral energy profile is used:

Ecorr.9

Ecorr.25

> 0.93, (7.2)

where Ecorr.9 and Ecorr.25 are corrected energy depositions in 3× 3 and 5× 5 matrices of
crystals around the hottest one with energy E1:

Ecorr.9 =
E9

a1E1/E9 + a2

Ecorr.25 =
E25

b1E1/E25 + b2

. (7.3)

The calibration coefficients a1, a2, b1 and b2 depend on the ECAL region and are used
in order to take into account the acceptance and hermeticy of the ECAL detector. The
E9/E25 ratio is close to one for electromagnetic showers and much smaller for hadronic
ones.

This ratio is also compared to a reference distribution obtained from the test beam
data and a χ2

EM is calculated as a measure of the hypothesis that the shower has elec-
tromagnetic origin.
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Figure 7.8: Schematic view of the energy depositions of the electromagnetic (top) and
hadron (bottom) showers in calorimeter cells (crystals of BGO ECAL).

Another quantity for the separation of the electromagnetic and hadronic showers is
EHCAL/EECAL, where EECAL is the energy in the BGO crystals of the cluster and EHCAL

is the energy deposition in HCAL just behind the ECAL cluster. For the electromagnetic
showers this ratio must not exceed 0.2.

Finally, Ecorr.9 is taken as electron (photon) energy and its direction is calculated
according the center-of-gravity weighting method from the energy depositions in the
crystals belonging to the cluster and the e+e− interaction point. An electron is considered
isolated if the total energy deposited in the cone of 10◦ around its direction is less than
2 GeV.

Photon Identification

Both electrons and photons interact electromagnetically when penetrating the ECAL,
which means that both of them produce similar electromagnetic showers. The electron-
photon separation is based on the fact that photons do not produce tracks in the Central
Tracker System.

Since usually many tracks and calorimeter clusters may be produced in e+e− colli-
sions, the matching between the direction of the electromagnetic shower and the track
in TEC is important. This matching is based on the difference between azimuthal an-
gles φ of the weighted shower center and the impact point of the track into the BGO
calorimeter. The track is matched, if |∆φ| < 50 mrad. Taking into account, that the
precision in polar angle in TEC is ∆θ = 0.1 mrad and is worse than the precision in
azimuthal angle ∆φ = 0.3 mrad, the match requirement on the θ angle is much softer,
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e.g. |∆θ| < 50 − 200 mrad.

Muon Identification

Muons have a specific type of interactions with matter: they do not decay in the
detector and interact only as a minimum ionizing particle (MIP) without producing
a shower in the calorimeters. Except for tracks in the Central Tacker System, muons
usually penetrate the calorimeters without significant interaction and produce tracks in
the Muon Chambers. Low energy muons with momentum below 1.5 GeV do not have
enough energy to reach the Muon Detector. Therefore only those tracks in MUCH, which
have a momentum above this threshold are considered as muon candidates. Good muons
have a track in the Muon Spectrometer and a track in the TEC detector. Both tracks are
matched if the azimuthal angle difference |∆φ| is not greater than 100 mrad. Depending
on the availability of the z-coordinate information from TEC, SMD or Z-Chamber, the
difference in polar angle |∆θ| is required to be below 50 − 200 mrad.

If the track in the Muon Spectrometer is not matched to any track in the Central
Tracker, then it is still considered as a muon candidate if it is confirmed by a hit in
the scintillation counters within a 30◦ azimuthal sector around the track direction and
within 5ns after the event has started. Otherwise it is suspected to be a cosmic muon,
that is not produced in the e+e− beam collision.

To reject a cosmic or punch-through muon, the DCA in the planes perpendicular and
parallel to the beam direction should be less than 200 mm and 300 mm, respectively.
There is also an additional requirement on the DCA significance: DCAxy/σDCAxy < 4
and DCAz/σDCAz < 5.

The muon is considered isolated if the energy deposition in the calorimeter between
the cones of 5◦ and 10◦ around the track is less than 2 GeV.

Identification of Charged Hadrons

When hadrons (except π0 → γγ) cross the detector, their identification is completely
different from those of leptons and photons. The strong interactions in which hadrons are
involved lead to much higher particle multiplicities. Hadrons produce much broader and
longer showers in calorimeters (Figure 7.8). Usually the hadron shower originates in the
ECAL, but it develops mainly in the more dense and large HCAL. Sometimes, shower
tails may leak into the Muon Chambers. This depends on the initial hadron energy and
is a subject of statistical fluctuations.

The special case is a jet, which is a set of many hadrons originated in the process of
a quark hadronisation. Hadrons in a jet are going at small angles to each other and this
results in the high multiplicity tracks and hadronic showers.

Identification of Tau Lepton

The branching ratio of tau decays to electron and neutrino or muon and neutrino is
about 17 %. In these cases the τ is identified as an electron or a muon.
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Since the tau-lepton is much more massive than electron and muon, it can decay
also to hadrons (mainly K and π mesons), which decay in turn. However, the branching
ratio of decays to 5 or more charged particles is already negligible (< 0.5 %). There-
fore, showers from hadronic decays of the tau-lepton have smaller multiplicity and are
narrower compared to jets.

The following criteria have been developed for the τ identification: number of tracks
in the Central Tracker not more than 3; number of calorimetric clusters inside the jet
not more than 8; ratio of energy in a cone between 10◦ and 20◦ around the jet direction
and the jet (10◦ cone) energy, E10−20/Ejet, less than one.

7.3.2 Jet Clustering

After the hadronisation, the signature of quarks are high multiplicity jets. To induce the
quark properties from the jets, one needs special methods, e.g. clustering algorithms.
There are several jet clustering algorithms developed for experimental High Energy
Physics. In the L3 experiment, the iterative DURHAM algorithm [91] is widely used. It
starts with calorimeter clusters as “pseudo-particles”. To avoid noisy crystals of ECAL
and cells of HCAL, only those having energy depositions above 100 MeV are taken into
account. Then, for each pair of such ”pseudo-particles” i and j with energies Ei and Ej

and open angle αij, the quantity

yij =
2 min(E2

i , E
2
j ) (1 − cos αij)

E2
vis

(7.4)

is calculated, where Evis is the total visible energy in the event. The pair with the small-
est value of yij is then merged into a new ”pseudo-particle” by four-momentum addition.
Then the list of ”pseudo-particles” is regenerated and the combinatorial procedure re-
peats until every such yij becomes greater than some pre-defined cutoff value ycut or only
a pre-defined number of jets survives. Finally, the obtained list of ”pseudo-particles” be-
comes a list of jets found in the event.

Thus, ycut is the free parameter of the jet clustering algorithm. Depending on its
value, the tracks and calorimeter clusters of the same event can be grouped into 2, 3, or
n jets. For example, value of ycut corresponding to the change of the number of found
jets in a particular event from 4 to 3 is denoted y34.

7.3.3 B-tagging

B-tagging is an algorithm that calculates the probability that the event contains hadrons
with b-quarks, based on the decay length (life time) information. This information is very
important in a study of processes with b-quarks for distinguishing b-jets from other types
of jets.

The typical lifetime of hadrons containing b-quark is about 1.5 ps, corresponding to
a decay length of several millimeters. Due to the high resolution of the Vertex Detector
and the Time Expansion Chamber, this decay length can be observed experimentally.
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Many other hadrons, consisting of u, d and c quarks, have either much shorter lifetime
and decay practically at the interaction point, or much longer lifetime, like π±, protons,
etc. The charmed hadrons, containing c-quark(s) have decay length of about 1 mm and
serve as a main source for fake b-quark identification.

Except from the decay length there are some more characteristics which help to dis-
tinguish b-quarks from others quarks: the charged particle multiplicity, the reconstructed
mass at the decay point, the jet shapes and prompt leptons from the semileptonic decays
of B-mesons. All this information is also used in the B-tagging calculation. The detailed
description of the technique of B-tagging employed in the L3 experiment is given in [92].
Here only the main ideas are described.

The information on the decay lengths of particles inside a jet is evaluated by checking
the compatibility that all tracks in a jet originate from the primary interaction point.
This is achieved by calculating the crossing point of every track in the jet with the
jet axis. The distance between this crossing point and the primary vertex is denoted
as a decay length L with a resolution σL. This quantity is signed with the following
convention: it is positive, if the crossing point lies on the way of the supposed flight
of the particles inside the jet from the interaction point in jet direction; if the crossing
point lies on the opposite side of the interaction point with respect to the jet direction,
then it is negative. If one plots the significance of the decay length L/σL, then one
expects a symmetric distribution with respect to zero for quarks decaying very close
to the interaction point. For b-quarks, the distribution is asymmetric, enhanced in the
positive side, because the b-quarks have a finite decay length (Figure 7.9). The negative
side of this distribution is fitted with a suitable function. The resolution function R(s),
obtained from this fit, is then used for the positive side of the distribution to calculate
the probability P (s), that a track with a significance larger than s originates in the
primary interaction point, according to the formula:

P (s) =

∞∫
s

R(s′)ds′

∞∫
0

R(s′)ds′
. (7.5)

The individual track probabilities are weighted according to the decay length reso-
lution and track momenta and are finally combined into a weighted probability Pw as
described in detail in [93]. Jets with b-quarks correspond to low values of this quantity.
Finally, the B-tagging discriminant variable is defined in as follows:

DBtag = − log Pw. (7.6)

For further improvement of the B-tagging performance a neural network is used,
which uses in addition to the decay length information also the information about possi-
ble secondary vertices, track multiplicity, reconstructed invariant masses, momenta and
jet shape variables. The distributions of the final B-tagging discriminant together with
tagging efficiencies and purity are illustrated in Figure 7.10.
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Figure 7.9: The decay length significance distribution for jets with b, c and uds
quarks [70,71].

7.3.4 The Kinematical Variables

As it was already mentioned above, to analyze the properties and the topology of various
events, one needs to define and calculate for each event a set of quantities, called in
general kinematical variables. Besides from the number of identified photons, electrons,
muons, taus and jets and their energies and momenta, the major kinematical variables,
commonly used in the L3 experiment, are the following:
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DCAmin Minimum distance of closest approach (DCA) of all tracks in the
r − φ plane.

Ntrk Total number of tracks in the Central Tracker System.

Nclus Number of calorimeter clusters, i.e. those having energy depositions
above 100 MeV.

Ngtrk/Ntrk Fraction of ”good” tracks in the total number of tracks. The ”good”
tracks are chosen by additional criteria: number of hits Nhits ≥ 15
and transverse momentum pT ≥ 100 MeV.

Nscint Number of hits in the Scintillator Counters in the 5 ns time interval
from the bunch crossing.

Evis Total visible energy in the event, which is equal to the sum of energies,
measured in the Central Tracking System, in the calorimeters and
in the Muon Chambers.

Emiss Total missing energy in the event, which is calculated as the difference
between the center-of-mass energy and the measured visible energy.

pT Total transverse momentum in the event (pT = p sin θ).

(sin) θmiss (Sinus of) the polar angle of the missing momentum.

E30
vis Energy deposition in cones of 30◦ half opening angle around the

beam directions.

E30
vis/Evis Fraction of visible energy, deposited in 30◦ cones around the beam

directions. Characteristic quantity for the two-photon background
events.

E25
⊥ Energy deposition in r − φ sector of 25◦ half opening angle around

the direction of the total missing momentum.

El, θl, φl Energy, polar and azimuthal angle of identified (most energetic)
isolated lepton.

ELUMI Total energy deposited in the Luminosity Monitor Detector.

EALR Total energy deposited in the Active Lead Rings.

ETEC The sum of energies associated with charged tracks reconstructed
in the TEC detector.

ESPACAL Energy deposited in the SPACAL calorimeters.

Collinearity The space angle between two jets (or between two most energetic
leptons).
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Figure 7.11: Illustration of the calculation of the ETTT variable (a) and acoplanarity
(b) (the acoplanarity is defined as π − (φ1 − φ2), while the coplanarity is φ1 − φ2; the
similar convention is for the terms collinearity and acollinearity).

DBtag The B-tagging discriminant variable.

y⊥ Jet width, which is defined as the ratio of the sum of the jet’s particles
momenta transverse to the jet direction, and the jet energy,

∑
p⊥ / Ejet

(this variable is suitable for distinguishing between broad and narrow jets).

Thrust The event thrust is defined by the following formula (Figure 7.11 a):

Thrust = max

∑ |Eclus	nclus	nthrust|+
∑ |	Ptrk	nthrust|+

∑ |	Pmuch	nthrust|∑
Eclus+

∑
Ptrk+

∑
Pmuch

,

where the thrust axis 	nthrust is the direction which maximizes this
expression and the thrust value is the value of the expression at the
maximum.

ETTT Absolute value of the projection of the total momentum of the two
most energetic leptons onto the direction, perpendicular to the trust
computed in the r − φ plane. If two leptons form an angle less than 90◦,
then ETTT is defined as the total transverse momentum of these two
leptons (Figure 7.11 a).

ETTJ Variable, similar to ETTL, but computed for two jets in the analysis of
two-jet topology events.

Coplanarity The angle between two jets (or two most energetic leptons
for two-lepton event topology) in the r − φ plane (Figure 7.11 b).
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7.4 The Analysis Procedures

In general, searches for new physics phenomena imply looking for an excess in the number
of selected data events over the number of expected Standard Model events in the specific
final states of the considered signal and in the region where the signal can explain the
excess. In order to locate such an excess, if present, the analysis is carried out in several
selection steps of Monte-Carlo signal and background events. Usually one applies cuts
on kinematical variables such that as many as possible signal events are passed, but as
many as possible background events are rejected.

The corresponding procedure of tuning the selection with the usage of only Monte
Carlo signal and background samples are described in detail in this section. After the
optimal selection for the particular signal processes has been found, it is applied to the
data sample in order to find out if we really observe an excess in the experimental data
with respect to the Standard Model expectation. This phase of analysis is referred to as
the search itself and will be described in the next chapter.

7.4.1 Preselection of the Event Samples

In the very first analysis stage the goal is to get rid of events which have obviously
irrelevant topological or kinematical features. This procedure is called preselection. In
order to avoid losses of signal at this preliminary stage of the analysis, preselection
cuts are chosen soft enough from the point of view of signal selection, but rejecting
everything which is far from similar to the considered signal. Nevertheless, since the
fraction of events having topological or kinematical features different enough form the
signal is high, the background rejection at this step is also high.

The preselection has also the aim to get rid of events with unreliable or faulty in-
formation from the L3 subdetectors, e.g. events, containing fake tracks due to too high
background level in TEC, or many calorimetric clusters due to possible radiation dam-
ages of some ECAL crystals or due to noise in the HCAL or in the read-out electronics.

Also, at the preselection level we cut out the beam-gas, beam-wall and the cosmic
muon events.

In our analysis, the preselection was realized by means of the following requirements
on the events. Only events passing these requirements were considered for a more detailed
study.

• Ntrk ≥ 5
Lower cut on total number of tracks rejects events with low multiplicity in TEC
(mainly Bhabha, dimuon, τ+τ− two-fermion and e+e−e+e−, e+e−µ+µ−, e+e−τ+τ−

two-photon backgrounds).

• 10 ≤ Nclus ≤ 40
Like the cut on Ntrk, a lower cut on the multiplicity of calorimeter clusters rejects
leptonic two-fermion and leptonic two-photon backgrounds. An upper cut removes
qq̄ and e+e−q q̄ events.
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• Evis > 5 GeV
This cut removes events with very low visible energy, which are beam-gas and
beam-wall events and radiative two-fermion processes.

• pT > 2 GeV
Like the lower cut on Evis, this requirement also removes radiative two-fermion as
well as beam-gas and beam-wall events.

• sin θmiss > 0.2
Removes low-angle events, which are mainly Bhabha and e+e−q q̄ events, as well
as other two-photon events.

• E30
vis/Evis < 0.25

Similar to the cut on θmiss, this upper cut on the fraction of visible energy deposited
in 30◦ around the beam direction, removes low-angle events and is very powerful
for the suppression of e+e−q q̄ events.

• ELUMI < 5 GeV
Upper cut on the energy deposited in the Luminosity detector rejects low angle
(mainly two-photon) events.

• ELUMI + EALR < 10 GeV
This cut is additional to the previous one and also rejects low-angle two-photon
events.

• Evis/
√

s < 0.8
The upper cut on the visible energy requires the significant missing energy and
removes well-balanced hadron events like qq̄ and four-fermion processes.

• Ngtrk/Ntrk ≥ 0.5
This cut on the fraction of good track in the total number of tracks is a cut on
track quality and rejects fake tracks.

• ETEC/Evis < 0.8
Upper cut on the fraction of visible energy associated with the TEC detector
removes events with too high multiplicity in TEC, which are beam background
events. This cut also rejects events with fake tracks.

