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Abstract

The discovery potential of scalar top quarks of mass 180 GeV at the TESLA photon
collider is investigated. The neutralino is assigned a mass of 100 GeV, thus giving the
decay chain t; — ¢y? a 100% branching ratio. Rapidities and transverse momenta
for stop squark events are generated with a leading order cross-section program.
These are converted to momentum-energy vectors and fed into the Monte Carlo
event generator PYTHIA. Top-antitop background events are also generated by
the same process. The photon-energy spectrum for other background processes is
generated using the CompAZ parameterisation. The decay records from PYTHIA
are conveyed to the TESLA detector simulation program Simdet. The ZVTOP
algorithm, together with a neural network trained on high-energy events, was used
to tag charm jets and supply further vertexing information. A series of cuts was
performed on the data to primarily remove the main background of WTW™ events.
Distributions for the invariant mass and energy are shown after cuts, and the signal

has a significance of about 10 0. An error on the mass of £2 GeV is found.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has been resoundingly successful in
explaining the observations made in modern day particle physics experiments. How-
ever, the validity of this model has been brought into question by recent experimental

results and it is plagued by some theoretical problems.

The most popular solution is that given by the theory of Supersymmetry (SUSY),
which is simply an extension of the Standard Model. The theory requires the ex-
istence of new, and as yet un-detected, particles. Searches for these particles have
been conducted at particle accelerators, and lower mass limits have been deter-
mined. The results indicate that superparticles tend to be more massive compared

with their Standard Model partners.

One of these sparticles is the stop squark t;, which is the supersymmetric partner
of the top quark. The lighter mass eigenstate of the stop squark is likely to be the

lightest scalar quark, and as a result is a particularly interesting particle.

The next generation linear collider will provide a clean environment in which
the properties of stop squarks can be accurately measured. The TeV-Energy Super-
conducting Linear Accelerator (TESLA) is one of the possible designs. Work has
already been undertaken to assess the discovery potential of scalar top quarks from
electron-positron collisions at this machine. However, little work has been done into
the prospects of stop pair-production in photon-photon interactions. Comparisons

between the results in this dissertation and those for electron-positron interactions

12



CHAPTER 1. INTRODUCTION 13

will indicate the best way to see the scalar top.

Scalar top pair-production in the context of the Minimal Supersymmetric Stan-
dard Model (MSSM) is investigated in this dissertation. Stop squarks of mass
180 GeV are generated by simulating the collisions of Compton-backscattered pho-
ton beams which will be produced at a future photon collider. SUSY parameters
are adjusted to ensure that the decay channel t; — c¥?, where ¢ is a charm quark
and X! is the lightest neutralino, is dominant. Therefore, two c-jets will form part

of the signature in the detector for this process.

In the MSSM, the neutralino is the Lightest Supersymmetric Particle (LSP),
and has been assigned a mass of 100 GeV for the purposes of this investigation. In
the constrained version of the model the LSP is assumed to be stable and weakly
interacting. Therefore, a large missing energy is also expected to form part of the

signature.

Standard Model background processes, such as quark-antiquark pair-production,
are also simulated. The Monte Carlo generator PYTHIA is used to decay signal
and background events, and the results are passed through the fast TESLA detector
program Simdet. The output from Simdet is passed through a neural network and

probabilities for the presence of c-quarks in events are assigned.

A series of cuts are applied to the data in an effort to maximise the signal-to-
background ratio. The discovery potential of the scalar top and the errors on its

mass are also assessed.



Chapter 2

The TeV-Energy Superconducting

Linear Accelerator

2.1 The TESLA Accelerator

Over the past decade there has been a growing consensus among the particle physics
community that there is the need for a new linear accelerator for electron-positron
collisions. This new accelerator will surpass the collision energies which were avail-
able at the Large Electron-Positron (LEP) collider at the European Laboratory for
Particle Physics (CERN), Geneva, Switzerland. It will also complement the work
being done at the Large Hadron Collider (LHC) at CERN, which is due to start

running in 2007.

The TeV-Energy Superconducting Linear Accelerator (TESLA) [1] is one of four
possible designs for the next generation linear collider. If chosen, one possible site
is at the Deutsches Elektronen-Synchrotron (DESY) research facility in Hamburg,
Germany. The TESLA proposal consists of a 33 km linear accelerator stretching
from Hamburg to Westhorn, Northern Germany. The tunnels that will contain the
body of the accelerator will be at a depth of 10-30 metres, and collisions will take

place at a new research facility at Ellerhoop.

The proposed layout of the TESLA accelerator is shown in figure 2.1. A polarised

14
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Figure 2.1: Proposed Layout of the TESLA Accelerator. Taken from the TESLA Tech-

nical Design Report [1].

laser-driven gun at the research site in Hamburg will be used to generate electrons,
which will be passed through a short section of a conventional normal conducting
linear accelerator. Here, they will be accelerated to 500 MeV energies, and the
beam will then pass through a small section of a superconducting linear accelerator.

The superconducting structures used in this section are identical to those in the
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main accelerator, and will accelerate the electron beam to 5 GeV. Following this,
the electron beam will be transferred to a damping ring to reduce the beam size,
a necessity for the high luminosity requirements. Luminosity is a measure of the
intensity of a particle beam before interaction with another particle beam or a fixed
target. The greater this value the higher the number of collisions when the beam
reaches its target. The beam will be compressed and stored in bunches until they

are of suitable quality to be decompressed and injected into the main accelerator.

Although there were plans to use those electrons which had survived the collision
at the interaction point to generate positrons, they were rejected in favour of a new
approach. A different set of electrons will be generated just south of the interaction
point and are to be passed through an undulator magnet situated after the main
linear accelerator. This will create an intense photon beam, which will be directed
towards a titanium-alloy target of thickness 0.4 radiation lengths X,f. This will
result in the production of electron-positron pairs, from which the positrons will be
extracted and accelerated to 250 MeV in a normal conducting linear accelerator.
The positron beam will then be transferred to a superconducting accelerator just
north of the interaction point. Here the beam will be accelerated to 5 GeV and then
injected into the positron damping ring, where it will be treated in a similar way to

the electron beam described previously.