• ESPACAL/Evis < 0.3
Upper cut on the fraction of visible energy deposited in the SPACAL calorimeters
rejects events with jet(s), going into the gap between the central and forward (back-
ward) parts of the calorimeter detectors, where the resolution is degraded. This
cut also removes possible noise in the SPACAL detector and read-out electronics.

Although this level of the analysis should be independent of the experimental data,
we apply the same preselection cuts to both Monte Carlo and data events, because
later we will perform the search on the preselected sample of data, containing only the
events of topology of our interest, two jets plus missing energy. In addition, we also want
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to control the overall consistency between the set of the considered Standard Model
processes and the experimental data, which should exist because the cross section and
fraction of events for the SUSY signal is negligible compared to all other (SM) processes
in the data and MC samples and a possible discrepancy between data and SM Monte
Carlo at this level of analysis would indicate non-proper simulation of some of the SM
processes or of the detector response. Therefore the preselection cuts are applied at this
level also to the data, but here it is safe and does not cause any dependency of our search
algorithm on the data.

Event numbers for SM Background processes and the corresponding number of data
events are listed in Table 7.3. Just for comparison, an estimation for the corresponding
event numbers before the preselection are calculated according to the cross sections and
the integrated luminosity of the collected experimental data Lint = 217.3 pb−1 (Equation
(7.1)). The number of preselected data events is 3856. The total number of events,
expected for this topology from the Standard Model, is 4189.1± 22.9. Such discrepancy

Considered Standard Model Approximate estimate Number of pre-
Processes and Experimental Data N raw

w = σ × Lint selected events

e+e− → e+e− ∼ 277 000 0
e+e− → µ+µ− ∼ 1 500 0
e+e− → τ+τ− ∼ 1 500 16.8 ± 1.3
e+e− → q q̄ ∼ 17 000 464.2 ± 5.9

e+e− → W+W− ∼ 4 000 609.9 ± 3.9
e+e− → W±e∓ν ∼ 200 58.2 ± 0.3
e+e− → Z0Z0 ∼ 200 41.8 ± 1.1
e+e− → Z0e+e− ∼ 800 10.4 ± 0.6

e+e− → e+e−e+e− ∼ 150 000 0
e+e− → e+e−µ+µ− ∼ 150 000 0
e+e− → e+e−τ+τ− ∼ 85 000 31.2 ± 1.6
e+e− → e+e−q q̄ ∼ 3 500 000 2956.6 ± 21.6

Sum of considered SM Backgrounds ∼ 4 200 000 4189.1 ± 22.9

Data
√

s = 202 − 208 GeV ∼ 9 500 000 3856

Table 7.3: Number of events in the SM and Data samples, which passed the preselec-
tion cuts and estimate for the corresponding number of events before the preselection
according to the cross sections and integrated luminosity. (Number of raw data events
is bigger than estimate for the sum of considered SM backgrounds because only SM
processes with two-jets and Emiss topology are taken into account as interesting for our
signal topology.) The quoted errors are due to MC statistics only.
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is due to the high uncertainty in the simulation of e+e− → q q̄ events, which constitute
at this level of analysis the biggest fraction of background. In addition to the comparison
between the total numbers of preselected events, the consistency between the data and
the SM Monte Carlo samples is even better visible in comparison of various distributions
of kinematical variables. In Figures 7.12 and 7.13 the preselected data points are well
reproduced by the Monte Carlo prediction, which means that the preselected MC sample
is rather well describing the data events being analyzed.

As seen from Figures 7.12-7.13, the major discrepancy between the preselected data
and the Monte Carlo events is located in the very low Evis region, which corresponds
to the e+e−q q̄ two-photon background. The e+e−q q̄ Monte Carlo is the biggest source
of the overall background uncertainty due to uncertainties in its simulation. Another
problem at this region of visible energy is that the detector performance and the elec-
tronics noise have much bigger contributions to the total measurement uncertainty, than
in the medium and high regions of Evis, where the detector resolution is much better.
Because of the importance of the e+e−q q̄ process, special studies were performed in
the L3 Collaboration to provide the most realistic simulation of these events. In these
studies, several Monte Carlo generators were compared to each other and to the experi-
mental data, measured by the L3 detector [88]. The PHOJET generator showed the best
agreement and was tuned according to this research.

The main background contributions are e+e−q q̄, W+W− and qq̄ processes, which
represent all three types of the SM backgrounds, two-photon, two- and four-fermion,
corresponding to the very low, medium and high regions of Evis, as seen in Figure 7.12.
All other SM processes, which are not negligible in the raw MC and data samples, are
totally or almost completely eliminated after the preselection, which means that this
procedure reduces dramatically (by a factor ∼ 103) the total number of background
events. At the same time, the signal efficiency is kept at a rather good level at this
stage of analysis, varying from 57− 74 % depending on the ∆M region. The worst case
corresponds to the very low ∆M values of the signal simulation, where, again, the major
fraction of e+e−q q̄ events is located. To keep the signal efficiency as high as possible
at this preliminary stage, only soft cuts against the e+e−q q̄ process are applied. This
background is dominating with 2956.6±21.6 events, corresponding to about 70 % of the
total background statistics.

The number of signal events still amounts only to a tiny fraction of the total event
sample, which means that a further, more precise analysis is necessary. As it is visible in
Figures 7.12-7.13, the best conditions for separating signal from background are expected
at low and medium Evis, small collinearity and E30

vis/Evis and high ETTJ/pT and DBtag

regions. At the same time, different backgrounds will be important in particular regions
of the ∆M . Therefore a dedicated analysis should be preformed individually for different
∆M ranges.

7.4.2 Procedure of the Selection Optimization

After the preselection stage we are left with about 1 % of the total amount of data and
Monte Carlo events, but the number of possible signal events still amounts to only a
tiny fraction of this sample. The goal now is to accurately tune the selection, i.e. to find
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Figure 7.12: Distribution of Evis after applying the preselection cuts for Data and SM
Background Processes (top) and for simulated t̃1 → cχ̃0

1 signal events for various mass
differences ∆M between the squark and the LSP. In the upper plot, the SM Backgrounds
are summed up. The signal cross sections have typical values expected in the CMSSM.

a set of most sensitive kinematical variables and to define optimal cut values. These cut
values should be optimal in a sense to further reduce background and to increase the
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Figure 7.13: Distributions of collinearity, E30
vis/Evis, ETTJ/pT and DBtag variables

after applying the preselection cuts. The SM Backgrounds are summed up, while signal
curves are superimposed. The signal cross sections have typical values expected in the
CMSSM (scaled by factor 150 for better comparison with background plots). Presented
signals correspond to the medium ∆M range (20-40 GeV).

sensitivity to the signal.

Now we should take into account the unique features of each of the four particular
squark decays, t̃1 → cχ̃0

1, t̃1 → blν̃, t̃1 → bτ ν̃ and b̃1 → bχ̃0
1, Since there are slight

differences in topologies of these decays (presence or absence of leptons and b-quarks),
the set of the most sensitive variables will be different. The selection optimization will
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be done for each channel separately, although the selection procedures will be similar.
Since, as it was shown above, the kinematics of the squark signal and corresponding

background composition is very dependent on ∆M = Msquark − MLSP , the selection
optimization should be performed individually for different ∆M ranges. We choose the
following ranges: very low (∆M < 10 GeV ), low (10 ≤ ∆M ≤ 20 GeV ), medium
(20 < ∆M ≤ 40 GeV ) and high (∆M > 40 GeV ). This means, that within the same
squark decay channel we choose the same set of cuts on the kinematical variables, but
then we perform four independent optimizations for four ∆M ranges. So, we do 16
independent optimizations in total: 4 ∆M ranges for each of the 4 squark decay channels.

The signal kinematics are also dependent on the center-of-mass energy
√

s, at which
the scalar quarks are produced. This implies we should simulate signals for different

√
s

and perform different selection optimizations for each
√

s. On the other hand, since we
do not know both the squark mass and the LSP mass (or the sneutrino mass), we can
not do a direct mass reconstruction and use some mass-dependent cuts. Therefore we
assume, that the production cross section of the squarks and event topology are smoothly
and not too much changing in the considered range of

√
s = 202− 208 GeV and do the

optimization and perform searches in this center-of-mass energy range in a whole. To be
on the safe side, we avoid the usage of absolute energy or momentum variables and use
only those that are normalized to

√
s (like Evis/

√
s) or are ratios (E30

vis/Evis or ETTJ/pT ).
This also has the advantage of dealing with the highest available integrated luminosity
in any particular selection, which is a benefit for such small signals.

Choice of the Selection Variables

Among many kinematical variables describing all events, the most important ones
corresponding to the main topological features of the signal events should be chosen.
As it was mentioned before, the studied scalar quarks are characterized by two jets plus
significant missing energy. In the t̃1 → blν̃ and t̃1 → bτ ν̃ channels, high energetic leptons
become an additional feature. For channels with b-quarks the B-tagging variable is also of
high importance. Similarly, depending on the other topological and kinematical features
of the signal, we choose other sensitive kinematical variables of the above mentioned set.

To choose such a set of variables, distributions of many of them were considered and
possible differences between shapes of the signal and the Standard Model background
processes were analyzed. From the analysis of these distributions, upper or lower (or
both) cuts on the corresponding variables were proposed. The exact numerical values of
the cuts are found by the optimization procedure.

The choice of only a few most important variables is necessary because during the
selection optimization we optimize all these cuts simultaneously and take into account
possible correlations between them, which becomes difficult if we use too many vari-
ables together. Sometimes, even a combination of two variables into one includes the
correlation between them and gives better performance, than using them separately.

Since the four investigated squark channels have a similar topology, the following
cuts on the kinematical variables were chosen for optimization as common for all four
signal channels (see list of variables and Figures in section 5.3.4):

• Both upper and lower cut on the visible energy, normalized to the center-of-mass
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energy, Evis/
√

s. The upper cut suppresses four-fermion (W+W− and Z0Z0) back-
grounds and is important for the signal at low ∆M , while the lower cut works
against two-photon (mainly e+e−q q̄) background and is very powerful for sig-
nal of medium or high ∆M . Tuning of the upper cut takes into account also the
requirement of significant missing energy in the event.

• An upper cut on the fraction of visible energy in a 30◦ cone around the beam
directions, E30

vis/Evis. Tuning of this cut helps to find a better separation of the
signal from the e+e−q q̄ background, especially in the very low region of Evis.

• A lower cut on the total transverse momentum (or, equivalently, missing pT ),
normalized to the center-of-mass energy, pT /

√
s. This cut rejects low-pT events,

which are mainly e+e−q q̄, qq̄, Weν and Zee backgrounds.

• An upper cut on the absolute value of the cosine of the polar angle of missing
momentum, | cos θmiss|, is useful against low-angle events, mainly e+e−q q̄ and
radiative qq̄. (This is similar to the lower cut on sin θmiss.)

• An upper cut on the absolute value of the cosine of the polar angle of the event
thrust direction, | cos θthrust|, rejects events with a high fraction of low-angle mo-
menta particles. This cut supplements the cuts on pT /

√
s and | cos θmiss|.

• An upper cut on the coplanarity rejects events where two jets are close to a back-
to-back topology, which is characteristic for W+W− and Z0Z0 events. A lower
cut on the collinearity is also possible for the studied signal topology, but is less
efficient compared to the cut on the coplanarity and to the other cuts. Therefore
finally it was not included in the optimization procedure.

• A lower cut on the ratio of the ETTJ to the transverse momentum, ETTJ/pT ,
has been found to be better than a cut on ETTJ . It is related to a rejection of
back-to-back events, in particular, W+W− background.

In order to take into account the topological difference between squark decays in
each particular channel (with or without leptons, with c or b-quarks, etc.), the following
additional cuts are used for the selection of only the relevant signal channels:

• A lower cut on the product of widths of the two jets, y1
⊥ × y2

⊥, is similar to, but
more effective than a lower cut on the minimal width of two jets, ymin

⊥ . This cut
is relevant to distinguish between taus and mis-reconstructed jets and real (high
multiplicity) hadronic jets. It rejects events with both jets being narrow compared
to events with only one tau or two hadronic jets. Of course, for leptonic squark
decays t̃1 → blν̃ and t̃1 → bτ ν̃ this cut is allowed to be soft.

• A lower cut on the B-tagging discriminant DBtag is important for the selection
of events with b-quarks in jets. Obviously, this cut is not used for the t̃1 → cχ̃0

1

channel.
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• Also, for the leptonic squark decays, t̃1 → blν̃ and t̃1 → bτ ν̃, a cut on the energy
of the most energetic lepton, normalized to the center-of-mass energy, Emax

lept /
√

s,
is very useful. An upper cut helps to reject high-energetic leptons from W± and
Z0 decays in the medium and high regions of Evis, while a lower cut can be useful
as a requirement of the presence of at least one energetic lepton, especially in the
low Evis region.

Since for the scalar top decay t̃1 → blν̃ the lepton can be either an electron, muon
or tau, the kinematics and correspondingly the cuts can be slightly different depending
on the particular flavour of the produced lepton. To take this difference into account,
we perform separate optimizations for each type of (the most energetic) lepton in the
samples of the Monte Carlo events and find three sets of optimal cut values for these
three cases. Later, when dealing with the experimental data, we choose appropriate cuts
in each event depending on the flavour of the most energetic lepton.

The Optimization Algorithm

Now the goal is to develop an algorithm that can find the optimal numerical cut values
on the chosen set of the most sensitive variables, thus providing maximal background
suppression, but preserving the signal efficiency as high as possible at the same time.
From the mathematical point of view, it implies the minimization of a function, that
depends on the kinematical variables. I.e. finding a global minimum of a surface in
Ncuts-dimensional space, where the coordinates of this space are the cut variables.

An important point here is that the theoretical prediction for the signal cross section
is very small (in the order of 0.1 pb), which means that the possibly selected signal
is of the order of a few events in the collected experimental data sample. Therefore
in the optimization algorithm we must deal with small numbers of the selected signal
and surviving background events that are distributed according to Poisson statistics.
Because the signal is small, we choose a function of the cut values that corresponds to a
95 % confidence level (C.L.) upper limit on the expected production cross section of the
scalar quarks, averaged over a large number of Monte Carlo trials (assuming there is no
signal). It is defined in the following way:

ξ(NBG; ε) =
∞∑

n=0

P (NBG; n)
N95

S (n)

ε Lint

, (7.7)

P (µ; n) = e−µ µn

n!
, (7.8)

where NBG is the number of surviving Standard Model background events, ε is the
efficiency of the signal selection, Lint is the integrated luminosity of the experimental
data (which plays the role of a normalization constant), P (NBG; n) is the Poisson
probability of observing n events with an expected mean value of NBG events and N95

S

is the 95 % C.L. upper limit on the number of selected signal events, when n events
are observed and NBG are expected from the background. The function (7.7), which has
to be minimized, is called sensitivity function, because it reflects the sensitivity of the
selection on the cross section of the signal: the smaller the value of this function is, the
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better sensitivity to the signal we achieve. Values of N95
S for given n and NBG can be

calculated numerically according to the following Bayesian approach formula (see [94]
and [95] for details):

1 − C.L. =

n∑
k=0

P (NBG + NCL
S (n); k)

n∑
k=0

P (NBG; k)
, (7.9)

with the confidence level required to be C.L. = 0.95.
When ε and NBG are estimated using Monte Carlo events, the sensitivity ξ(NBG; ε)

can be considered as a measure for the ”best signal-over-background” separation. The
minimization of (7.7) is performed by means of the MINUIT package [96] from the
CERNLIB program library. The dependence of ξ(NBG; ε) on the cut variables is es-
tablished through the dependence of the number of selected background events NBG

and signal selection efficiency ε on the selection variables {Xi}, i = 1, Ncuts, which are
simultaneously varied by MINUIT to find a global minimum of this function. During the
optimization process the dependence of ξ(NBG; ε) on the cut variables {Xi} is analyzed
and the correlations between the cut variables in the multidimensional space are auto-
matically taken into account. In such a minimization in a multidimensional space, the
more variables are used the more difficult it is to find the global minimum, because many
local minima exist and special care should be taken to find the lowest of them, which
is the overall minimum. To realize this, the global minimization is done through a big
number of minimization attempts with variation of the main parameters of the optimiza-
tion program: the starting point of the optimization (since from different starting points
in this Ncuts-dimensional space the surface descends to different local minima) and the
optimization step size (since a large step size is useful if the minimum is far away from
the starting point, but a small one is more suitable for narrow minima of the surface).
After all these minimization attempts have been performed, the best of them (with low-
est minimum and having no minimization errors, i.e. successfully converged), is chosen
as a global minimum and the corresponding values of the variables {Xopt

i }, i = 1, Ncuts

are taken as the optimal cut values, which thus provide the best (the smallest) 95 %
C.L. expected upper limit on the squark production cross section.

The optimization process in the Ncuts-dimensional space can be visualized and verified
by projecting all cut variables on some axis, for example, ”time” or ”optimisation steps”,
and by representing the path to the minimum as change of ε, NBG and ξ(NBG; ε)
with the step number j in the following way. Let us denote the initial cut values as
{Xstart

i }, i = 1, Ncuts and those, corresponding to the (global) minimum as {Xopt
i }.

Then at some optimization step number j (where j = 1 corresponds to the start of the
optimization and j = Nsteps to the optimal point), the change of the cut values can be
represented as:

Xj
i = Xstart

i + (Xopt
i − Xstart

i )
j

Nsteps

(7.10)

We should note, that during a real optimization process, all cuts are varied not pro-
portional to each other, but according to the dependence of the sensitivity function



84 7.4 The Analysis Procedures

10
-1

1

10

10 2

10 3

10 4

0 5 10 15 20 25 30 35
Opt. step number

N
S

M
,  

 N
D
,  

 ε
,  

ξ

GLOBAL
MINIMUM

data
ε - 10 %
ξ  L - 60xtwo-photon

two-fermion
four-fermion

t 1 →  c  χ 1
0∼ ∼

(very low    M)

Figure 7.14: Illustration of the optimization process according to the representation
of the cut change by Equation (7.10). (See comments in the text).

ξ(NBG; ε) on the particular cut, i.e. according to its derivatives, because a real surface
in this multidimensional space is not a plane. The Equation (7.10) corresponds to a pro-
jection of the real optimisation process to one dimension in order to make this process
visible, i.e. it corresponds to a direct line through the real surface in Ncuts-dimensional
space from the start point to the optimal one.

The illustration plot, corresponding to the optimization for the t̃1 → cχ̃0
1 channel at

very low ∆M range is presented in Figure 7.14. (The signal selection efficiency curve is
shifted by 10% below ”by hands” just for better visualization on the picture. Similarly,
the sensitivity function ξ(NBG; ε), denoted as ”sf” on the plot, is scaled ”by hands”
by the factor Lint and shifted by 60 units below, purely for better visualization in su-
perposition on the plot of numbers of the background and data events. The data is
included for illustration of its consistency with the Monte Carlo background and has
not any influence on the optimization results.) It is seen, that tightening of the selection
cuts leads not only to a background reduction, but also to losses of the signal efficiency,
so the really optimal point is difficult to find just from the ratio between signal and
background.

Results of the Optimization

As it was described in section 7.1, since masses of both the squark and the LSP
are unknown to us, the signal samples were simulated for various mass combinations.
Because the decay kinematics are mainly defined not by the squark and LSP masses,
but rather by their difference, ∆M = Msquark − MLSP , there is no need to perform an
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optimization for every combination of squark and LSP masses, but it is enough to do it
for various ∆M values at some fixed squark mass. So, samples with Msquark = 90 GeV
and with several mass values for the LSP (or the sneutrino), corresponding to various
ranges of ∆M , were used for the optimization.

As it was already mentioned, the total ∆M range was subdivided into four typical
subranges: very low ∆M < 10 GeV , low 10 ≤ ∆M ≤ 20 GeV , medium 20 < ∆M ≤
40 GeV and high ∆M > 40 GeV . For particular optimisations, the signal Monte Carlo
samples with Msquark = 90 GeV and the ∆M values listed in Table 7.4 have been used.

Squark decay very low low medium high
Msq = 90 GeV ∆M (MLSP ) ∆M (MLSP ) ∆M (MLSP ) ∆M (MLSP )

GeV GeV GeV GeV

t̃1 → cχ̃0
1 5 (85) 10 (80) 30 (60) 70 (20)

t̃1 → blν̃ 8 (82) 20 (70) 40 (50) 47 (43)
t̃1 → bτ ν̃ 8 (82) 20 (70) 40 (50) 47 (43)

b̃1 → bχ̃0
1 7 (83) 10 (80) 30 (60) 70 (20)

Table 7.4: The ∆M and MLSP values of the generated squark signal used for particular
optimisations.

In order to achieve results that are statistically independent on the particular Monte
Carlo samples used, the total SM background and signal MC samples were subdivided
into two parts, one of which was used for the optimization program. After the program
has performed the minimization of the sensitivity function (7.7), the cut values (for a
given ∆M of a given squark channel) are frozen and recorded as results. Then the second
half of the Monte Carlo samples was used for the independent estimation of the signal
selection efficiency and numbers of background events, which were taken as a real result
of optimized selection. The data sample was not subdivided into the halves because it
is used for measuring the number of events only after the optimization is done.

The optimal cut values, obtained and recorded after the procedure of the minimiza-
tion of the sensitivity function (7.7) for the four analyzed squark decay channels and
four ∆M regions are listed in Tables 7.5-7.8.

For the leptonic squark decays t̃1 → blν̃ and t̃1 → bτ ν̃, separate optimizations were
performed for events with the most energetic lepton being e, µ or τ . After the cuts for
these channels have been optimized, on the second (test) MC sample for every particular
event such cuts (either from ”e”, ”µ” or ”τ” optimizations) were used, which provide a
better value of the sensitivity function for this event.

Except of the Figure 7.14, which is related more to the process of the optimization,
the obtained optimal values of the cuts can be illustrated by a distribution of some cut
variable after all cuts but this one are applied, for example, the distribution of Evis/

√
s

after all cuts except the cuts on the visible energy itself. These distributions are presented
in Figures 7.15-7.17 for various variables and various ∆M of the t̃1 → cχ̃0

1 and b̃1 → bχ̃0
1

signal channels (similar plots for the leptonic squark decays t̃1 → blν̃ and t̃1 → bτ ν̃ are
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Variable Cut very low ∆M low ∆M medium ∆M high ∆M

Evis/
√

s ≥ 0.038 0.018 0.196 0.302
Evis/

√
s ≤ 0.103 0.174 0.329 0.473

E30
vis/Evis ≤ 0.078 0.034 0.053 0.072

pT /
√

s ≥ 0.020 0.047 0.016 0.207
| cos θmiss| ≤ 0.960 0.919 0.979 0.757
| cos θthrust| ≤ 0.612 0.875 0.785 0.918
copl., rad ≤ 3.120 3.124 2.868 1.367
ETTJ/pT ≥ 0.416 0.408 0.358 0.319
ymin
⊥ × ymax

⊥ ≥ 0.016 0.006 0.004 0.001
DBtag - - - - -
Emax

lept /
√

s - - - - -

Table 7.5: Optimal selection cuts, obtained after the minimization of the sensitivity
function (7.7) for four ∆M regions of the squark decay t̃1 → cχ̃0

1. The cuts on DBtag and
Emax

lept /
√

s were not used in the optimization, because the signal does not contain leptons
or b-quarks.

Variable Cut very low ∆M low ∆M medium ∆M high ∆M

Evis/
√

s ≥ 0.060 0.079 0.043 0.002
Evis/

√
s ≤ 0.192 0.240 0.384 0.537

E30
vis/Evis ≤ 0.158 0.145 0.126 0.072

pT /
√

s ≥ 0.020 0.026 0.062 0.029
| cos θmiss| ≤ 0.868 0.854 0.848 0.800
| cos θthrust| ≤ 0.948 0.971 0.880 0.986
copl., rad ≤ 3.077 3.102 3.141 3.141
ETTJ/pT ≥ 0.574 0.245 0.230 0.268
ymin
⊥ × ymax

⊥ ≥ 0.072 0.052 0.009 0.003
DBtag ≥ 0.862 0.801 0.835 2.826
Emax

lept /
√

s - - - - -

Table 7.6: Optimal selection cuts, obtained after the minimization of the sensitivity
function (7.7) for four ∆M regions of the squark decay b̃1 → bχ̃0

1. The cut on DBtag was
used in the optimization because of the presence of the b-quark, while a cut on Emax

lept /
√

s
was not used because the signal does not contain leptons.
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Variable Cut very low ∆M low ∆M medium ∆M high ∆M

Evis/
√

s ≥ 0.072 0.127 0.201 0.152
Evis/

√
s ≤ 0.369 0.366 0.386 0.433

E30
vis/Evis ≤ 0.096 0.118 0.238 0.098

pT /
√

s ≥ 0.016 0.020 0.028 0.041
| cos θmiss| ≤ 0.905 0.923 0.858 0.934

l = e | cos θthrust| ≤ 0.886 0.870 0.904 0.950
copl., rad ≤ 3.127 3.101 3.073 3.137
ETTJ/pT ≥ 0.619 0.444 0.054 0.149
ymin
⊥ × ymax

⊥ ≥ 0.179 0.070 0.030 0.052
DBtag ≥ 0.127 0.305 0.224 0.670
Emax

lept /
√

s * 0.187 0.284 0.017 0.010

Evis/
√

s ≥ 0.062 0.117 0.216 0.185
Evis/

√
s ≤ 0.183 0.353 0.431 0.458

E30
vis/Evis ≤ 0.085 0.101 0.133 0.197

pT /
√

s ≥ 0.018 0.042 0.027 0.011
| cos θmiss| ≤ 0.910 0.926 0.977 0.939

l = µ | cos θthrust| ≤ 0.836 0.948 0.909 0.991
copl., rad ≤ 3.095 3.128 3.123 3.109
ETTJ/pT ≥ 0.464 0.308 0.092 0.127
ymin
⊥ × ymax

⊥ ≥ 0.183 0.087 0.071 0.074
DBtag ≥ 0.224 0.009 0.414 0.358
Emax

lept /
√

s * 0.219 0.490 0.025 0.051

Evis/
√

s ≥ 0.065 0.111 0.071 0.148
Evis/

√
s ≤ 0.190 0.300 0.414 0.488

E30
vis/Evis ≤ 0.100 0.055 0.100 0.043

pT /
√

s ≥ 0.018 0.030 0.033 0.031
| cos θmiss| ≤ 0.933 0.938 0.916 0.774

l = τ | cos θthrust| ≤ 0.923 0.885 0.913 0.816
copl., rad ≤ 3.117 2.965 3.112 3.110
ETTJ/pT ≥ 0.418 0.192 0.373 0.044
ymin
⊥ × ymax

⊥ ≥ 0.129 0.054 0.062 0.060
DBtag ≥ 0.479 0.574 0.634 0.965
Emax

lept /
√

s * 0.486 0.247 0.021 0.010

Table 7.7: Optimal selection cuts, obtained after the minimization of the sensitivity
function (7.7) for four ∆M regions of the squark decay t̃1 → blν̃. Separate optimizations
were performed for events where the most energetic lepton is e, µ or τ . For the very low
and low ∆M regions the cut on Emax

lept /
√

s is the lower one (so, ”*” in the table means
”≥”), while for the medium and high ∆M regions it is the upper one (and ”*” means
”≤”).
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Variable Cut very low ∆M low ∆M medium ∆M high ∆M

Evis/
√

s ≥ 0.066 0.121 0.177 0.172
Evis/

√
s ≤ 0.203 0.258 0.367 0.418

E30
vis/Evis ≤ 0.103 0.103 0.041 0.202

pT /
√

s ≥ 0.017 0.021 0.024 0.028
| cos θmiss| ≤ 0.940 0.901 0.825 0.824

l = e | cos θthrust| ≤ 0.941 0.897 0.873 0.993
copl., rad ≤ 3.100 3.096 3.098 3.078
ETTJ/pT ≥ 0.231 0.554 0.076 0.152
ymin
⊥ × ymax

⊥ ≥ 0.249 0.043 0.049 0.049
DBtag ≥ 0.080 0.665 0.222 0.790
Emax

lept /
√

s * 0.485 0.485 0.014 0.010

Evis/
√

s ≥ 0.053 0.129 0.074 0.126
Evis/

√
s ≤ 0.094 0.264 0.373 0.485

E30
vis/Evis ≤ 0.100 0.057 0.104 0.103

pT /
√

s ≥ 0.016 0.027 0.064 0.027
| cos θmiss| ≤ 0.919 0.962 0.842 0.876

l = µ | cos θthrust| ≤ 0.916 0.957 0.898 0.896
copl., rad ≤ 3.109 3.111 3.099 3.118
ETTJ/pT ≥ 0.625 0.329 0.035 0.318
ymin
⊥ × ymax

⊥ ≥ 0.064 0.110 0.021 0.089
DBtag ≥ 0.870 0.104 0.658 0.594
Emax

lept /
√

s * 0.488 0.307 0.013 0.015

Evis/
√

s ≥ 0.072 0.013 0.165 0.117
Evis/

√
s ≤ 0.124 0.322 0.431 0.427

E30
vis/Evis ≤ 0.070 0.028 0.130 0.222

pT /
√

s ≥ 0.010 0.036 0.015 0.033
| cos θmiss| ≤ 0.854 0.747 0.927 0.892

l = τ | cos θthrust| ≤ 0.831 0.845 0.900 0.785
copl., rad ≤ 3.100 3.137 2.960 3.046
ETTJ/pT ≥ 0.032 0.032 0.061 0.208
ymin
⊥ × ymax

⊥ ≥ 0.142 0.059 0.047 0.062
DBtag ≥ 0.870 0.815 0.598 0.411
Emax

lept /
√

s * 0.360 0.338 0.017 0.015

Table 7.8: Optimal selection cuts, obtained after the minimization of the sensitivity
function (7.7) for four ∆M regions of the squark decay t̃1 → bτ ν̃. Separate optimizations
were performed for events where the most energetic lepton is e, µ or τ . For the very low
and low ∆M regions the cut on Emax

lept /
√

s is the lower one (so, ”*” in the table means
”≥”), while for the medium and high ∆M regions it is the upper one (and ”*” means
”≤”).
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Figure 7.15: Distributions of the Evis/
√

s and coplanarity variables after applying
the optimal cuts except the cut on the displayed variable. Both plots are given for the
squark decay t̃1 → cχ̃0

1 and medium ∆M .

omitted because for these channels there are three sets of optimal cut values depending
on the type of the most energetic lepton, e, µ or τ , in any particular event). The shown
positions of the cut(s) on the displayed variable correspond to the numerical values listed
in Tables 7.5-7.6. From these Figures (together with Figure 7.12) and the corresponding
Tables it is seen, that the upper and lower cuts on the Evis/

√
s are the most important

due to the strong dependency of the signal kinematics on ∆M ∼ Evis/
√

s and differ
quite for different ∆M ranges. The cut on DBtag is very important for squark decays
with b-quarks. Other cuts are also very useful in separating signal from SM background,
for example, cuts on E30

vis/Evis and on pT /
√

s are helpful in rejecting e+e−q q̄ events.

The signal selection efficiencies and SM event numbers for the optimized selections,
are shown for the available signal MC samples at Msquark = 90 GeV in Table 7.9.
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the same as in Figure 7.15 (left).
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∆M ∆M value t̃1 → cχ̃0
1 t̃1 → b�ν̃ t̃1 → bτ ν̃ b̃1 → bχ̃0

1

region (GeV) ε (%) NSM ε (%) NSM ε (%) NSM ε (%) NSM

very 3 4.6 21.6 - - - - - -

low 5 18.0 21.6 - - - - - -

7 - - - - - - 13.4 3.8

8 - - 14.0 2.2 6.0 1.3 - -

low 10 22.8 3.1 2.8 0.4 1.6 1.6 22.0 2.3

20 - - 25.8 0.4 15.8 1.6 - -

medium 30 36.0 1.3 15.1 1.4 21.5 0.5 42.2 1.5

40 - - 30.4 1.4 23.4 0.5 - -

high 47 - - 25.4 0.7 24.6 0.7 - -

50 16.1 1.9 - - - - 24.0 1.6

70 17.4 1.9 - - - - 17.4 1.6

89 15.0 1.9 - - - - 21.5 1.6

Table 7.9: The signal selection efficiencies ε and SM event numbers NSM in the selec-
tions optimized for the (main considered) stop and sbottom decay channels, preselected
as a function of ∆M for the available signal MC samples with Mt̃1 and Mb̃1

equal to 90
GeV.