The superconducting cavities in the main accelerator will accelerate the electron
and positron beams to 250 GeV, resulting in collisions of 500 GeV centre-of-mass
energy. In addition, there is potential for an upgrade to 800 GeV centre-of-mass
energy. However, to reach higher collision energies, the main accelerator will need

to be extended.

Other possible designs for an electron-positron linear collider include the Next
Linear Collider (NLC) [2] at the Stanford Linear Accelerator Centre (SLAC) and
the Global Linear Collider (GLC) [3] in Japan. These accelerators comprise of nor-
mal conducting materials, unlike the superconducting niobium cavities at TESLA.

Less electrical power will be required by the superconducting cavities at TESLA

tAn electron passing through a material of thickness 1 X will loose energy by a factor of %
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to accelerate the beams. The low frequency required by the radio frequency (RF)
cavities in the main linear accelerator will keep the beam size small. Together, these
two factors will allow for high luminosity collisions, which are an essential ingredi-
ent at the next linear collider. The Compact Linear Collider (CLIC) [4] at CERN,
unlike the designs above, uses technology that needs further research. Recently, a
decision has been taken to use superconducting technology at the next generation

linear collider [5].

2.2 Photon-Photon Interactions

Photon-photon interactions have been investigated at electron-positron colliders in
the past. However, unlike previous electron-positron accelerators, the next gener-
ation linear collider will be specifically designed to look at these collisions. The
TESLA design has a second interaction point, which will enable photon-photon and

electron-positron interactions to occur simultaneously.

2.2.1 Photon Production

Bremsstrahlung and beamstrahlung radiation losses from electron and positron par-
ticles and beams have been the source of photon-photon interactions at past particle
accelerators. In addition, the photon collider at TESLA [6] will use the principle of
Compton-backscattering, which essentially converts an electron beam into a photon

beam.

When a charged particle, such as an electron, undergoes acceleration, it can emit
radiation in the form of photonic emission. This is known as bremsstrahlung radia-
tion and is inversely proportional to the square of the charged particle’s mass. Due to

the light mass of the electrons, radiation losses by bremsstrahlung are considerable.

The interaction of a beam of charged particles with the electromagnetic field
of the opposing beam results in radiation losses. This process is known as beam-

strahlung and is well understood in electron-positron interactions [7].
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Figure 2.2: Electron to Photon Beam Conversion using the principle of Compton

Backscattering at TESLA. Taken from [8].

By making use of Compton backscattering, an electron beam can be converted
into a beam of photons, as illustrated in figure 2.2. An electron beam is created and
directed into the main accelerator in the same way as described in section 2.1. At
a distance b of 1-5 mm from the interaction point I P, the electrons e collide with
a focused laser beam at point C'. The resultant scattered photons 7(e) can have a
range of energies, and most will be close to that of the initial electrons. The photons
will follow the direction of the initial electron beam towards the interaction point

where they will collide with a beam of photons travelling in the opposite direction.

The distance b, between the points C' and I P, will need to be large enough
to allow electron to photon conversion before the two colliding electron beams can
repel each other. The minimum distance to prevent this is approximately 1 mm.
In addition, the size of the photon beam must have equal contributions from the
electron beam size and the angular spread from Compton scattering, restricting the

maximum value of b to approximately 5 mm.

The maximum energy of a scattered photon w,, depends on the electron beam
energy Fj, the energy of the laser beam wq, the angle between the laser beam and
the resultant photon beam «, and the mass of the electron m,. It is useful to define

a dimensionless quality « such that [9]:
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Figure 2.3: Feynman Diagrams for Electron-Positron Pair-Production in: (a) Photon-

Photon Interactions and (b) Electron-Positron Interactions.
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where ¢ is the speed of light and A is the wavelength of the laser. The collision
angle « is assumed to be very small. As an example, if a neodinium glass laser

(A = 1.06 pm) is used to convert an electron beam of energy 250 GeV, x = 5. This

results in a maximum photon beam energy of w,, = 0.83E, = 209 GeV.

A higher value for z is required to increase the maximum energy of a beam of
photons. However, for x > 4.8, the produced photons create electron-positron pairs
when they collide with the photons in the laser beam [10], effectively reducing the
luminosity of photon-photon interactions. With this in mind, the maximum photon
beam energy achievable at this value of x is w,, = 0.82E; = 206 GeV. This results
in a maximum centre-of-mass energy for photon-photon interactions at TESLA of

2wy, = 412 GeV.

2.2.2 Comparison with Electron-Positron Interactions

Although photon-photon interactions result in lower centre-of-mass energies than

available in electron-positron collisions, they have some distinct advantages.

The cross-sections for charged particle pair-production are higher in photon-
photon collisions. The cross-section for a process is a measure of the probability of

that interaction occuring. This is mainly due to the lack of an exchange particle
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in the production of charged particles from two-photon interactions. Particles are
produced in electron-positron interactions by the exchange of a virtual photon ~*

or a Z° boson. This is illustrated in figure 2.3.

Unfortunately, Compton backscattering does not result in a pure photon beam.
The beam is a mixture of electrons and photons, which leads to electron-electron,
electron-photon and photon-photon collisions at the interaction point. This causes a
reduction in luminosity at the TESLA photon collider by a factor of three compared

with the electron-positron collider.

In addition, the electromagnetic interactions between these particles can cause
beamstrahlung photon generation and electron-positron pair-production. These are
major sources of backgrounds at a photon collider, but can be reduced by using
the crab-crossing scheme [11]. However, the same principle cannot be applied to
electron-positron interactions, which also suffer from these backgrounds. Therefore,

photon-photon collisions tend to be cleaner than electron-positron interactions.