Chapter 8

Search for Squark Events in the
Experimental Data

8.1 The Experimental Data Sample

As it was described in chapter 6, starting from the year 1995 the LEP accelerator has
entered into a new phase of operation at center-of-mass energies above the Z-peak,
first, starting from

√
s = 130 GeV and then increasing the beam energy more and

more. During the years 1995-1999, data from e+e− collisions were collected at center-
of-mass energy values listed in Table 8.1. The year 2000 was the last year of the LEP

Operation year
√

s, GeV Lint, pb−1 Operation year
√

s, GeV Lint, pb−1

1995, 1997 130 6.1 1998 189 176.8
1995, 1997 136 5.9 1999 192 29.7

1996 161 10.9 1999 196 83.7
1996 172 10.3 1999 200 81.7
1997 183 55.5 1999 202 37.0

Table 8.1: The center-of-mass energies and corresponding integrated L3 luminosities
of the LEP II operation phase during the years 1995-1999.

accelerator operations. In that year the LEP machine was running at the center-of-mass
energy range of 202 − 208 GeV and the total luminosity collected by the L3 detector
during that year amounts to 217.3 pb−1. Like in the previous years, the luminosity is
not uniformly distributed over the whole center-of-mass energy range as shown in the
Figure 8.1. But as it was noted in the previous chapter, the present squark analysis
deals with the whole data sample of

√
s of 202 − 208 GeV having all the energy-type

kinematic variables normalized to the particular value of
√

s, which allows us to perform
the optimization once for the whole energy sample and then to use the same optimal
cuts for any particular energy subsamples.

92
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Figure 8.1: Distribution of the luminosity of experimental data, collected by the L3
detector in the year 2000, over the center-of-mass energy.

The search for the scalar quark events (i.e. selecting the squark candidate events in
the experimental data and estimation of the statistical consistency between the numbers
of the observed data events and those expected from the Standard Model Monte Carlo),
described in this thesis, has been performed on the L3 experimental data, collected
during the year 2000.

8.2 The Squark Selection Results

8.2.1 The Experimental Observations and SM Expectations

After the selection cuts are frozen as result of the optimization, they are applied to
the second halves of the SM background and SUSY signal Monte Carlo samples and
to the data. The numbers of the selected data events and corresponding expectations
from the SM Monte Carlo, as well as the signal selection efficiencies are listed in Tables
8.2-8.5 for the four scalar quark decay channels and four ∆M ranges in each channel
after the optimal cuts have been applied. The results of ”OR” combination of the four
∆M selection cuts are presented (i.e. a particular event is required to satisfy at least
one set of the cuts among the four cut sets corresponding to the four ∆M ranges) Here
the data sample of total integrated luminosity 217.3 pb−1 with center-of-mass energies
in the range 202 − 208 GeV is used.

Totally, in the combinations over all four ∆M ranges, 29 data events are observed
and 26.47±2.74 are expected from the Standard Model processes for the t̃1 → cχ̃0

1 decay
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very low ∆M low ∆M medium ∆M high ∆M combined

εsignal, % 18.0 ± 1.7 22.8 ± 1.9 36.0 ± 2.2 17.4 ± 1.7 -

e+e− - - - - -
µ+µ− - - - - -
τ+τ− - - - - -
qq̄ - - - - -

W+W− - - 0.15 ± 0.09 0.50 ± 0.16 0.65 ± 0.18
W±e∓ν 0.09 ± 0.02 0.23 ± 0.03 0.63 ± 0.04 0.35 ± 0.03 1.19 ± 0.06
Z0Z0 - 0.06 ± 0.06 0.17 ± 0.10 1.02 ± 0.24 1.25 ± 0.27
Z0e+e− - - - - -

e+e−e+e− - - - - -
e+e−µ+µ− - - - - -
e+e−τ+τ− - - - - -
e+e−q q̄ 21.48 ± 2.61 2.84 ± 0.95 0.32 ± 0.32 - 23.38 ± 2.72

All bg. 21.57 ± 2.60 3.13 ± 0.95 1.27 ± 0.35 1.87 ± 0.29 26.47 ± 2.74

Data 23 1 4 1 29

Table 8.2: Number of observed data events, the expectations from the Standard Model
processes and the signal selection efficiencies as result of the application of the optimal
cuts for the squark decay t̃1 → cχ̃0

1 onto the independent samples of the Monte Carlo
events and to the whole data sample of center-of-mass energy 202−208 GeV. The quoted
errors are due to MC statistics only.

channel. The same numbers for the decays t̃1 → blν̃ and t̃1 → bτ ν̃ are 4 to 4.04 ± 1.00
and 5 to 3.90± 1.01, respectively. The observation from the data for the b̃1 → bχ̃0

1 decay
is 6 events which again is in good agreement with 7.72 ± 1.34 events expected from the
Standard Model Monte Carlo.

To summarize, a good statistical agreement between numbers of observed data events
and expectations from the Standard Model processes is seen in all channels and ∆M
ranges. The biggest difference between the observations and expectations from the Stan-
dard Model corresponds to medium ∆M of the t̃1 → cχ̃0

1 decay (4 data events comparing
to 1.27 ± 0.35 from the backgrounds) and to high ∆M of the t̃1 → bτ ν̃ decay (3 data
and 0.68 ± 0.34 background events). Taking into account the statistical errors, both of
them are about 1.6 standard deviations.

In all squark channels, the e+e−q q̄ process is the dominant background in the very
low ∆M range, which makes the signal/background separation most difficult for the
t̃1 → cχ̃0

1 channel. The reason is that one cannot use powerful cuts on DBtag and on
the energy of the most energetic lepton. For medium and high ∆M for all channels
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very low ∆M low ∆M medium ∆M high ∆M combined

εsignal, % 14.0 ± 1.6 25.8 ± 1.9 30.4 ± 2.1 25.4 ± 1.9 -

e+e− - - - - -
µ+µ− - - - - -
τ+τ− - - - - -
qq̄ - - 0.31 ± 0.22 0.31 ± 0.22 0.46 ± 0.27

W+W− - 0.05 ± 0.05 0.40 ± 0.14 0.30 ± 0.12 0.60 ± 0.17
W±e∓ν - 0.02 ± 0.01 0.05 ± 0.01 0.02 ± 0.01 0.08 ± 0.01
Z0Z0 - - - 0.06 ± 0.06 0.06 ± 0.06
Z0e+e− - - - - -

e+e−e+e− - - - - -
e+e−µ+µ− - - - - -
e+e−τ+τ− - - - - -
e+e−q q̄ 2.21 ± 0.84 0.32 ± 0.32 0.63 ± 0.45 - 2.84 ± 0.95

All bg. 2.21 ± 0.84 0.39 ± 0.32 1.39 ± 0.52 0.69 ± 0.26 4.04 ± 1.00

Data 2 0 2 1 4

Table 8.3: Number of observed data events, the expectations from the Standard Model
processes and the signal selection efficiencies as result of the application of the optimal
cuts for the squark decay t̃1 → blν̃ onto the independent samples of the Monte Carlo
events and to the whole data sample of center-of-mass energy 202−208 GeV. The quoted
errors are due to MC statistics only.

the fraction of the e+e−q q̄ background becomes already comparable with contributions
from the four-fermion processes. This makes the cut optimization easier. Also note that
the signal of all channels and all ∆M ranges becomes very well separated from e+e− ,
µ+µ−, e+e−e+e−, e+e−µ+µ−, e+e−τ+τ− and Z0e+e− Standard Model processes. Of all
12 considered background processes only e+e−q q̄ and W+W−, W±eν and Z0Z0 remain
important in the optimized selection. The minimal value of the signal selection efficiency
of 6.0± 1.1 % again corresponds to the very low ∆M range of the t̃1 → bτ ν̃ decay. This
is the case when the hardest cuts have been used to provide optimal separation In the
other cases the signal selection efficiency varies in the order of 20−30 % with a maximum
of 42.2 ± 2.2 % for the medium ∆M of the b̃1 → bχ̃0

1 channel.

The distributions of the kinematic variables after the optimal selection are identical
to those shown in Figures 7.15-7.17 after removing events that are cut away. Therefore
the plots are not duplicated here. Event numbers after applying the optimal cuts in
Figures 7.15-7.17 can be also compared with the numbers of observed data and expected
Standard Model events presented in the Tables 8.2-8.5.
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very low ∆M low ∆M medium ∆M high ∆M combined

εsignal, % 6.0 ± 1.1 15.8 ± 1.6 23.4 ± 1.9 24.6 ± 1.9 -

e+e− - - - - -
µ+µ− - - - - -
τ+τ− - - - - -
qq̄ - - - - -

W+W− - - 0.30 ± 0.12 0.30 ± 0.12 0.50 ± 0.16
W±e∓ν - 0.01 ± 0.01 0.09 ± 0.02 0.06 ± 0.01 0.13 ± 0.02
Z0Z0 - - 0.11 ± 0.08 - 0.11 ± 0.08
Z0e+e− - - - - -

e+e−e+e− - - - - -
e+e−µ+µ− - - - - -
e+e−τ+τ− - - - - -
e+e−q q̄ 1.26 ± 0.63 1.58 ± 0.71 - 0.32 ± 0.32 3.16 ± 1.00

All bg. 1.26 ± 0.63 1.59 ± 0.71 0.50 ± 0.15 0.68 ± 0.34 3.90 ± 1.01

Data 1 0 2 3 5

Table 8.4: Number of observed data events, the expectations from the Standard Model
processes and the signal selection efficiencies as result of the application of the optimal
cuts for the squark decay t̃1 → bτ ν̃ onto the independent samples of the Monte Carlo
events and to the whole data sample of center-of-mass energy 202−208 GeV. The quoted
errors are due to MC statistics only.

The overall event numbers for data and SM background are shown in Table 8.6
combined for all ∆M regions and decay channels. Different background types are shown
separately.

8.2.2 The Selected Squark Candidate Events

The number of the data events, selected by the optimized cuts in searches for each of
the considered stop and sbottom decay channels are in statistical agreement with the
corresponding expectations from the Standard Model processes, that’s why we conclude
that signal events are not observed in the data. On the other hand, the selected data
events have similar topology and kinematic properties to the expected events of the
corresponding squark decay channel. Therefore we consider them as candidate events.
Having this in mind, Figures 8.2-8.3 present the transverse and longitudinal view of such
a selected (candidate) event in the L3 detector setup. This data event was selected in
the search for the scalar top quark decay t̃1 → cχ̃0

1 at medium ∆M region. The event
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very low ∆M low ∆M medium ∆M high ∆M combined

εsignal, % 13.4 ± 1.5 22.0 ± 1.9 42.2 ± 2.2 17.4 ± 1.7 -

e+e− - - - - -
µ+µ− - - - - -
τ+τ− - - 0.19 ± 0.19 - 0.19 ± 0.19
qq̄ - - 0.15 ± 0.15 0.15 ± 0.15 0.31 ± 0.22

W+W− - - 0.15 ± 0.09 0.40 ± 0.14 0.55 ± 0.17
W±e∓ν 0.01 ± 0.01 0.04 ± 0.04 0.28 ± 0.03 0.03 ± 0.01 0.31 ± 0.03
Z0Z0 - - 0.45 ± 0.16 0.97 ± 0.24 1.31 ± 0.27
Z0e+e− - - - - -

e+e−e+e− - - - - -
e+e−µ+µ− - - - - -
e+e−τ+τ− - - - - -
e+e−q q̄ 3.79 ± 1.09 2.21 ± 0.84 0.32 ± 0.32 - 5.05 ± 1.26

All bg. 3.80 ± 1.09 2.25 ± 0.84 1.54 ± 0.44 1.55 ± 0.31 7.72 ± 1.34

Data 1 1 2 2 6

Table 8.5: Number of observed data events, the expectations from the Standard Model
processes and the signal selection efficiencies as result of the application of the optimal
cuts for the squark decay b̃1 → bχ̃0

1 onto the independent samples of the Monte Carlo
events and to the whole data sample of center-of-mass energy 202−208 GeV. The quoted
errors are due to MC statistics only.

shows two jets and has significant missing energy, which is visible both from the space
orientation of the jets (both jets point to the same side with respect to the XY plane)
and from the amount of the total reconstructed visible energy, 53.63 GeV .

Other selected data events have the same features: two jets and high missing energy
(small Evis). In principle, these could be the squark events, but in this case their pro-
duction cross section is so small, that we can not distinguish them from the Standard
Model events in the collected amount of the experimental data. If the scalar quarks of
the considered masses do not exist, then these are the Standard Model (mainly, the
two-photon) events.

8.2.3 Selections in the Data Subsamples of Particular Energy

After the optimization has been performed and the optimal cuts for the four squark decay
channels and four ∆M regions are fixed, we can check whether the search results (i.e.
the consistency of the selected data events and predictions from the Standard Model)
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Channel ND Ntwo−fermion Nfour−fermion Ntwo−photon NSM

t̃1 → cχ̃0
1 29 0.0 ± 0.0 3.1 ± 0.3 23.4 ± 2.7 26.5 ± 2.7

t̃1 → b�ν̃ 4 0.5 ± 0.3 0.7 ± 0.2 2.8 ± 0.9 4.0 ± 1.0

t̃1 → bτ ν̃ 5 0.0 ± 0.0 0.7 ± 0.2 3.2 ± 1.0 3.9 ± 1.0

b̃1 → bχ̃0
1 6 0.5 ± 0.3 2.1 ± 0.3 5.1 ± 1.3 7.7 ± 1.3

Combined 38 1.0 ± 0.4 5.8 ± 0.5 31.0 ± 3.1 37.8 ± 3.2

Table 8.6: Number of observed events, ND, and SM background expectations, NSM, for
the main stop and sbottom channels and for selection combined over all these channels.
The contribution of two-fermion (qq̄, τ+τ−), four-fermion (W+W−, W±e∓ν, ZZ, Ze+e−)
and two-photon (e+e−qq̄, e+e−τ+τ−) processes are given separately. The quoted errors
are due to MC statistics only.

do depend on the particular value of the center-of-mass energy in the analyzed
√

s-
range of 202 − 208 GeV. We need to subdivide the whole data sample in subsamples
with particular beam energy values according to the collected amount of luminosity per
center-of-mass energy, Figure 8.1, which roughly gives us the subranges of 202 − 204,
204− 206, 206− 207 and 207− 208 GeV. On each of these data subsamples we perform
the event selection using the same (obtained for the value of the total luminosity over√

s = 202−208 GeV range) selection cuts, which are energy-independent since all energy
or momenta variables are normalized to

√
s) in each data subsample. To estimate the

corresponding event numbers, expected from the Standard Model, we do not subdivide
the used Monte Carlo event samples, but just re-weight according to the integrated
luminosities of the data subsamples the ”old” numbers, which were before weighted
according to the total luminosity of the whole energy range data sample. The results
of such selection in the narrow subsamples of the total year 2000 data are presented in
Tables 8.7-8.10 for the four scalar quark decay channels. After studying the particular
subsamples separately, one observes that the numbers of observed data events are still in
agreement with the Standard Model expectation. This means, that even when looking for
the energy subranges separately, no signal is observed. This confirms, that our treatment
of the data with

√
s = 202−208 GeV as a whole is a safe procedure and does not influence

the conclusions of the analysis.
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Run #    878701    Event #   256

Transverse Imbalance : Longitudinal Imbalance : 

Thrust : Major : Minor : 

Event DAQ Time :

  Total Energy :   53.63 GeV
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Figure 8.2: Example of the data event in the L3 detector setup, (run number 878701,
event number 256, the xy-plane), selected as a candidate in the search for the scalar
quark decay t̃1 → cχ̃0

1 at medium ∆M .
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Run #    878701    Event #   256
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Figure 8.3: Example of the data event in the L3 detector setup, (run number 878701,
event number 256, the xz-plane), selected as a candidate in the search for the scalar
quark decay t̃1 → cχ̃0

1 at medium ∆M .
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8.3 Systematic Uncertainties

The event numbers, expected from the Standard Model Monte Carlo and the signal
selection efficiencies can be systematically biased due to several factors. The following
sources of the systematic uncertainties have been investigated.

Monte Carlo Statistics

The uncertainties in the signal selection efficiencies arising from the signal MC statis-
tics are about ∆ε ∼ 1−2 % both for the stop and for the sbottom quark decays depending
on the particular channel and the ∆M selection. The statistical uncertainty in the SM
background estimation depends significantly on the ∆M (Evis) region for all squark de-
cay channels and amounts to 12–82 % for the very low and low ∆M and to 16-50 % for
the medium and high ∆M , respectively. The high uncertainty in the low ∆M regions is
due to the fact, that the two photon background is large. Since this process has a very
high rate, it is difficult to accumulate MC statistics for it in necessary excess over the
rate expected from the available data luminosity.

The SM Processes Cross Section Uncertainty

Since the background rates are estimated by normalization of the Monte Carlo events
to the experimental data luminosity (Formula (7.1)), the uncertainty in the SM processes
cross section is a source of systematics. The cross section values for each particular
process as well as their uncertainties have been calculated by the corresponding MC
generator (see description of MC generators and references in the previous chapter).
The used uncertainties on the cross sections of the SM processes are: 10 % for the two
photon processes, 5 % for two fermion, 2 % for the WW and Weν production and 5 % for
the ZZ and Zee processes. All these uncertainties together cause a systematic uncertainty
in the background normalization of 2–10 % depending on the particular squark decay
channel and the ∆M region.