There is also no need for a positron beam in two-photon collisions. This can be
achieved by generating electrons at the second electron source in figure 2.1 without
passing the beam through the magnet and titanium-alloy. As positrons are anti-
matter particles, their contact with any matter will result in annihilation. Therefore,
generating the required charge of 5 x 10** positrons per beam pulse is a long process,

and is not required in two-photon interactions.

The differences between photon-photon and electron-positron interactions are

summarised in table 2.1.

2.2.3 Charged Particle Production Cross-Sections

The cross-sections for charged particle production in photon-photon interactions
are dependent on several factors. The photon production process, outlined in sec-

tion 2.2.1, can affect production cross-sections in three ways.

Low-energy photons are created at larger scattering angles, resulting in a bigger

photon beam spot size. The density of photons within these beams are lower com-
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Photon-Photon Electron-Positron

+7

vy ete
Centre-of-Mass Energy Ecys [GeV] 412* 500
Luminosity L [103* cm™2s71] 1.1 3.4
Integrated Luminosity Z b1 110t 340
Cross-Section for eTe™ o [fb] 6700% 1070
Pair-Production
Events per Year Nevents [10%] 737 364

*Maximum centre-of-mass energy
fMaximum integrated luminosity
Cross-section at photon centre-of-mass energies where .2 = 110fb™!

Table 2.1: Summary of the Comparisons between Photon-Photon and Electron-Positron
Interactions. Luminosities taken from the TESLA Technical Design Report [1, 6]. In-
tegrated luminosity calculated for one year of running. Cross-Sections calculated by the

event generator PYTHIA 6.222 [13] and the CompAZ [14] routine.

pared with those of higher energy, leading to a suppression of low-energy photon

interactions.

With a high-density laser beam, most of the initial electrons will be converted into
photons. However, some electrons will still remain, which will have lost little energy
before they are rescattered. These particles will contribute to the photon-energy
spectrum. In comparison with simple Compton scattering off primary leptons, sec-

ondary electrons have a softer energy spectrum.

In addition, if the density of the laser beam is sufficiently high, an electron can

scatter off two laser photons. This enhances the high-energy peak of the spectrum.

2.2.4 Photon Polarisation

Varying the linear polarisation of the high energy photons is a useful process which
has a number of benefits. It can be used to increase the luminosity of photon-photon

interactions and suppress or enhance particle production cross-sections. Linear pho-
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ton polarisation can be implemented by polarising the initial electron beam and the

laser photons [12].

As a positron beam is not required to produce Compton-backscattered photons,
the polarisation of the electron beam will be discussed here. There will be three
electron sources for the initial beam. One of these will be a polarised source, which
will produce electrons by directing a circularly polarised laser towards a gallium

arsenide (GaAs) cathode of surface area 3 c¢m?

. The laser will be of wavelength
840 nm. The internal components of the gun will need to be kept within an ultra-
high vacuum below 10~!' mbar. This will maintain a quantum efficiency of 0.1%,
which will allow for the high degree of polarisation required (80%). Although a

higher degree of electron polarisation would be desirable, this is not possible with

the current technology available.

The electrons from this polarised source are injected into a normal conduct-
ing linear accelerator to focus the beam. The polarised electrons are then passed
through a short section of superconducting linear accelerator before being sent to

the damping rings as described in section 2.1.

Photon polarisation can be inverted by changing the sign of electron beam and
laser photon polarisations. The luminosity for photon-photon interactions given in
table 2.1 assumes that all photons are created from laser photons with 100% circular
polarisation and electron beams with 85% longitudinal polarisation. This value will
be used throughout this dissertation. Unpolarised photon beams are a mixture of

different polarisations.

2.3 The TESLA Detector

The detector at TESLA will be a multipurpose apparatus which needs to achieve
the goals set out in the Physics Program [16], meaning that the detector will need to
surpass the requirements for the LEP detector. For example, excellent fundamental
particle identification and good luminosity evaluation is required for a detector at

the next generation linear collider. There are many different possiblities for the
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Figure 2.4: Cross-Section of One Quadrant of the Detector at TESLA taken from the

TESLA Technical Design Report [15]. Distances are in mm.

design of the detector that will satisfy these criteria, and these will be summarised

here.

A barrel-shaped design has been agreed on, of approximate radius 7.5 m and
length 15 m, as illustrated in figure 2.4. A system of tracking chambers (VTX, SIT
and TPC) and the electromagnetic (ECAL) and hadronic (HCAL) calorimeters are
surrounded by a large volume coil (COIL) providing a uniform magnetic field of 4 T.
An iron yoke (YOKE) is located outside the coil to ensure that the magnetic field is
of the highest quality, and is surrounded by a 1 m deep muon chamber at a radius
of 6.45 m from the centre of the detector. The yoke also serves as a muon tracker.

A detailed description of the TESLA detector can be found in [15].

In addition, a tungsten mask system will be installed in an attempt to reduce

the bremsstrahlung and beamstrahlung backgrounds discussed in section 2.2.2. The
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Figure 2.5: Layout of Tracking System at TESLA. Taken from the TESLA Technical
Design Report [15].

detector at the Photon Collider, at the second interaction point, will be similar to
that for electron-positron interactions. However, there is a system of optics that

needs to be contained within the detector.

The coordinate system at TESLA is based on a right-handed Cartesian system,
with the origin located at the interaction point. The z-axis is in the direction of the
electron beam and the y-axis points upwards. In spherical coordinates, the polar
angle 6 is defined with respect to the z-axis and the azimuthal angle ¢ with respect

to the x-axis. The transverse distance from the z-axis is represented by r.