The Luminosity Determination Uncertainty

The relative error on the integrated luminosity of the collected experimental data
was estimated by the L3 Collaboration and amounts to ∼ 0.3%. This influences the
background normalization and causes a systematic uncertainty in the SM rate estimation
of 0.2–0.4 % for various squark decays.

The Energy Reconstruction

The uncertainty in the reconstructed energy was estimated by the L3 Collaboration
by comparison between various calibration and reconstruction methods and amounts to
2 %. The influence of this uncertainty on the background rate and on the signal selection
efficiency has been determined by varying all the energy related quantities by ± 2 %.
This caused a systematic shift in the background rates of 1–18 % and 1–32 % in the
signal selection efficiency depending on the particular squark decay and ∆M region.
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The Squark Signal MC Simulation

The main contribution to the uncertainty of the squark signal selection efficiency
comes from the uncertainties in the simulation of the squark production, hadronisation
and decay in the GSQUARK generator program [66]. The following effects are taken
into account here:

• The squark signal samples used in the analysis are generated for a fixed value of
the mixing angle between left and right squark eigenstates, chosen as cos θLR = 1.
However, since the sfermion coupling to the Z boson depends on cos θLR, the initial
state radiation also depends on the mixing angle. The maximal difference occurs at
the cos θLR value, where the scalar quark decouples from the Z boson. The largest
decrease in the selection efficiencies, 4% for stop and 6% for sbottom, is observed
at low ∆M ∼ 5–10 GeV. With increasing ∆M the selection efficiencies are less
affected by this source of systematics. At ∆M ∼ 70 GeV the error is estimated
to be negligible. Conservatively, for the limit calculation we use the efficiencies
obtained at decoupling values of cos θLR.

• As discussed in Chapter 5, the scalar top and the scalar bottom quarks in the
considered theoretical framework hadronise before they decay. The invariant mass
available for spectator quarks in the formed supersymmetric hadron has been as-
sumed to be Meff=0.5 GeV [67]. The hadronic energy and track multiplicity of the
event depend on the value of this variable. A variation of Meff from 0.25 GeV to
0.75 GeV [67] results in a 4 − 12% relative change in the efficiency for stop and
6 − 8% for sbottom.

• For the hadron containing a squark, the Peterson fragmentation scheme [69] is
used with the parameter εq̃ propagated from εb such that εq̃ = εbm

2
b/m

2
q̃ with

εb = 0.0035 [70] and mb=5 GeV. The value of εb is varied in the range from 0.002
to 0.006 [70]. This induces 5 − 12% and 2 − 6% relative changes in the selection
efficiencies for t̃1 and b̃1, respectively.

• For the t̃1 → cχ̃0
1 decay the variation of the c-quark fragmentation parameter εc

from 0.02 to 0.06 (with central value chosen as 0.03) results in 1 − 4% relative
change in the selection efficiency [70].

• For the stop three-body decay mode t̃1 → b�ν̃, the weak structure of the decay ma-
trix element [58] was taken into account. The related possible source of systematics
has been evaluated by generating signal events with only a phase-space model. The
selection efficiencies are slightly higher in this case. Therefore the efficiency values
obtained with the matrix element are used.

The B-tag Discriminant Calculation

In the selections of the scalar bottom decays as well as the three-body stop decays,
a cut on the event b-tagging variable, DBtag, plays an important role and possible errors
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in this variable may be a source of uncertainties in the signal selection efficiency and
the background rates estimation. An agreement or possible discrepancy between the
experimental data and the Monte-Carlo events in the distribution of the DBtag variable
is chosen as a criterion of the corresponding uncertainty estimation. This was evaluated
using a reference sample of radiative qq̄(γ) events. The sample was obtained applying cuts
on the number of tracks and calorimetric clusters, Ntrk ≥ 5 and Nclust ≥ 15 and requiring
the normalized visible energy to be 0.3 < Evis/

√
s < 0.8. The two-photon contribution

was suppressed by vetoing the energy depositions in the forward regions: E30
vis/Evis < 0.5

and ELUMI + EALR < 10 GeV. A further reduction of the e+e−q q̄ contribution was
achieved by the requirement | cos θthrust| < 0.95. The W+W− events with one W decaying
leptonically are rejected by an upper cut on the transverse energy imbalance p⊥/Evis,
while hadronic W decays are removed by requirement ln(y34) < −6 (see Chapter 7 for
a description of the kinematic variables). After all these requirements, 1326 data events
are left, which agrees with the number of Standard Model MC events, 1339.7 ± 8.2. The
consistency between the data and SM Monte Carlo events was also analyzed at the DBtag

distribution, shown in Figure 8.4. In general, the data points are well reproduced by the
Monte Carlo, except only the region very close to zero (DBtag < 0.3). But the squark
signal can be better selected in the region of DBtag ≥ 0.5 − 1 and, correspondingly, the
selected events are located in this region. That’s why we conclude that the systematic
effects in the b-tagging calculations are small compared to the statistical uncertainty and
therefore this source of systematics can be neglected.

The Lepton Identification
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Figure 8.4: The DBtag distribution with selection of qq̄(γ) events for analysis of con-
sistency between MC simulation and the L3 Detector response. The distributions are
shown in linear (left) and logarithmic (right) scales.
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Figure 8.5: The preselected energy distribution of the leading lepton being electron
for analysis of consistency between MC simulation and the L3 Detector response. The
distributions are shown in linear (left) and logarithmic (right) scales.

Optimization of selections for the leptonic stop decays t̃1 → blν̃ and t̃1 → bτ ν̃ is based
on classification of events by type of the leading isolated lepton. Possible misidentifica-
tion of the lepton type may lead to a systematic bias in the signal selection efficiency
and SM background rate estimation. This possible lepton misidentification was investi-
gated by comparison of preselected energy distributions of the leading lepton for possible
discrepancy between the data and the Standard Model Monte Carlo for the three cases
of the leading lepton type: electron, muon and tau lepton. These distributions are pre-
sented in Figures 8.5-8.7. The data points in the distributions for leading muon and
leading tau-lepton are very well reproduced by the Monte Carlo. There is also overall
consistency in the distribution for the leading electron, except the very first bin, where
the uncertainty in simulation of the two photon process influences. Finally, we conclude
that the identification of the leading lepton type is well simulated and we can neglect
this source of systematics.

All the considered sources of the systematic uncertainties in the signal selection
efficiency and the SM background rate estimation are summarized (with averaged values
per each squark decay channel) in Table 8.11. The overall relative systematic uncertainty
on the selection efficiencies ranges from 2% to 34% for the scalar top and from 4% to
15% for the scalar bottom quark decays; the error on the Standard Model background
rate estimation varies from 10% to 83% for stop and from 20% to 39% for sbottom
quarks respectively. These uncertainties have been incorporated in the final results [97].
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Figure 8.6: The preselected energy distribution of the leading lepton being muon
for analysis of consistency between MC simulation and the L3 Detector response. The
distributions are shown in linear (left) and logarithmic (right) scales.
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Figure 8.7: The preselected energy distribution of the leading lepton being tau lepton
for analysis of consistency between MC simulation and the L3 Detector response. The
distributions are shown in linear (left) and logarithmic (right) scales.
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Source / Channel t̃1 → cχ̃0
1 t̃1 → b�ν̃ t̃1 → bτ ν̃ b̃1 → bχ̃0

1

Monte Carlo ∆ε 1.7–2.2 1.6–2.1 1.1–1.9 1.5–2.2

statistics ∆NSM 12–30 37–82 30–50 20–37

SM cross ∆ε – – – –

section ∆NSM 4–10 4–10 2–10 4–10

Luminosity ∆ε – – – –

uncertainty ∆NSM 0.2–0.4 0.2 0.3–0.4 0.2–0.3

Energy ∆ε 1–6 1–29 8–32 3–13

calibration ∆NSM 1–5 1–7 1–4 2–7

Squark signal ∆ε 1–12 4–12 4–12 2–8

simulation ∆NSM – – – –

Overall ∆ε 2–14 4–31 9–34 4–15

∆NSM 13–32 37–83 30–51 20–39

Table 8.11: Relative systematic errors (in %) on the signal selection efficiency and the
Standard Model background rate for various considered uncertainties sources per the
investigated scalar top and scalar bottom quark decay channels.



Chapter 9

Interpretation of the Search Results

In our search for scalar quark decays in the year 2000 data we find a good statistical
agreement between the selected data events and the expectation from the Standard
Model processes, i.e. absence of an excess in the data with respect to the SM event rate.
It means that the result of the search is negative: no evidence for the MSSM squark
signal is seen. The negative results of the search for SUSY quarks can be interpreted as
an exclusion of the signal at given conditions with a certain level of confidence.

First, from the relation between the observed number of data events and the Standard
Model predictions we can derive an upper limit on the number of signal events, which
allows us to calculate a model independent upper limit on the production cross section
of the MSSM scalar quarks.

Then, having derived the model independent limits on the production cross section,
we can interpret them further in the framework of the considered CMSSM model, convert
them into the exclusion limits on the squark and the LSP (or the sneutrino) 1 masses
and relate these limits to other model parameters.

9.1 Upper Limits on the Production Cross Section

To calculate the upper limit on the number of signal events we use the values of the
selection efficiency of the simulated signal. Since the signal kinematics and, consequently,
the selection efficiency is generally dependent on the masses of both the scalar quark and
the LSP (or the sneutrino), we have to consider various combinations of these masses
and deal with efficiency changes over a mass plane, where one axis is Msquark and another
one is MLSP (or Mν̃).

It is obviously time consuming and meaningless to simulate the squark signal sam-
ples for all possible combination of the squark and the LSP masses (to say, with mass
steps of 1 GeV), because for close mass points (MA

squark; M
A
LSP ) and (MB

squark; M
B
LSP ) the

behaviour of the signal and the selection efficiency are expected to change smoothly.
Instead of this, it is better to simulate and analyze the signal samples with the squark
and the LSP (or the sneutrino) mass values changing in steps of a few (5-20) GeV and
then to interpolate the signal behaviour (the signal selection efficiency) in the whole mass

1 See note about dependency on the LSP and the sneutrino masses in chapter 7.
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plane between the simulated points. The points of the mass plane, corresponding to the
simulated squark decay t̃1 → cχ̃0

1, are illustrated in Figure 9.1 by the black squares;
the empty area between these points is to be interpolated. The grid step size near the
boundaries of the allowed mass area is smaller than in the central area, because the
interpolation in the center is easier. Signal samples of the other scalar quark decays were
simulated with a similar grid on the mass parameter plane.
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Figure 9.1: Mass parameter points of the simulated stop quark signal (t̃1 → cχ̃0
1 decay).

The grid steps near the parameter space boundaries are smaller than in the center area,
which is easier to interpolate.

9.1.1 The Efficiency Interpolation over the Mass Plane

The interpolation of the signal selection efficiency between the simulated points is per-
formed (within every particular optimized selection) by building a smooth surface (with
efficiency values as z-coordinate) which covers the ”known” mass points. The interpo-
lation procedure is iterative. First, efficiency values for each ”unknown” mass point are
calculated by constructing a plane, built on the three closest ”known” mass points, that
form a triangle (being not on the same line). The efficiency value for an “unknown”
point is calculated by a linear interpolation from the efficiency values of “known” neigh-
bour points. These points, which are already interpolated, are then added to the set of
”known” points. In the next iterations, the efficiency values of each non-simulated mass
point are corrected by information from the closest points, including those, which were
calculated in the previous iteration. This procedure is repeated until the efficiency values
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are calculated and corrected for all points on the mass plane and the efficiency surface
becomes smooth.

One thing should be taken into account here: the selection cuts are optimized for the
four ∆M ranges independently, so, on the boundaries between two adjacent selections
the numbers of selected events and the efficiency values can be quite different, i.e. the
efficiency surface can be far from a smooth shape. To avoid this problem, the efficiency
interpolations were performed separately for each of the four ∆M selection types and
for their combinations (very low ∆M (type 1), very low OR low (2), low ∆M (3), low
OR medium (4), medium ∆M (5), medium OR high (6) and high ∆M (7)), applying
the same selection for efficiency determination on the whole plane. An example of the
simulated points with their efficiency values and the result of the efficiency interpolation
for selection type 5 (medium ∆M) is shown in Figure 9.2. Note, that each particular
∆M selection gives a very small efficiency in the area far from the current ∆M (medium
∆M selection gives a very small efficiency in the area of very low and very high ∆M
values, etc.).
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Figure 9.2: Signal selection efficiencies versus the masses of squark and the LSP for
the medium ∆M selection of the t̃1 → cχ̃0

1 decay channel before (left) and after (right)
the efficiency interpolation over the mass plane.

9.1.2 Combination of the ∆M Selections

After the efficiency interpolation, we have seven selections and seven smooth surfaces of
the interpolated efficiencies and correspondingly seven surfaces of sensitivity, defined by
the efficiency and by the number of expected events from the Standard Model according
to Equation (7.7). The sensitivity surfaces for selections 1,3,5 and 7 (the t̃1 channel) are
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Figure 9.3: Selection sensitivity after interpolation of the efficiency versus the masses
of squark and the LSP for the t̃1 → cχ̃0

1 decay channel. Selections for very low (left) and
low (right) ∆M regions. (The blank area corresponds to the kinematical limits or to the
very bad sensitivity values, above 100)

0

20

40

60

80

100

40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90t 1 →  c  χ 1
0∼ ∼

M t  ,   GeV

M
 χ

   
,  

 G
eV

1

10

∼

∼

Selection Sensetivity * Luminosity

(medium    M)

0

20

40

60

80

100

40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90t 1 →  c  χ 1
0∼ ∼

M t  ,   GeV

M
 χ

   
,  

 G
eV

1

10

∼

∼

Selection Sensetivity * Luminosity

(high    M)

Figure 9.4: Selection sensitivity after interpolation of the efficiency versus the masses
of squark and the LSP for the t̃1 → cχ̃0

1 decay channel. Selections for medium (left) and
high (right) ∆M regions. (The blank area corresponds to the kinematical limits or to
the very bad sensitivity values, above 100)
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given in Figures 9.3-9.4, the dependency on the ∆M range is clearly visible from one
plot to another.

Then, to finally choose the best selection for each point of the mass plane, we combine
these seven selections in a way that leads to the best selection sensitivity (i.e. lowest
values of the sensitivity function (7.7)) for any particular mass point. Since the criterion
for this combination is not the efficiency, but the sensitivity, the final efficiency surface
is not smooth, but the sensitivity surface is.

The indexes of chosen selection type for each mass point and the best chosen sensitiv-
ity over the mass plane are shown in Figure 9.5. The general dependency on ∆M is kept,
while the boundaries between different selections are not straight as in the definitions of
the ∆M regions.
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Figure 9.5: Chosen selection types (left), provided the best (with lowest value) selection
sensitivity over the mass plane (right). (The blank area corresponds to the kinematical
limits or to the very bad sensitivity values, above 100)

9.1.3 Calculation of Limits on the Production Cross Section

Now, having the best sensitivity and correspondingly the best selections for each mass
point, we can calculate the 95 % C.L. upper limit on the number of signal events, and,
consequently, the 95 % C.L. upper limit on the squark production cross section.

According to the Bayesian approach [98, 95] for ND observations and NBG expecta-
tions from the SM background processes, the 95 % confidence level upper limit on the
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number of signal events N95
S can be calculated numerically from

C.L. =

NCL
S∫
0

P (NBG + NS; ND) dNS

∞∫
0

P (NBG + NS; ND) dNS

, (9.1)

setting the C.L. equal to 0.95, where P (µ; n) is a probability density function (p.d.f.)
of n observations with average expectation µ. If we deal with only one measurement (in
each mass point) and the p.d.f. is the Poisson probability, as given in (7.8), then the
formula (9.1) can be simplified to

1 − C.L. =

ND∑
n=0

P (NBG + NCL
S ; n)

ND∑
n=0

P (NBG; n)

. (9.2)

After that, the 95 % C.L. upper limit on the squark production cross section is calculated
as

σ95 =
N95

S

ε Lint

, (9.3)

where ε is the signal selection efficiency and Lint is the integrated luminosity of the data
sample.

Except for the upper limit on the production cross section, which is derived from the
L3 data sample on the basis of the statistical correspondence between the observation
ND and the expectation NBG we can also calculate the expected upper limit on the
production cross section, i.e. a limit, which we expect only from Monte Carlo studies
without experimental measurements (and assuming “no signal” hypothesis). This is done
by substituting the value of ND in (9.2) by a random integer number K, which is a
hypothetic number of possible observation. Since the number K can have any particular
value with Poisson probability, we should take a sum of all possible values of K with
the probability weight P (NBG; K). Then

σ95
exp =

∞∑
K=0

P (NBG; K) σ95(K) =
∞∑

K=0

P (NBG; K)
N95

S (K)

ε Lint

, (9.4)

where N95
S (n) is calculated numerically from formula (9.2), substituting ND by K.

Now we see, that formulae (7.7) and (7.9) are the same as (9.4) and (9.2). It means
that the sensitivity function, which was used in the optimization of the selections, is in
fact the expected 95 % C.L. upper limit on the squark production cross section (in the
absence of a signal). The smaller this limit is, the higher is the sensitivity to the new
physics processes with very small cross sections.

The 95 % C.L. upper limits on the squark production cross section calculated in
this way are presented in Figures 9.6-9.7. Note, that these cross section limits should
be considered as intermediate, because they are calculated only for the year 2000 L3
data sample of

√
s = 202 − 208 GeV. For the calculation of the final limits the results

of previous L3 squark searches should be also accounted for, because this improves the
limits significantly due to using a larger data sample.
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Figure 9.6: The 95 % C.L. upper limit on the squark production cross section, calcu-
lated only for the year 2000 data sample of

√
s = 202 − 208 GeV .
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Figure 9.7: The 95 % C.L. upper limit on the squark production cross section, calcu-
lated only for the year 2000 data sample of

√
s = 202 − 208 GeV .
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9.1.4 Combining Limits from the Year 2000 with Limits from
Previous L3 Squark Searches

For each L3 squark search analysis performed in the previous years of LEP II operation
(in the lower

√
s L3 data samples), we know event numbers for data, N i

D, the event
numbers expected from Standard Model, N i

BG, and the signal selection efficiencies, εi

(interpolated over the squark and the LSP or the sneutrino mass plane with a procedure
similar to the one described above).

To combine all these sets of measurements into single (final over the L3 experiment)
95 % C.L. limit on the squark production cross section, the Bayesian formula (9.1) should
be generalized. Given N i

D data, N i
BG background and N i

S signal events and treating all
measurements independently, the combined probability can be calculated as a product
of probabilities for each particular measurement:

Prob. =
n∏

i=1

P (N i
BG + N i

S; N i
D) . (9.5)

As illustrated in Figure 9.8, the stop and the sbottom production cross sections
depend on the center-of-mass energy. According to the theoretical calculations, this
change becomes significant over the considered

√
s range of all the L3 squark search

analyses (161–208 GeV). To account for this effect, we should deal with a cross section
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Figure 9.8: The dependency of the theoretically predicted stop quark production cross
section on the center-of-mass energy for various squark masses. The cross section change
is significant near the kinematic limit, while this change can be neglected far away from
it.
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σ0 at a fixed center-of-mass energy and calculate the limit on the cross section at this
particular

√
s instead of a cross section averaged over the whole energy range. Therefore,

instead of (upper limits on the) numbers of the signal events N i
S in each L3 squark search,

we operate with the (upper limits on the) production cross sections and normalize all
the cross sections at different center-of-mass energies to the cross section of the chosen√

s of 206 GeV according to the theoretically predicted dependency of the cross section
on the energy:

N i
S → εi Li

int σi σi = f theor
i σ0 f theor

i =
σtheor

i

σtheor
0

, (9.6)

where Li
int is an integrated luminosity of the ith experimental data sample, εi and σi are

the signal selection efficiency and the (upper limit on the) production cross section at
ith measurement (and, correspondingly, ith center-of-mass energy), respectively.

Having all this in mind, we can generalize the Bayesian formula (9.1) for the calcu-
lation of the 95 % C.L. upper limit on the squark production cross section, combined
over several independent measurements, made at different center-of-mass energies, in the
following way:

C.L. =

σCL∫
0

n∏
i=1

P (N i
BG + εiLif

theor
i σ0; N i

D) dσ0

∞∫
0

n∏
i=1

P (N i
BG + εiLif theor

i σ0; N i
D) dσ0

. (9.7)

In contrast to the case of only one measurement, this formula can not be simplified
similar as (9.1) was simplified to (9.2); the calculation of the 95 % C.L. upper limit on
the cross section here should be done numerically, setting C.L. = 0.95. Normalization
of the cross sections of different center-of-mass energies to some fixed value allows us
to perform the integration over the same variable σ0 and in this sense to combine the
results of different measurements into a single limit.

The 95 % C.L. upper limits on the cross section of the scalar top and scalar bottom
quark pair production in e+e− collisions, combined over all available results of the squark
searches in L3, are presented in Figures 9.9-9.12. The results of squark searches at center-
of-mass energies 161, 172, 183, 189, 192, 196, 200, 202 (of previous years) and 202− 208
GeV (of the year 2000) are combined for the stop two-body (t̃1 → cχ̃0

1) and sbottom
(t̃1 → cχ̃0

1) decay channels. For the leptonic stop decays (t̃1 → blν̃ and t̃1 → bτ ν̃) the
combined results correspond to the center-of-mass energies 189, 192, 196, 200, 202 and
202 − 208 GeV (searches for these channels started only from 189 GeV).

These cross section limits are still not the final ones, because one should also take
into account the systematic uncertainties on the signal selection efficiencies and on the
Standard Model background rates estimation (which will be accounted for in the next
section). Therefore the above mentioned plots are given for illustration of the combina-
tion of several measurements.

Comparing Figures 9.6-9.7 and 9.9-9.12 we see, that the combination of several mea-
surements into one limit improves the limits significantly (by a factor about 2 − 5 over
the whole mass plane). Two factors contribute here. First, the more measurements we
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take into account, the bigger the total integrated luminosity, which makes the cross
section limit smaller (better) as can generally be seen from Equation (9.3). Another
factor is that the combination of several independent measurements reduces the effect of
statistical fluctuations. In general, an excess of N i

D over N i
BG leads to a smaller exclusion

of cross sections, i.e. to a higher value of the upper limit. Correspondingly, a deficit-like
deviation leads to a bigger exclusion, i.e. to smaller values of the upper limits. The
combination of several independent measurements makes the cross section limits more
adequate to the real situation: absence of excesses caused by the new physics processes.
A detailed discussion about the effects of particular measurements and methods of their
combination into obtained limits can be found in [95].

The calculation of the combined 95 % C.L. expected upper limit on the cross section
is based on the same principle as for one measurement: the numbers of experimentally
observed data events are represented by Poisson random numbers, which are taken with
corresponding Poisson probability weights. But since we deal with several independent
measurements, the random numbers Ki are also independent and we should sum over
all their possible values separately for each measurement:

σ95
exp =

∞∑
K1=0

P (NBG
1 ; K1) ...

∞∑
Kn=0

P (NBG
n ; Kn) σ95(K1; ...; Kn) . (9.8)

This obviously is a quite time-consuming calculation. That’s why one has to use a Monte-
Carlo method (to generate not an infinite, but a large set of Ki values). Alternatively,
one can use the well known Gamma function Γ(x) in order to replace the Poisson p.d.f.
P (µ; n) (7.8) by a similar probability function PΓ(µ; x) suitable for non-integer values
of NBG

i :

PΓ(µ; x) = e−µ µx

Γ(x + 1)
. (9.9)

Using this approximation, we can represent the set of numbers of the observed data
events by the set of the corresponding expectations from the Standard Model: N i

D →
N i

BG (since we concluded that there is no experimental evidence for the searched scalar
quark signal). Then the expected cross section limits can be calculated faster in the
following way:

C.L. =

σCL
exp∫
0

n∏
i=1

PΓ(N i
BG + εiLif

theor
i σ0 ; N i

BG) dσ0

∞∫
0

n∏
i=1

PΓ(N i
BG + εiLif theor

i σ0 ; N i
BG) dσ0

. (9.10)

9.1.5 Including Systematic Uncertainties in the Limits

The upper limits on the squark production cross section are determined by the values
of the signal selection efficiencies and by the numbers of the events expected from the
Standard Model (in addition to the numbers of the observed data events and the inte-
grated luminosity). These are subject to systematic uncertainties due to several factors,
as discussed in section 8.3. Accounting for these uncertainties implies changes in the
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cross section limits. To obtain adequate limits, systematic uncertainties must be taken
into account.

Several approaches of including systematic uncertainties into the limits calculation
have been considered and compared:

1. a trivial decrease of the event numbers of the SM background and the signal
selection efficiencies within their standard deviations:

N i
BG → N i

BG − ∆N i
BG,

εi → εi − ∆εi;

2. a Monte Carlo variation of the event numbers and efficiencies within one sigma
deviation according to a uniform random number distribution:

N i
BG →

[
N i

BG − ∆N i
BG × R1(k)

]
,

εi →
[
εi − ∆εi × R2(k)

]
,

σ(N i
BG; εi) → 1

n

n∑
k=1

σ(N i
BG; εi; k),

where R1(k) and R2(k) are independent positive uniform random numbers varying
from 0 to 1;

3. and a Monte Carlo smearing of the SM background rates and signal efficiencies
around their mean values according to gaussian distribution:

N i
BG →

[
N i

BG + ∆N i
BG × G1(k)

]
,

εi →
[
εi + ∆εi × G2(k)

]
,

σ(N i
BG; εi) → 1

n

n∑
k=1

σ(N i
BG; εi; k),

where G1(k) and G2(k) are independent gaussian random numbers (with a mean
of zero and a standard deviation of one).

Here the index i corresponds to one particular L3 squark search analysis over
√

s =
161 − 208 GeV, which has been included into the limits combination, and the error
values ∆N i

BG and ∆εi are within each
√

s also dependent on the particular squark and
the LSP (or the sneutrino) masses. The index k = 1, n represents a Monte Carlo trial
loop number and n should be some big number (n = 100 − 300 has been used).

All these approaches give a difference in the cross section limits (with respect to
the limits calculation without systematics) of 0.05–0.1 pb for the considered stop and
sbottom decay channels.
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The first two cases are conservative approaches, leading to the most pessimistic nu-
merical results, while the third one, the Monte Carlo approach of Gaussian random
smearing around the mean values of the SM background rates and the signal efficiencies
within the corresponding systematic errors has been chosen as the most correct as al-
lowing for random variations in both positive and negative directions with treating the
mean values of N i

BG and εi as the most probable.
The 95 % C.L. upper limits on the squark production cross sections, which have

been obtained this way (with both combination of all available L3 search results and
with taking into account the systematic uncertainties), can be considered as the final
cross section limits, and the corresponding plots are presented in Figures 9.13-9.16.

Comparison of Figures 9.13-9.16 and 9.9-9.12 shows that taking the systematic un-
certainties into consideration slightly reduces the upper cross section limits (i.e. makes
them slightly bigger).

To conclude, we set the 95 % confidence level upper limits on the scalar top pro-
duction cross section at the level of 0.1 pb in the central area of the stop-LSP mass
plane and of 0.2 pb in almost the whole remaining area in the analysis for the t̃1 → cχ̃0

1

decay channel. The scalar bottom quark production cross sections above 0.05 pb in the
central area of the sbottom-LSP mass plane and above 0.1 pb in the remaining area
are excluded at 95 % C.L for the b̃1 → bχ̃0

1 decay. The corresponding 95 % C.L. upper
limits on the stop production cross section for the t̃1 → blν̃ and for the t̃1 → bτ ν̃ decay
channels are set at the level of 0.05-0.2 pb.

9.2 The CMSSM Interpretation

The upper limits on the squark production cross section can be considered as model
independent limits, because they were calculated from the statistics of the observed
data and expected SM events and the squark signal selection efficiency with general
assumptions on the signal topology (two jets plus missing energy plus leptons in the
stop three-body decays), but without fixing the CMSSM model parameters. (Strictly
speaking, we used the information about change of the cross section with the center-
of-mass energy when scaled all the cross sections to the one at

√
s = 206 GeV, but

the CMSSM parameters were not used explicitly). If we constrain the parameters of
the CMSSM and investigate their influence on the theoretically calculated scalar top
and scalar bottom production cross sections in e+e− collisions at the considered center-
of-mass energy, we can compare values of the theoretical cross section σtheor with the
experimentally obtained 95 % C.L. upper limit on this quantity, σ95. If σtheor turns out to
be bigger than σ95, then we can exclude the corresponding values of CMSSM parameters
with a 95 % confidence level.

Similar to the above, we can obtain the expected exclusion of the theoretical model
parameters comparing the theoretically calculated cross section with expected upper
limits on it, σ95

exp.
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Using the 95 % C.L. upper limits on the cross section, combined over several L3
squark searches (and several center-of-mass energies), as described in the previous sec-
tion, we obtain, correspondingly, the combined 95 % C.L. exclusion limits on the model
parameters.

9.2.1 Limits on the Squark and the LSP Masses

The simplest dependency of the squark production cross section on the model param-
eters, which can be considered for the parameter exclusion, is the dependency of σtheor

on the scalar quark and the LSP (or the sneutrino) masses.
The theoretical cross section of the scalar top and scalar bottom quark production

in e+e− collisions was calculated for the whole considered squark and LSP mass ranges
with scan steps of 1 GeV. The calculations were performed using the CALVIN program,
developed by the theoretical group of Prof. A. Bartl at Vienna University for the MSSM
scalar quarks pair production at LEP II ( [99]). The program takes into account standard
QCD corrections as well as initial state radiation. Since the cross section also depends
on the mixing angle between the left and right weak eigenstates of squarks (see Chapter
4 and [51], [100]), the cross sections were calculated for two values of θLR, corresponding
to the maximal cross section value (at cos θLR = 1) and to the decoupling from the Z
boson, where the cross section as a function of cos θLR has a flat form and its value is
approximately equal to the minimal one (at cos θLR = 0.57 for the stop and at cos θLR =
0.39 for the sbottom quarks). This allows us to determine the minimal and the maximal
exclusion of particular masses of the scalar quarks and the LSP.

The 95 % C.L. exclusion limits obtained on the scalar top, scalar bottom and LSP
(or the sneutrino) masses, combined over the same L3 squark searches (center-of-mass
energies), as in the calculation of upper limits on the production cross section, are
presented in Figures 9.17-9.20. For the considered decay channels, the scalar top and
the scalar bottom quark masses were excluded at a 95% confidence level for the cases of
maximum and minimum of the production cross section up to the following values (for
not too small values of ∆M):

t̃1 → cχ̃0
1 : Mσmin

t̃1
< 90 − 93 GeV, Mσmax

t̃1
< 95 − 96 GeV;

t̃1 → blν̃ : Mσmin

t̃1
< 87 − 89 GeV, Mσmax

t̃1
< 90 − 91 GeV;

t̃1 → bτ ν̃ : Mσmin

t̃1
< 83 − 88 GeV, Mσmax

t̃1
< 88 − 91 GeV;

b̃1 → bχ̃0
1 : Mσmin

b̃1
< 76 − 83 GeV, Mσmax

b̃1
< 94 − 97 GeV.

The contours of the expected mass exclusion are in general close to the experimental
exclusion curves. A possible statistical excess-like fluctuation in the number of observed
data events with respect to the Standard Model expectations (although, not significant
enough to speak about any evidence for the signal observation) causes a situation, when
we expect to exclude higher squark masses, than we really exclude by the experiment.
For example, the higher expected exclusion of the stop mass in decay channel t̃1 → cχ̃0

1 at
medium ∆M corresponds to a small deviation of the number of 4 observed data events
from the Standard Model expectation of 1.3±0.4 (stat.) ±0.1 (syst.). Similarly, a small
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excess of 3 data events with respect to 0.7± 0.3 (stat.) ± 0.2 (syst.) expected from the
Standard Model at high ∆M for the t̃1 → bτ ν̃ decay channel causes a higher expected
exclusion compared to the experimental one.

Since systematic uncertainties on the signal selection efficiencies and on the SM
background rates have been taken into account in the calculations of the upper limits
on the production cross sections, they are also accounted for in the obtained 95 % C.L.
mass inclusion limits.

The dependency of the scalar quark mass exclusion on the mixing angle θLR between
the left and right weak eigenstates of squarks in the framework of the CMSSM is illus-
trated for a fixed value of ∆M = 15 GeV in Figures 9.21-9.22. Actually, these curves
reflect the dependency of the squark production cross section on θLR: at cos θLR = 1 the
cross sections of t̃1 and b̃1 quark production are similar, while at lower values of cos θLR

the squark production proceeds mainly via γ exchange, which makes the sbottom quark
production cross section smaller than the cross section of stop. The curves for t̃1 → blν̃
and t̃1 → bτ ν̃ decay channels are quite close to each other and have a shape similar to
the line for the t̃1 → cχ̃0

1 decay, although shifted a bit lower.