2.3.1 The Tracking System

The tracking system can be used to determine the sign of charge for charged particles.
This is done by encapsulating the tracking system within a magnetic field, causing
a charged particle to change its direction of motion dependent on its charge. As a
charged particle passes through the detectors, it will ionise the surrounding material
creating tracks. Information on the positions of these tracks will be recorded through
the collection of released electron pairs, and the curvature of the track can be used

to measure the momentum of the particle. Neutral particles do not interact with the
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material in the tracking system, so they will not produce tracks. However, they will
produce displaced vertices between tracks. Particles which decay within the system
can be identified using information from the tracks made by their decay products.
A minimal amount of material will be contained within the detectors to optimise
these measurements. The detectors will also need to be radiation hard to ensure

that they are not damaged by the constant flux of particles passing through them.

The tracking system at TESLA will include a multi-layered pixel micro-vertex
detector (VTX), a silicon tracking detector (SIT), and a time projection chamber
(TPC). There will be additional silicon discs (FTD) and a forward chamber (FCH)
perpendicular to the beam pipe. As mentioned previously, the tracking system will
be immersed in a uniform magnetic field of 4 T. The layout of the tracking system
is illustrated in figure 2.5. Together, these tracking detectors will reach a high

momentum resolution of 5 x 107° (GeV)™".

Micro-Vertex Detector

The vertex detector will be positioned at a radius between 1.5 cm and 6 cm from
the interaction point. It will be a high resolution 40 cm long cylindrical structure
divided into layers, and its primary function will be to reconstruct secondary vertices
in heavy quark (a fundamental particle) flavour decays. Backgrounds from electron-
positron pairs will not affect the vertex detector if they are of the order 0.03 hits
per mm?. There are currently four possible design options being considered for the
vertex detector: Charge-Coupled Devices (CCDs); Complementary Metal Oxide
Semiconductor (CMOS) pixels; Depleted Field Effect Transistor pixels (DEPFET);
and Hybrid Active Pixel Sensors (HAPS).

The layouts for the CCD, CMOS and DEPFET options are similar. They will all

need a charge collection region of 10 to 20 pm on square-shaped pixels of approximate

area 400 pm?

. This will enable precision measurements of 1.5 to 3 pm, satisfying
the high resolution requirement. They will also provide an angular coverage of

| cos @] < 0.9.
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Figure 2.6: Proposed Layout of CCD-Based Micro-Vertex Detector at TESLA. Taken
from the TESLA Technical Design Report [15].

Five layers of silicon of thickness 0.06% X, at spacings of approximately 11 mm
will be contained within the volume of the CCD detector. This arrangement will lead
to very high resolutions, enabling very precise tracking for low momenta particles.
The layer closest to the beam pipe will be the most susceptible to bremsstrahlung and
beamstrahlung background radiation and has a fast readout time of 50 us to make
up for this. The signal charge will be recorded on a row-by-row basis by shifting the
signals down the layers using driver chips contained within ladders. These ladders
also contain readout chips which receive the analogue signals and converts them to
digital output for data storage. Although this design will minimise the material
within the detector, it will require a constant, rapid and efficient transfer of signal
charge to implement. The proposed layout of the CCD-based vertex detector is

shown in figure 2.6.

Similar principles are used in the CMOS design scheme, which is a relatively new
proposal. However, signal charges are extracted where they are collected by diffusion

in an epitaxial layer. Although this would optimise the performance, further research
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is needed to realise the full potential of this method.

The DEPFET design is similar to the CMOS proposal as it will collect signals
where they occur. However, the negatively charged signals collected will be cleared
and stored by a neighbouring positively charged contact. This sideways depletion
action is similar to the use of an epitaxial layer in the CMOS design, and has the

same advantages and disadvantages.

Unlike the above designs, the HAPS option will have three detector layers. Active
pixel sensors have been used in previous particle physics experiments, and will be
used at the Large Hadron Collider (LHC). This means that they are radiation hard
and have fast readout capabilities. However, conventional hybrid pixel detectors will
not achieve the required minimal spatial resolution of 5 ym, meaning that a new
design needs to be implemented. In addition, thicker layers are required by hybrid

pixel detectors, increasing the material within the vertex tracker.

Silicon Intermediate Tracker

Lying in between the Vertex Detector (VTX) and the Time Projection Chamber
(TPC), the intermediate tracking system will be responsible for improvements in
particle momentum measurements and linking tracks found in the TPC and VTX.
The Silicon Intermediate Tracker (SIT) will be a part of this system and be composed
of two cylinders at a radius of 16 cm and 30 cm from the interaction point, illustrated
in figure 2.5. The cylinders will comprise of double sided silicon strip detectors and
will provide the required spatial resolutions of 10 ym and 50 pm in the planes
perpendicular and parallel to the beam line respectively. Such detectors have been
successfully implemented at the Large Electron-Positron (LEP) collider and will be
used at the Large Hadron Collider (LHC).

A relativistic particle emits X-rays when traversing the interface between two
mediums of different dielectric properties. This is called transition radiation and
can be detected by the outer layer of the SIT with minor modifications. Transition
radiation allows for particle identification, and is specifically used for good electron-

pion separation. A medium with different dielectric properties to silicon can be
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inserted in the space between the cylinders, and the spatial resolution of the SIT

will make it an ideal transition radiation detector.

Forward Tracking Detector

Another part of the intermediate tracking system will be the Forward Tracking
Detector (FTD), which will comprise of seven detectors at right angles to the beam
line. The first and last detector planes will be located at distances of 20 and 130 cm
respectively from the interaction point, as shown in figure 2.5. The spacings between
the planes will increase with distance from the interaction point. The first three
layers will comprise of silicon pixel detectors with a pixel size of 50 x 300 pm,
identical to those designed for the ATLAS (A Toroidal LHC Apparatus) experiment
at the LHC. Silicon strip technology of spatial resolution 25 ym will be used for the

last four planes.