9.2.2 Extrapolation to the Squarks of the First Two Families

The interpretation of the squark search results can be extended to the scalar quarks of
the first two generations, q̃ = ũ, d̃, c̃, s̃, which are assumed within the MSSM framework
as mass-degenerate. Since the dominant decay channel for these squarks in the e+e−

collisions at LEP energies is q̃ → qχ̃0
1, the signal event topologies will be the same as

for the t̃1 → cχ̃0
1 decay of the stop quark (but not as b̃1 → bχ̃0

1 because of the specific
features of b-quark decays): two jets from the quark pair plus missing energy from two
neutralinos. Therefore, for the mass degenerate squarks we can assume approximately
the same selection efficiencies, as for the t̃1 → cχ̃0

1 signal.
If we make more assumptions on the production cross sections of the squarks, i.e.

assume the (theoretical) cross section for up-type squarks being the same as for the
scalar top (σtheor

ũ = σtheor
c̃ = σtheor

t̃
) and cross section for down-type ones the same as for

the scalar bottom (σtheor
d̃

= σtheor
s̃ = σtheor

b̃
), then we can exclude mass regions of the

squarks of the first two generations in a similar way, as for stop and sbottom. Taking
into account, that the total production cross section for the mass degenerate squarks
q̃ = ũ, d̃, c̃, s̃ is a sum of cross sections of particular squarks (ũ, d̃, c̃ and s̃), we get the
total theoretical cross section in this case approximately four times bigger, than for stop
or sbottom alone. Thus, the 95 % C.L. mass exclusion contour here comes closer to the
kinematic limit, i.e. we exclude more. Also, we can consider either the case of purely
right squark eigenstates q̃R or the case of presence of both left q̃L and right q̃R squarks,
calculating the theoretical cross section with appropriate values of the mixing angle θLR

(as cos θLR = 1 for the left and cos θLR = 0 for the right eigenstates). Furthermore, if the
sbottom left-right mixing can be assumed as negligible, then we can consider the case,
when the five squarks, ũ, d̃, c̃, s̃ and also b̃, are mass degenerate (as it was discussed in
Chapter 4, the mixing for stop is much bigger because it is proportional to the SM top
quark mass).
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Figure 9.23 shows the 95 % C.L. mass exclusion contours for the cases of the mass
degeneracy between the four and five scalar quarks, both for the right-only and for the
left-and-right eigenstates hypotheses. For these cases the squark masses are excluded
(for the region ∆M > 10 GeV ) up to the following values:

q̃ = ũ d̃ c̃ s̃ : Mq̃R
< 95 − 96 GeV, M ˜qLR

< 99 − 100 GeV;

q̃ = ũ d̃ c̃ s̃ b̃ : Mq̃R
< 96 − 97 GeV, M ˜qLR

< 99 − 101 GeV.

9.2.3 Interpretation in the Squark-Gluino Mass Plane

As it was mentioned in Chapter 4, in the Minimal Supergravity (mSUGRA) scenario
of the Supersymmetry Breaking, masses of all the scalar particles (Higgs, sleptons and
squarks) are assumed to unify at the GUT scale to m0 and all masses of gauginos
(Bino, Wino and gluino) are also unified to m1/2 [60], [61]. Using the renormalization
group equations (the RGEs), the soft SUSY Breaking parameters, specified at the GUT
scale, can be related to the Electroweak scale (MEW ∼ MZ) and, fixing the values of
parameters m0, m1/2, A0, tan β and µ, we can define the particle mass spectrum at
MEW . In particular, for |µ| > M1,M2 and small tan β values (when χ̃0

1 is the LSP) we
have:

Mχ̃0
2
� 2Mχ̃0

1
� Mχ̃±

1
� 1/3 Mg̃ � 0.8 m1/2 , (9.11)

This allows us to relate the gluino and the LSP masses:

Mg̃ � 6 Mχ̃0
1

, (9.12)

and so, to reinterpret the obtained 95 % C.L. squark-LSP mass limits (for the mass
degenerate squarks) in the (Mg̃, Mq̃) plane.

From the other side, the limits on the neutralino or gaugino masses, obtained (for
a certain value tan β = 4) from the chargino, neutralino and slepton searches, can be
also related to the gluino and squark masses (although, as indirect limits). This can be
realized with help of the ISAJET/ISASUGRA program [101], fixing the parameters A0,
tan β and µ, using the limit value for M1 (M2 or m1/2) and varying m0 and Mg̃.

In the sense of these reinterpretations of the L3 squark (and also sleptons, chargino
and neutralino) search results the masses of gluino and degenerated squarks are excluded
at 95 % C.L. at the level of:

Mg̃ > 267 − 314 GeV,

Mq̃ > 98 − 100 GeV.

Moreover, these reinterpretations give us the complete picture of the strongly-
interacting SUSY sector at LEP II and allow to directly compare our results with those
of the other High Energy Physics experiments - D0 and CDF at the Tevatron pp̄-collider
at Fermilab [102,103] and the UA1/UA2 experiments at CERN [104], as shown in Fig-
ure 9.24.
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Chapter 10

Search for the Decay t̃1 → bWχ̃0
1

As discussed before, the decay mode of type q̃ → qχ̃0
1, which is the most preferable

for all scalar quarks, is not possible for the stop quark pairs produced at the LEP II
energies (

√
s ≤ 208 GeV) because of the high mass of the SM top quark (mt � 175

GeV). That’s why, the decay mode t̃1 → cχ̃0
1 was considered instead. But since it is the

flavour changing weak process, the three-body decays t̃1 → b�ν̃� and t̃1 → bWχ̃0
1 can

dominate over this channel when kinematically allowed.
The stop decay t̃1 → b�ν̃� is allowed in the whole considered range of the scalar top

and the sneutrino masses (from those excluded by LEP I up to the kinematic limit). On
the contrary, due to the high mass of the W boson, the t̃1 → bWχ̃0

1 decay is kinematically
allowed only in the relatively small region of the stop-LSP mass plane Mt̃1 > Mb+MW +
Mχ̃0

1
≥ 86 GeV.

Moreover, the stop decays t̃1 → cχ̃0
1 and t̃1 → b�ν̃� have very similar topology: two

jets plus missing energy (plus two leptons in the case of the leptonic decay). On the other
side, the topology of the t̃1 → bWχ̃0

1 mode is determined by the subsequent decay of the
W boson and additional jets may be present in the event, when one or both (from the
pair of the stop quarks produced in e+e− collision) W bosons decay to a quark-antiquark
pair.

For these reasons, the leptonic three-body stop decay t̃1 → b�ν̃� was considered as a
standalone possible stop decay and was analyzed in a similar manner and in parallel to
the other stop and sbottom decays (t̃1 → cχ̃0

1 and b̃1 → bχ̃0
1); this group of the squark

decays is for distinction referred to as the main considered squark decay channels. The
analysis of the t̃1 → bWχ̃0

1 decay has certain differences from this group and is considered
separately, as additional (and complementary to the t̃1 → cχ̃0

1 decay), although, we tried
to keep the general strategy of the analysis and the kinematic variables and cuts the
same (when possible) as for the main squark decays, but some cut variables, specific to
the t̃1 → bWχ̃0

1 decay, were modified in an appropriate way.

10.1 The Signal and the SM Background

The process considered here, t̃1 → bWχ̃0
1, may occur via the following three decay

schemes (for a detailed description see [105]):

132



133

• via t̃1 → W+b̃1 with further decay b̃1 → bχ̃0
1;

• via t̃1 → bχ̃+
1 with χ̃+

1 → W+χ̃0
1;

• or, for higher t̃1 masses or a virtual t, via t̃1 → tχ̃0
1 with t → bW+.

The Feynman graphs for these processes are shown in Figure 10.1. For the generation of
this signal events, the Monte Carlo program GSQUARK [66] has been modified taking
into account the kinematics of the three-body decay and the matrix elements for this
process [105]. For various combinations of the stop quark and the LSP masses, Mt̃1 =
88 − 103.5 GeV and Mχ̃0

1
= 2 − 16 GeV (within the allowed area of the mass corner of

Mt̃1 > Mb +MW +Mχ̃0
1
≥ 86 GeV), 15 MC samples of 1000 events each were generated.

Since the signal topology has the common features with the main considered squark
decays (two or more jets plus missing energy), the same Standard Model processes serve
as the background here and the same Monte Carlo samples of the SM background have
been used.

t1
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b1
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χ 0
1
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∼
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Figure 10.1: Feynman graphs for the considered three-body decay of the scalar top
quark t̃1 → bWχ̃0

1.
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10.2 Preselection of the Event Samples

The preselection of the squark signal and the SM background Monte Carlo event samples
was kept in general similar to the one used for the main stop and sbottom decays as
described in section 7.4.1, while there were certain changes specific to the considered
three-body stop decay t̃1 → bWχ̃0

1.
As already mentioned, for this decay, the event topology depends on the decay mode

of the W boson: either W → q̄q with about 67% branching fraction or W → �ν� with
branching of 33% (where � can be e, µ or τ with approximately equal probabilities).
Thus, the signal topology for this decay mode of the produced stop quark pair can be:

• either 2 b-jets + Emiss (from χ̃0
1) + 2 × 2 jets (from W → q̄q),

• or 2 b-jets + Emiss (from χ̃0
1 and ν) + 2 leptons (from W → �ν�),

• or 2 b-jets + Emiss + 2 jets + 1 lepton (when one W goes to a qq̄ pair and another
one to �ν�).

So, the specific features of the t̃1 → bWχ̃0
1 decay are: the possible presence of additional

jets from W → q̄q and a relatively bigger Evis � ∆M = Mt̃1 − Mχ̃0
1

(and smaller Emiss)

in the allowed mass parameter region, compared to the t̃1 → cχ̃0
1 decay, as illustrated in

Figure 10.2. As a result, the t̃1 → bWχ̃0
1 signal sample contains a significant fraction of

high multiplicity hadronic events (Fig. 10.2), and, correspondingly, at the preselection
level the upper cuts on the numbers of tracks and number of calorimeter clusters were
loosened compared to the main analyzed squark channels.

Since the number of jets differs from one event to another, all the t̃1 → bWχ̃0
1 signal

events have been analyzed in terms of kinematic variables after clustering of the event
into two jets by the DURHAM jet reconstruction algorithm. So, except for the upper cuts
on the event multiplicity, the other preselection cuts and the cut variables themselves
were kept the same as for the main analyzed squark channels.

The change of the preselection cuts in the analysis for the t̃1 → bWχ̃0
1 channel affects

both the numbers of the preselected data and the SM background events, which amount
for this channel to 4446 experimental data events and 4659.1 ± 23.4 (stat.) events of
the expected Standard Model processes, while the signal efficiency is kept at the level of
63 − 75%.

10.3 Optimization of Selection

Because of the above mentioned dependency of the t̃1 → bWχ̃0
1 decay topology on

the subsequent decay mode of the W boson, the optimizations for each type of the W
decay were performed separately. It means, that the signal events were classified for
the optimization according to the presence or absence of the lepton from the W decay
and according to the flavour of this lepton: events with hadronic W decays, with decays
to eν̄e, to µν̄µ and to τ ν̄τ . For this classification, the presence of a lepton with energy
above 10 GeV was used as a signature of the leptonic W decay, as illustrated in Figure
10.2, d). Taking into account the possibility of mis-identification or loss of a lepton in
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Figure 10.2: Distributions of a) Evis/
√

s; b) number of tracks and c) number of
calorimeter clusters after the preselection in the analysis for the t̃1 → bWχ̃0

1 decays in
comparison to the t̃1 → cχ̃0

1 channel. The t̃1 → bWχ̃0
1 decay sample has a significant

fraction of events with bigger Evis and higher track and cluster multiplicities (see text).
The distribution of energy of identified leptons (d) helps to separate the events with
W → �ν̃� from those with W → qq̄. Signal curves are weighted according to the cross
sections of the squark generator program (with cos θLR = 1) and the luminosity of the
data sample.

the detector, and also because of the relatively small fraction of simultaneous leptonic
decays of two W bosons from the stop quark pair, only (at least) one lepton was required
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for classifying an event as event with leptonic W decay.

Moreover, the t̃1 → bWχ̃0
1 signal events with non-leptonic decays of the W (i.e.

without identified lepton above 10 GeV) have the smallest missing energy and are more
similar to the fully-hadronic events than to the SUSY events with large Emiss as a
signature. So, their separation from the hadronic SM background events is more difficult.
Thus, it was found more rational to fully exclude such kind of events from the optimal
selection. This of course leads to a certain loss of the signal selection efficiency, but, on the
other side, it makes the signal/background separation and the optimization procedure
itself much more easy and it results in a more sensitive selection due to the bigger
suppression of the hadronic SM background.

To follow the same two-jet analysis scheme as for the main stop and sbottom decay
channels, the same cut variables (as described in section 7.4.2) have been used for the
selection optimization for the t̃1 → bWχ̃0

1 decay. Since the masses of the scalar top
quark and the neutralino are varied in a relatively small corner of the mass plane (Mt̃1 >
Mb+MW +Mχ̃0

1
≥ 86 GeV), the mass difference ∆M varies not so much compared to the

other stop and sbottom channels and the analysis can be considered as corresponding
to one (high) ∆M region. Nevertheless, to achieve the most sensitive selection over the
considered mass corner, three independent selection optimizations have been performed
(for the ’edge’ points of the allowed mass triangle).

The signal selection efficiencies and the Standard Model background rates for the
optimal selections found for these three stop-neutralino mass plane points are presented
in Table 10.1 together with the corresponding stop quark and the neutralino mass values.

Mt̃1 (GeV) Mχ̃0
1

(GeV) ∆M (GeV) ε (%) NSM

103.5 16 87.5 10.6 26.9
103.5 2 101.5 11.2 68.3
88.0 2 86.0 12.8 135.6

Table 10.1: Signal selection efficiencies, ε, number of events expected from the SM
processes, NSM, in the selections optimized for the t̃1 → bWχ̃0

1 decay channel and corre-
sponding stop quark and the neutralino masses. Typical statistical errors on the signal
selection efficiency are about 1–2 % and those on the SM background rate are about
2–5 %.

10.4 The Search Results and the Interpretation

The results of the optimal selections (numbers of the observed data events and numbers
of events, expected from the SM background) for the considered t̃1 → bWχ̃0

1 stop decay
are presented in Table 10.2 for the three used values of the stop and the neutralino
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masses and for the “OR”-combination of these three selection (see section 8.2.1 about
the “OR”-combination of selections).

Mt̃1 (GeV) Mχ̃0
1

(GeV) ∆M (GeV) ND NSM

103.5 16 87.5 30 26.9 ± 1.2
103.5 2 101.5 68 68.3 ± 1.9
88.0 2 86.0 144 135.6 ± 2.6

Combined 184 181.6 ± 3.0

Table 10.2: Number of observed data events, ND, the SM background expectations,
NSM, and corresponding stop quark and the neutralino masses for selections, optimized
for the t̃1 → bWχ̃0

1 decay channel. The quoted errors are due to MC statistics only.

In the combined optimal selection, 184 data candidate events are observed, which
agrees with the SM expectation of 181.6 ± 3.0 (stat.) ± 23.4 (syst.) events. Comparing
to the other investigated squark decay channels, the contribution from the hadronic SM
processes (WW , Weν, ZZ) is as significant as the contribution from the eeqq̄ process. A
similar (as in searches for the main considered stop and sbottom quark decays) conclusion
about the non-observation of any signal evidence has been obtained also for the t̃1 →
bWχ̃0

1 channel.

The sources of the systematical errors in estimation of the signal selection efficiency
and the Standard Model background rate are obviously the same, as considered for the
other scalar top and scalar bottom quark decays, as described in detail in section 8.3.
The relative systematic errors on the signal selection efficiency and on the number of
the SM Monte Carlo events calculated for the t̃1 → bWχ̃0

1 decay are presented in Table
10.3.

The interpolation of the signal selection efficiencies over the stop-neutralino mass
plane and the choice of the best (the most sensitive) selection for each particular mass
point have been done exactly in the same way, as for the other considered stop and
sbottom decays (as described in details in Chapter 9). Then, the 95 % C.L. upper limits
on the stop quark production cross section have been derived also in the same way, as
described in detail above. The systematical errors have been taken into account with
the MC approach of the gaussian smearing of the ε and NBG around their mean values,
but, since there were no searches for the t̃1 → bWχ̃0

1 stop decay performed in the L3
Collaboration before (for the previous years of the LEP operation and for the smaller√

s energies), there was no combination with any other searches for this stop decay.