Time Projection Chamber

The Time Projection Chamber (TPC) is part of the central tracking system and will
play a pivotal role in finding and measuring the energy loss of charged particles. To
do this, it will require good solid angle coverage and track resolution. As a result it
will need to be a large structure to maximise the number of points on tracks made by
passing particles. However, the size of the TPC will be constrained by the tungsten

mask system and the coil.

The TPC will be contained at a radius between 0.32 m and 1.7 m from the
interaction point, and will be of length 2.73 m. The chamber will be filled with gas,
which is likely to be a mixture of 93% argon, 2% carbon dioxide and 5% methane.

This mixture will give an acceptable average transverse spatial resolution of 150 pm.

Electrons generated by passing charged particles will proceed towards a system
of pads, where their signal will be amplified by high electric fields generated near
thin wires. However, close to the wires the electric and magnetic fields are no
longer parallel, resulting in a transverse movement of electron pairs. This leads to a

deterioration of detector resolution. The magnitude of this movement is determined
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by the magnetic field strength supplied by the coil. This technique has been used
in past particle physics experiments where the strength of the magnetic field has
been relatively small. For example, the OPAL (Omni-Purpose Apparatus at LEP)
experiment immersed the tracking system in a magnetic field of 0.435 T. However,
the strength of the magnetic field at TESLA will be larger and therefore a new

method is needed.

Currently, there are two possible alternatives to the conventional wire chamber
design: Gas Electron Multipliers (GEM); and Micromegas. These two possibilities
also provide a natural supression of distortions caused by the migration of positive

ions, which are released as electron pairs travel through the detector material.

Gas Electron Multipliers are currently in use at the Common Muon Proton
Apparatus for Structure and Spectroscopy (COMPASS) experiment at CERN and
the HERA-B experiment at the Hadron-Electron Ring Accelerator (HERA), DESY.
At TESLA, the GEM will be a thin polymer foil with a coat of silicon on both sides.
It will contain a high density of tiny holes at spacings of approximately 100 pm.
The potential difference between the two sides will generate a strong electric field
(18 kV/cm) within the holes. As the electron pairs are funnelled into these holes,
their signal will be amplified and transferred to the readout pads. This will result
in a restricted transverse movement of electrons and thus an improvement in spatial

resolution.

The micromegas option consists of a thin metallic mesh at a distance of 50-
100 pgm from the plane of the readout pad. A strong electric field of 30 kV/cm can
be generated in the gap, in which electrons can be amplified on their way to the
readout electrodes. Although untested, the micromegas design has some distinct
advantages over GEMs. It is robust, simple to construct and cheap in comparison.
It also has the same advantages as GEMs have when compared with the traditional

wire chamber design.

A wire chamber design has also been outlined in the unlikely event that the

above two proposals fail to meet expectations.
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Figure 2.7: Proposed Layout of Calorimeter System at TESLA. Distances are in cm.

Taken from TESLA Technical Design Report [15].

Forward Chambers

The central tracking system will also include a Forward Chamber (FCH), which will
consist of 12 gas-filled straw tubes of 5 mm diameter. The chamber itself will be
a 6 cm thick detector stretched over a similar radius from the beam pipe as the
TPC. The 12 straws will be arranged into pairs, covering six different planes. The
FCH will aid in track resolution, and each plane will provide a spatial resolution of

100-120 pm. This results in a total spatial resolution of 50 pm.

2.3.2 Electromagnetic Calorimeter

Calorimeters are instruments that detect and measure the energy and positions of
particles. The proposed layout of the calorimeter system is shown in figure 2.7. The

Electromagnetic Calorimeter (ECAL) will be contained within the magnetic field
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generated by the Coil.

The ECAL will be responsible for the detection and measurements of electrons,
positrons and photons. It will be located at a radius of 1.6 m and a distance of
2.8 m from the interaction region. There are two possible designs for the ECAL at
TESLA: traditional silicon tungsten (SiW) calorimetery; and a calorimeter utilising

Shashlik technology.

The traditional SiIW ECAL will be comprised of a cylindrical barrel structure
and two endcaps, containing finely segmented sheets of tungsten. As electrons and
positrons pass through the calorimeter, they will interact with the material and
pair-produce photons. These photons will in turn pair-produce electron-positron
pairs, until all the energy of the initial particles has been deposited in the ECAL.
Photons produce a similar effect. In the longitudinal direction, 30 layers of 0.4 X
thick tungsten absorbers will be placed within a space of 12 radiation lengths. The
same amount of space, in the transverse direction, will contain 10 layers of 1.2 X|
thick tungsten sheets divided into readout cells of approximate area 1 cm?. The
cross-section of the barrel will resemble a uniform octagon, each side of which is
called a stave. Each stave will be divided into five modules of tungsten sheets.
Layers of silicon are to be divided into 64 pads of area 1.15 x 1.07 cm? and attached
to both sides of these plates. Together with the connectors, these structures are

2 area. On top

known as detection slabs. A detection slab will cover a 90 x 160 cm
of the silicon wafers, a printed circuit board will extract signals. Around 140 signals
will be transferred, within a space of 1 cm, from the board to the electronics by
wires of thickness 50 pm. The end cap calorimeter will be constructed from 4
similar modules. To ensure maximum coverage, two staves will overlap and the end
cap calorimeter will stretch to the outer radius of the barrel region. Although the
silicon diodes dissipate relatively little power, cooling is required for the readout

electronics. This will be provided by cooling pipes in the space between the ECAL

and the hadronic calorimeter.

Calorimeters built using Shashlik technology have a number of advantages over

traditional designs, in that they are easier to assemble and operate, provide good
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coverage and are relatively cheap. This technology is bound to play an important role
at future positron-electron colliders. Shashlik technology makes use of the property
of certain chemical compounds which emit pulses of light as charged particles or
high energy photons pass through them. This phenomenon is called scintillation and
these chemical compounds are scintillators. A module contains eighteen 3 x 6 cells.
Each cell has 140 layers of 1 mm thick lead and 1 mm thick scintillator plates. This
structure has a total depth of 25 X, of which the scintillator plates in the first 5 X
will consist of a scintillator with a long decay time. The scintillating material has
yet to be decided, but the BC-444 scintillator has been used successfully in tests,
and has a decay time of 250 ns. A standard plastic scintillator with a shorter decay
time of 10 ns will be used for the remaining plates. Nine fibre optic cables will be
used to carry the light signals to the back of the calorimeter. A network of cables
will be set up to carry light signals outside the magnetic field so that they can be
read by photomultiplier tubes. The barrel part of the calorimeter will consist of
21 modules pointing towards the interaction point and a central ring of 56 modules
which will not be facing the interaction point. Two rows of 56 modules will be used
to assemble the barrel, resulting in a total of 2048 modules. An endcap detector

will be built using a similar arrangement.

2.3.3 Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) will be responsible for the detection and mea-
surements of hadrons. As hadrons pass through the HCAL, they will interact with
the material of the detector to produce showers. These showers will produce more
showers until all of the initial hadron’s energy has been deposited. The HCAL will be
situated at a radius of 1.9 m and a distance of 2.8 m from the interaction point, with
a slight overlap with the ECAL. This will ensure that there is good solid angle cov-
erage by both calorimeters. There are two proposals for the HCAL at TESLA. One
is a tile calorimeter with analogue readout, and the other is a segmented calorimeter

with a digital output.

The tile hadronic calorimeter design will consist of a barrel region divided into
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16 modules and two endcaps, each containing 4 modules. The calorimeter will
contain a scintillating material, operating on the same principle as the Shashlik
design for the ECAL explained in section 2.3.2. A module will consist of 20 mm
thick absorber plates made from a material with low magnetic permeability, such
as brass or stainless steel. Gaps of depth 6.5 mm will be made in the plates into
which scintillator plates can be inserted. One module will hold 38 and 53 layers in
the barrel and endcap regions respectively. Each layer will be of thickness 1.15 X
and divided into tiles. The inner layer will contain square tiles of area 25 cm?,

2 at the outer radius. Eight layers will fill the gap

which will increase to 625 cm
between the barrel and endcap modules. The total thickness of scintillator in one
module will be 5 mm, with the remaining room taken up by the readout electronics
and equipment. The light emitted by the scintillating layers will be transferred to
a waveshifting fibre by refraction and reflection. Here the light will be absorbed,
and converted from blue light to green light. The light will then be transferred to
the photodetectors by fibre optic cables. Readings from these detectors will then

undergo analogue-to-digital conversion.

The digital hadronic calorimeter will require cells with a very small area, so
that simply counting them will provide an energy estimate. An appropriate cell
size would be 1 cm?, and the design will be based on the same structure as the
tile hadronic calorimeter. The absorber plates will be made from stainless steel
and the detecting medium will either consist of wire or resistive plate chambers. A
design based on thin wire chambers has been proposed, which will need additional
signal amplification. The main advantage of this design is that it provides better
resolution than the analogue tile calorimeter, and would be an ideal partner to the

SiW electromagnetic calorimeter.

2.3.4 Muon Detector

The main task of the muon detector will be to identify and measure the momentum of
muons. Muons are fundamental particles which penetrate all layers of the detector,

but unlike neutrinos, they do interact strongly with matter. As a result, they deposit
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some energy in all areas of the detector and pass through to the final layer, as shown
in figure 2.7. In addition to muon detection, the muon identifier will catch any
hadronic showers which do not deposit all their energy in the HCAL. The remaining

energy can be measured and added to the readings given by the hadronic calorimeter.

The iron yoke will be used as an absorber, and will be divided into slabs. It
will consist of a barrel region and two endcaps. The overall thickness of the yoke
required will be 1.6 m to enable the coil to provide a magnetic field of 4 T. This will
help to reduce any background from hadrons that have not dissipated all of their
energy in the HCAL.

The main muon detector will be situated at a radius of 6.45 m from the inter-
action point, and will envelop the entire detector. The complete detector will need
to cover a large volume, and therefore it needs to be relatively inexpensive and re-
liable. As the detector will only be responsible for finding muons, large pulses can
be used, which will simplify the readout electronics. A major background for this
detector will be muons originating from incident cosmic rays, which can be reduced
with good time resolution. There are two types of detector technologies that satisfy
these requirements: Plastic Streamer Tubes (PST); and Resistive Plate Chambers

(RPC).

Of these two technologies, the RPCs are the most attractive. There is no need of
stretching wires and a malfunctioning wire does not affect the rest of the detector.
RPCs can also be easily shaped to cover the detector, and together this makes RPC
technology the first choice for the muon detector at TESLA.

Twelve planes of active detector will be located within the main barrel, with an
additional 11 planes at the endcaps. The detectors would cover an area of 7000 m?.
The first 10 planes will be kept at spacings of 10 cm, with the last plane located
outside the iron. They will be interspersed in 4 cm wide gaps. The main barrel
would have the shape of a regular octagon and will be of total length 14.4 m. It
will be divided into 3 sections of length 3.7 m, 7 m and 3.7 m respectively. The
endcaps will extend at a radius of 46 cm from the beam line to the inner radius of

the main barrel. The encaps will be 2 m thick. The RPC planes within the detector
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will have a maximum area of approximately 4.2 m2. The first 11 planes in the barrel
region and the first 10 sheets in the endcap region will track the muons and measure
their energies. An overall resolution of 1 cm can be obtained. Additionally, the iron
contained within the pole tip shown in figure 2.7 can be segmented, adding an extra

5 planes of RPCs.