The obtained 95 % C.L. upper limits on the stop production cross section for the case
of the considered t̃1 → bWχ̃0

1 decay are presented in Figure 10.3. The production cross
sections above 0.7–0.9 pb are excluded at 95 % C.L. almost everywhere in the allowed
mass corner. These limits are quite big compared to the main investigated stop and
sbottom channels due to several factors: first, the above mentioned higher multiplicity
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Syst. Error Source t̃1 → bWχ̃0
1

Monte Carlo ∆ε 1.4–1.7

statistics ∆NSM 2–5

SM cross ∆ε –

section ∆NSM 2

Luminosity ∆ε –

uncertainty ∆NSM 0.3

Energy ∆ε 2–6

calibration ∆NSM 10–18

Squark signal ∆ε 4–12

simulation ∆NSM –

Overall ∆ε 5–14

∆NSM 10–19

Table 10.3: Relative systematic errors (in %) on the signal selection efficiency and
the Standard Model background rate for various considered uncertainties sources for the
t̃1 → bWχ̃0

1 stop quark decay.

and higher visible energy, specific for this channel, make the separation of the hadronic
background events more difficult; second, the restriction to only events with at least
one identified lepton above 10 GeV (i.e. requirement of at least one leptonic decay of
produced W) results in efficiency losses and thus, also does not allow to reach smaller
limit values; moreover, the absence of results of the other searches for this stop decay
does not allow us to combine more measurements and more data luminosity in the limits
calculation.

Since the 95 % C.L. upper limits on the production cross section in the scenario of
the t̃1 → bWχ̃0

1 decay do not reach the level of the theoretical cross section values, no
95 % C.L. exclusion limits on the stop and neutralino masses under the assumption of
this three-body decay could be set.
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section times branching ratio of the considered stop decay. Since this stop decay channel
has not been searched for by the L3 experiment in the past years, the limits correspond
to only the year 2000 L3 data. The statistical and systematical errors on the signal
selection efficiency and on the numbers of expected SM events have been taken into
account.
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Comparison to Other Experiments
and Future Prospects

As mentioned in Chapter 6, there were four particle detectors installed at the LEP
Accelerator Ring and correspondingly, four experiments operating in parallel: ALEPH,
DELPHI, L3 and OPAL [70]. All of these detectors are of the general purpose type and
have been used for studies of similar e+e− reactions at the same center-of-mass energy:
the Standard Model measurements (especially, Z and W physics) as well as searches
for new physics (search for the Higgs boson, SUSY particles and other model beyond
the Standard Model). Thus, the results obtained independently by each of the LEP
Experiments can be directly compared to (and cross checked with) the corresponding
results of the other LEP Collaborations.

In particular, searches for the MSSM scalar top and scalar bottom quarks have
been performed by each of the LEP Collaborations and the L3 results presented and
described in this thesis can be directly compared to those obtained by the ALEPH,
DELPHI and OPAL Collaborations. All of the LEP Experiments confirm each other
with the conclusion of absence of any evidence for the MSSM scalar quark signal. As
the most general results of the squark searches, the 95 % C.L. exclusion limits on the
squark and the LSP masses obtained by the ALEPH, DELPHI and OPAL Experiments
for the two body decays t̃1 → cχ̃0

1 and b̃1 → bχ̃0
1 are presented in Figures 11.1-11.3 [106].

The corresponding limit plots, representing the L3 Collaboration results, are shown in
Chapter 9 (Figures 9.17 and 9.18).

For a better numerical comparison between these plots, the squark masses excluded
at 95 % C.L. for the t̃1 → cχ̃0

1 and b̃1 → bχ̃0
1 decays with ∆M between 15 and 65 GeV are

summarized in Table 11.1 for all four LEP experiments, together with results of the L3
squark analysis presented here. Both from visual and numerical comparisons we see, that
the limits on the scalar top and the scalar bottom masses are in good accordance with
results of similar analyses performed by the other LEP Experiments. This agreement
was expected because of the same physics processes being under investigation (the same
theoretical framework for the MC simulation of the squark signal and the Standard
Model processes), because of the similarity of the ALEPH, DELPHI, L3 and OPAL
detectors (all of them have central tracking systems, surrounded by electromagnetic and
hadron calorimeters and by outer muon spectrometers) and because of similar cut-based
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Figure 11.1: 95 % C.L. exclusion limits on the scalar top and the scalar bottom quark
masses obtained for t̃1 → cχ̃0

1 (left) and b̃1 → bχ̃0
1 (right) decay channels by the ALEPH

experiment [106].

analyses. The small differences are obviously defined by differences in systematics from
the performance of the detectors, MC simulations and numerical calculations, which all
are independent in each LEP Experiment. The cross section limits obtained by ALEPH,
DELPHI and OPAL for the t̃1 → blν̃ and t̃1 → bτ ν̃ squark decay channels can be found
in [106]; results for these channels are also close to each other.

Figure 11.2: 95 % C.L. exclusion limits on the scalar top and the scalar bottom quark
masses obtained for t̃1 → cχ̃0

1 (left) and b̃1 → bχ̃0
1 (right) decay channels by the OPAL

experiment [106].
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Figure 11.3: 95 % C.L. exclusion limits on the scalar top and the scalar bottom quark
masses obtained for t̃1 → cχ̃0

1 (left) and b̃1 → bχ̃0
1 (right) decay channels by the DELPHI

experiment [106].

The results of the analysis presented in this thesis can be also compared to those
obtained by the CDF and D0 Experiments [102,103] during the Run I operation period
of the Tevatron Collider, when data of pp̄ interactions at center-of-mass energy 1.8
TeV were collected with a total integrated luminosity of about 0.1 fb−1. But since
the pp̄ physics differs significantly from the e+e− processes, the comparison between
the L3 (LEP) and the CDF/D0 (Tevatron) squark results can be done either after the
MSSM interpretation of the LEP results into the squark-gluino mass plane, as it was
described in Chapter 9, Figure 9.24, or after representation of the Tevatron squark and
the LSP mass limits on the squark-neutralino mass plane, as shown in Figures 11.1-
11.2. The comparison between the LEP and the Tevatron results reflects the difference
in the center-of-mass energy between them (

√
s is much bigger at Tevatron) On the
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LEP t̃1 → cχ̃0
1 b̃1 → bχ̃0

1

Experiment M95%
excl for σmin M95%

excl for σmax M95%
excl for σmin M95%

excl for σmax

ALEPH 85 92 85 95
DELPHI 92 96 90 99
OPAL 91 95 85 96

L3 (this analysis) 90 95 78 94

Table 11.1: Comparison of the 95 % C.L. exclusion limits on the scalar top and the
scalar bottom masses for the two body decays t̃1 → cχ̃0

1 and b̃1 → bχ̃0
1 between the four

LEP Experiments. The presented numbers correspond to the ∆M range between 15 and
65 GeV.

other side, there is a difference in the experimental sensitivities, especially at the small
Msquark−MLSP regions corresponding to the high missing energy (where Tevatron is less
sensitive due to the high hadronic backgrounds). That’s why, the Tevatron Experiments
exclude more squark masses than LEP at high values of Msquark −MLSP , but less in the
region of high Emiss (small ∆M).

The difference between the pp̄ and the e+e− physics implies the significant difference
in SUSY phenomenology and consequently, in strategy of SUSY searches [107, 108].
Firstly, at LEP (or, at lepton colliders in general), sfermions are expected to appear
as sfermion-antisfermion pairs (with assumed R-parity conservation scenario), mainly
via the Z/γ exchange. Secondly, the direct decays to the LSP (the neutralino χ̃0

1), e.g.
q̃ → qχ̃0

1, �̃ → �χ̃0
1 should dominate. Therefore, the sfermion topology at lepton colliders

is relatively simple: two acoplanar objects (leptons or jets) plus missing energy. On
the other hand, at Tevatron (or, at hadron colliders), the production of q̃q̃, g̃g̃ and q̃g̃,
which is mediated by strong interactions, well dominates over the electroweak production
channels. Moreover, due to the higher Tevatron energy, additional gluon and gluinos
appear in the squark/gluino decays, which proceed through multi-step cascades, like for
example, q̃ → qg̃ and g̃ → qq̃ → qqχ̃0

2 → qqZχ̃0
1. Such decays give rise to high multiplicity

final states with many high-pT jets and leptons and large missing transverse energy
Emiss

T , and the QCD background is more difficult to suppress. Also, additional channels
appear as kinematically open in SUSY searches at Tevatron, for example, t̃1 → bχ̃+

1 and
t̃1 → bWχ̃0

1.
The Run II Tevatron operation period has started in March 2001. Due to the new

Main Injector the beam intensity has been increased and CDF and D0 detectors expect
to accumulate about 15 fb−1 integrated luminosity at

√
s = 2 TeV by year 2007. So, the

scalar top and the scalar bottom quarks can be probed in Run II up to masses of about
200-260 GeV depending on the particular decay channel [108].

The Large Hadron Collider (LHC, [109,110]) is being currently constructed at CERN
in the LEP tunnel and is planned to start in 2007. It will produce proton-proton col-
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lisions at a center-of-mass energy of 14 TeV. Four interaction points are foreseen and
correspondingly, four experimental detectors are being constructed now, namely ATLAS,
CMS, ALICE and LHCb. First two, ATLAS and CMS [109, 110], are general purpose
particle detectors. During the initial phase of operation, the integrated luminosity accu-
mulated per experiment and per year is expected to be about Lint = 10fb−1. Over the
following years, the increase of luminosity up to L = 1034 cm−2s−1 will allow to collect
Lint ∼ 100fb−1 per experiment and per year. In pp collisions at such high center-of-mass
energy, all squarks and gluinos are expected to be copiously produced and squark decay
patterns in the relevant mass ranges can be quite complicated. All of the possible decays
t̃1 → tχ̃0

1,2, t̃1 → bχ̃+
1,2,3,4, t̃1 → tg̃, b̃1 → bχ̃0

1,2, b̃1 → tχ̃−
1,2,3,4 and b̃1 → bg̃ may occur

with the corresponding branchings defined by SUSY parameter values. Depending on
the particular decay, a number of jets and leptons accompanied by transverse missing
energy Emiss

T are expected in the final state and the QCD background rates will be high
and difficult to separate. According to theoretical and Monte Carlo predictions within
the various MSSM scenarios [111], the production of t̃1

¯̃t1 can be observed with 3σ sta-
tistical significance for a stop mass range from 250 GeV up to 700 GeV. However, a high
integrated luminosity of about 100 fb−1 is required for this. Moreover, production of
numerous squarks of the first two families and gluinos, which also result to jets, leptons
and missing ET in the final state, could make it very difficult to separate clean t̃1

¯̃t1 or

b̃1
¯̃b1 patterns from the overall SUSY particle production. Thus, since t̃1 and b̃1 decays

involve heavy flavors more frequently than decays of the other squarks, efficient b-tagging
will be very important for squark identification at LHC.

Another famous future collider proposed for further investigation of the Higgs mech-
anism and physics beyond the Standard Model is TESLA Linear e+e− Collider at DESY
equipped with a general purpose detector [112]. This experiment is also being currently
under an active preparation and start of its operation is planned to the end of the
decade. This superconducting collider is being designed to produce e+e− collisions at
center-of-mass energy of 500 GeV in the first 1-2 years, when the accumulated inte-
grated luminosity is expected to be about 50 fb−1; then the

√
s is planned to increase to

800 GeV for the second operation period. In its physics potential, TESLA is considered
as a facility for deeper and more precise investigations of properties of Higgs and SUSY
particles with respect to the Tevatron Run II and the LHC Experiments, which can
discover Higgs and SUSY before TESLA.

The phenomenology of the SUSY scalar quarks at TESLA should be similar to that
at LEP e+e− Collider. However, higher energies and an option of polarized electron
beam introduces new possibilities [113]. According to Monte Carlo studies, the stop pair
production at TESLA at

√
s = 500 GeV and with Lint ∼ 10fb−1 can be discovered

with 3σ statistical significance up to the stop mass value of about 200 GeV in both
t̃1 → χ̃0

1 and t̃1 → bχ̃+
1 channels and independently of the mixing angle. An increase of

center-of-mass energy up to 800 GeV and integrated luminosity up to Lint = 200 fb−1

would push the discovery potential up to 350 GeV in the stop mass value. Moreover,
even if squarks are already discovered at Tevatron Run II or at LHC, the TESLA Linear
Collider will still remain the best facility for the precision measurements of the stop and
the sbottom masses and the squark mixing angle through the measurement of the stop
pair production cross section, which is sensitive to the electron beam polarization [113].
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Summary and Conclusions

Searches for SUSY quarks in e+e− interactions at LEP II have been performed with the
L3 detector. In the year 2000 experimental data, signals for one of the most attractive
theoretical scenarios, the Minimal Supersymmetric Standard Model [28, 29, 30], have
been looked for. The pair produced scalar top t̃1 and the scalar bottom b̃1 quarks have
been searched for as the possible lightest SUSY particles available at LEP II energies,

√
s

up to 208 GeV, under the assumption of R-parity conservation and taking into account
experimental exclusion limits on the masses of other SUSY particles.

The following scalar top and scalar bottom decays have been considered: t̃1 → cχ̃0
1,

t̃1 → b�ν̃ (with two possibilities: � being either e, µ or τ with equal probabilities or
only the τ -lepton) and b̃1 → bχ̃0

1 (with the assumption of the LSP to be the lightest
neutralino χ̃0

1 and the sneutrino decaying as ν̃ → νχ̃0
1). For the allowed mass parameter

space Mt̃1 > Mb + MW + Mχ̃0
1
≥ 86 GeV, the three body stop decay t̃1 → bWχ̃0

1 have

been considered as complementary to the decay t̃1 → cχ̃0
1.

Due to the very small predicted values of the stop and the sbottom production cross
sections with respect to the Standard Model processes, the smallest 95 % C.L. expected
upper limit on the squarks production cross section have been used as a criterion for the
event selection optimisation. The numbers of the selected experimental data events are
found to be in a good statistical agreement with expectations from the Standard Model
processes and no evidence for a new physics signal is found.

The model-independent 95 % C.L. upper limits on the scalar top and the scalar
bottom quark production cross sections have been derived and set typically at the level
of:

0.1-0.2 pb for t̃1 → cχ̃0
1 decay,

0.05-0.2 pb for t̃1 → b�ν̃ and t̃1 → bτ ν̃ decays,

0.05-0.1 pb for b̃1 → bχ̃0
1 decay and

0.7-1.0 pb for t̃1 → bWχ̃0
1 decay.

In calculation of these limits, the results of the year 2000 L3 data analysis have been
combined with results of the corresponding L3 squark searches performed at center-of-
mass energies from 161 up to 202 GeV.

The cross section limits have been interpreted within the CMSSM theoretical frame-
work as the 95 % C.L. exclusion limits on the squark and the LSP (or the sneutrino)
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masses. The squark masses for each particular decay channel are excluded for the cases
of maximum and minimum of the production cross section (which correspond to the
maximal mixing at cos θ = 1 and cos θ of the Z-decoupling) at the 95% confidence level
up to the following values (depending on particular values of the LSP or the sneutrino
masses):

t̃1 → cχ̃0
1 : Mσmin

t̃1
< 90 − 93 GeV, Mσmax

t̃1
< 95 − 96 GeV;

t̃1 → blν̃ : Mσmin

t̃1
< 87 − 89 GeV, Mσmax

t̃1
< 90 − 91 GeV;

t̃1 → bτ ν̃ : Mσmin

t̃1
< 83 − 88 GeV, Mσmax

t̃1
< 88 − 91 GeV;

b̃1 → bχ̃0
1 : Mσmin

b̃1
< 76 − 83 GeV, Mσmax

b̃1
< 94 − 97 GeV.

The limits on the stop quark production cross section for the t̃1 → bWχ̃0
1 decay channel

do not allow us to set any mass exclusion limits in the considered area of the stop and
the LSP masses.

The results of scalar top two body decay searches have been used for the calculation
of the exclusion limits of the mass degenerate squarks. The 95% C.L. exclusion limits
on the mass degenerate scalar quarks for the cases of four and five squarks and for the
cases of right-only or left and right eigenstates are the following:

q̃ = ũ d̃ c̃ s̃ : Mq̃R
< 95 − 96 GeV, M ˜qLR

< 99 − 100 GeV;

q̃ = ũ d̃ c̃ s̃ b̃ : Mq̃R
< 96 − 97 GeV, M ˜qLR

< 99 − 101 GeV.

Using the MSSM assumption about gaugino unification at the GUT scale, the results
on the four mass degenerate squarks are reinterpreted on the mg̃, mq̃ plane. Moreover,
the absolute limit on the M2 MSSM parameter, obtained for tanβ = 4 from other L3
SUSY searches (for chargino, neutralino and scalar leptons), is translated into a limit on
the gluino mass. The 95% C.L. exclusions on the mg̃, mq̃ mass plane are the following:

Mg̃ > 267 − 314 GeV,

Mq̃ > 99 − 100 GeV.
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