2.3.5 Low Angle Tagger

The Low Angle Tagger (LAT) will serve two primary functions. It will measure
the energy of electrons as they approach the interaction point, and will extend the
coverage of the ECAL to polar angles below 30 mrad. Placed at the ends of the
Tungsten Mask, it will also help to reduce the background from bremsstrahlung and
beamstrahlung effects. The LAT will consist of 63 planes of 2.6 mm tungsten and

0.5 mm silicon.

2.3.6 Luminosity Calorimeter

The Luminosity Calorimeter (LCAL) will measure the amount of background par-
ticles originating from the electron and positron beams. This information is needed
for luminosity measurements. In addition, the LCAL will act as another low angle
calorimeter and provide some shielding for the main detector. It will be situated
within the beam pipe at a distance of 220 cm from the interaction point. Due to its
location, the detector will need to be radiation hard to resist the constant flux of
electromagnetic particles. The LCAL will be able to measure electron showers be-
tween the polar angles 6 mrad and 28 mrad. Sixty-three planes of tungsten absorber
interspaced with 63 planes of silicon or diamond sensors of thickness 500 pm will
be contained within the LCAL. Diamond has a higher threshold for the radiative

effects that the LCAL will experience compared to silicon.



CHAPTER 2. TESLA 36

2.3.7 Detector at the Photon Collider

As mentioned previously, an additional optical system needs to be placed inside the
detector at the second interaction point to enable beam conversion. The laser beam
itself will be contained within the vertex detector and will require a clear angle of
+78 mrad. An angle of 300 mrad can be provided in the vertex detector without
loss of tracking resolution. Additional mirrors, including the final focusing mirror,
of diameter 15-20 cm will be contained within the vertex detector at angles ranging
from 120 to 140 mrad. These mirrors will be located close to the calorimeters, and

therefore will not have a major impact on the detectors.



Chapter 3

The Standard Model and

Supersymmetry

3.1 The Standard Model

Since its introduction in 1970, the Standard Model [17] of particle physics has been
resoundingly successful in predicting the observations made in modern day experi-
ments. In essence it is a gauge theory based on the group SU(3) ® SU(2) ® U(1). It
contains 12 spin—%h fundamental particles, which are subdivided into equal numbers
of quarks and leptons. When bound together, quarks form mesons and baryons. In
addition, every particle in the Standard Model has a corresponding anti-particle.
Anti-particles are identical to their counterparts in all respects, apart from the re-
versal of all internal quantum numbers such as charge. Particles interact by the

exchange of integer-spin gauge bosons.

3.1.1 Fundamental Particles

The fundamental particles of the Standard Model are the building blocks of all
matter, which means that they are not bound states of other particles. As a result,
they are assumed to be point-like. A group of six quarks and six leptons form three

generations of fundamental particles, of which only the first generation is stable.

37
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Together, these fundamental particles are called fermions (spin—% ).

Quarks
Name Symbol  Electric Mass Generation
Charge (e) (GeV)
down d —% ~ 0.35 1st
up u —i—% ~ 0.35 1st
strange S —% ~ 0.5 2nd
charm c —i—% ~1.5 2nd
beauty b —% ~ 5.0 3rd
top t +2 174.3 £5.1 3rd

Table 3.1: Properties of Quarks in the Standard Model. All values are taken from [17],

except the mass of the top quark, which is taken from current experimental data [18].

An outline of the properties of quarks is given in table 3.1. These spin—%h parti-
cles can form bound states of mesons and baryons, collectively known as hadrons.
Mesons, such as the 7% and 7 particles, consist of a quark and an antiquark. The
proton and neutron are baryons that contain 3 quarks, each of which possess a
baryon quantum number of % All the quarks have anti-particles, written as u in
the case of the anti-up quark, which possess the opposite electric charge and baryon
number. In addition, the quarks carry a colour charge. There are three types of

colour: Red; Green; and Blue, which can be held by any type of quark. Antiquarks
have colour charges of Anti-Red, Anti-Green and Anti-Blue.

Leptons

The second group of fundamental particles are the leptons, whose properties are
oulined in table 3.2. Each lepton carries a conserved quantum number, similar
to the baryon number possessed by quarks. However, unlike quarks, each lepton

generation has its own lepton conservation number. For example, the electron and
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Name Symbol  Electric Mass  Generation

Charge (e) (MeV)

electron e~ -1 0.5110 1st
electron

Ve 0 0 1st
neutrino
muon wo -1 105.7 2nd
muon neutrino vy 0 0 2nd
tau T -1 1777 3rd
tau neutrino Uy 0 0 3rd

Table 3.2: Properties of Leptons in the Standard Model. All values are taken from [18].

its neutrino carry an electron lepton number of 1. Anti-leptons have opposite charges
and lepton numbers associated with them. Standard Model neutrinos are massless

particles, and interact weakly with matter, thus making them difficult to detect.

3.1.2 Particle Interactions

There exist four possible ways for the fundamental particles to interact with each
other. This occurs by way of gauge boson exchange, and each interaction has dif-

ferent gauge bosons associated with it.

The strong interaction affects those particles which possess a colour charge. This
includes quarks and antiquarks, and is responsible for the meson and baryon bound
states. The mediating gauge boson for this force is the gluon, which carries both a
colour and an anti-colour charge. As gluons also possess colour charges, the strong

interaction also affects them, meaning that they can couple to themselves.

Both quarks and leptons are affected by the weak interaction, which is observed

in nuclear beta decay. It is mediated by the exchange of W* and Z bosons.

The photon is the exchange boson for electromagnetic interactions, which occur
between particles with electric charge. Therefore all the quarks, the electron, the

muon and the tau are affected by this force. It is responsible for holding atoms and
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Name Symbol  Electric Mass  Spin Interaction

Charge (e) (GeV) B

gluon g 0 0 1 Strong

W+ +1
W boson 80.4 1 Weak

W -1
Z boson A 0 91.2 1 Weak
photon 0% 0 0 1 Electromagnetic
graviton G 0 0 2 Gravitational

Table 3.3: Summary of Gauge Boson Properties and the Interactions that they mediate.

All values are taken from [18].

molecules together, and at these scales, the electromagnetic force is dominant over

the other interactions.

Finally, the gravitational force is responsible for the shape of the Universe. By
far, it is the weakest force on the scale of individual particles, and is mediated by the
as yet unobserved graviton. Attempts to incorporate this force within the Standard

Model have been unsuccessful, and as such, it is not included within the framework.

The four forces of nature are summarised in table 3.3. Apart from the graviton,
all the gauge bosons are spin-1 particles. Gauge theories predict massless exchange
particles, in contradiction to the experimental evidence for W and Z bosons. This
implies that there is an additional mechanism that generates particle masses, known
as the Higgs mechanism. The Higgs Boson H’ is the spin-0 particle associated with

this mechanism, and is yet to be observed.

All interactions in the Standard Model must conserve certain quantities. These
rules are known as conservation laws, and specify that energy, momentum, angular
momentum, electric and colour charges, and baryon and lepton flavour numbers

must be conserved in every interaction.
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3.1.3 Electroweak Unification

The electroweak theory unifies the weak and electromagnetic interactions, and is

based on the gauge group SU(2) ® U(1).

The violation of the parity quantum number in weak interactions means that
left-handed and right-handed fermions need to be treated differently. Parity non-
conservation implies that unequal quantities of left- and right-handed particles are
produced in an interaction. The spin of right-handed particles points in their di-
rection of motion, and the opposite is true for left-handed particles. Therefore,
left-handed fermions form SU(2) doublets and the right-handed quarks and leptons

form U(1) singlets. For example, the quark eigenstates are given by:

U c t
101 (.Z‘) = ’ ’
d s’ b
L L L
wQ (:L‘) - UR ) Cr ) tR
3 (x) = le ) SIR ) bIR

where L and R represent left- and right-handed states respectively. The electroweak
eigenstates differ from the mass eigenstates for quarks. The d', s’ and b’ states
are weak interaction quark eigenstates that can be represented by their strong in-
teraction counterparts (d, s and b) using the Cabibbo-Kobayashi-Maskawa (CKM)

matrix:

dl Vud Vus Vub d
s 1= Vea Vs Va S (3- 1)
v Vie Vis Va b

where the Vj; components of the CKM matrix represent the relative strengths of
transitions of quarks with flavour ¢ to those with flavour j. The off-diagonal elements
of the CKM matrix in equation 3.1 are non-zero terms, implying that quarks can mix
between generations. As a result, the otherwise stable beauty and strange quarks

are now able to decay.

Gauge theories, such as the Standard Model, use a Lagrangian density £ to
associate fields ¢ with physical systems. This density satisfies the Euler-Lagrange
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equation of motion:

oL oL 0
() o e .

A relativistic wave equation for the field can be obtained by solving equation 3.2.
For example, the Dirac equation is found when using the Lagrangian describing

spin—% particles of mass m, £ = ¥(id,y* — m).

Interactions in the Standard Model can be described by requiring that the La-
grangian be invariant under gauge transformations. This can be illustrated with the

U(1) gauge transformation for the singlets:

V(@)r = Pg(e) = e Pr(a) (3.3)

where Y is the fermion hypercharge and f is an arbitrary scalar function that defines
the process. The fermion hypercharge Y is obtained from the expression () = I3+ %,
where () is the electric charge and I3 is the third component of the weak isospin.
The arbitrary scalar function [ is a function of position x, and therefore corresponds

to a local transformation.

This leads to a residual term §L£, which implies that the Lagrangian is not in-

variant under this transformation:

L= L+6L=L—(0,8x)Y) by (3.4)

To restore the invariance of the Lagrangian, a gauge field A, needs to be intro-

duced, such that under a local U(1) symmetry the field will transform as:

, 1
Ay Ay = Ay = —0,B()Y (3.5)

This extra gauge field corresponds to the photon, and results in the gauge in-

variant Lagrangian Ly:

Ly =Lp — A"y (3.6)

where L is the Lagrangian for the Dirac equation.
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The SU(2) ® U(1) gauge transformation for left-handed fermion doublets can be

expressed as:

Yr(e) = vy () = 107Dy () (3.7)

where « is a vector function and o represents the Pauli spin matrices. The La-
grangian under this gauge transformation is not gauge invariant, and requires the
introduction of 4 new gauge fields. The fields W and W7 couple to the weak isospin,
and represent the W= bosons. The photon and Z° boson are mixtures of the Wlf’

and B, gauge fields:

A cos 6 sin 6 B
“l = v v g (3.8)
Z, —sinfy cos Oy wp
where 0y is the weak mixing angle, which determines the relative strengths of the

weak and electromagnetic interactions.

3.1.4 Quantum Chromodynamics

The strong interactions between quarks and gluons are described by a SU(3) gauge
theory called Quantum Chromodynamics (QCD). An example of the strong force is
an interaction between a green quark and a blue quark within a baryon. The green
quark will be attracted to the blue quark and will emit a gluon carrying anti-blue
and green colour charges, which are absorbed by the blue quark. This results in the
blue quark gaining green colour charge and losing its blue colour. Quarks of the
same colour repel each other by emiting a gluon of anti-colour and colour charge.
Unlike the weak and electromagnetic interactions, the strong force becomes stronger

with distance.

There are a total of 8 gluons, which are represented by the field Aj. The La-

grangian for the strong interaction is:

L=q" [i@éf — mé) — as(QQ)AZ'y“(T“)Z] 4 (3.9)
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where the indices ¢+ and j represent the colour of the quarks involved in the interac-
tion, and ¥* denotes a set of four Dirac y-matrices. The strong coupling constant
is a(Q?), which is dependent on the momentum transfer Q? between the quarks.
As the distance between the quarks increases, Q% decreases, resulting in a large .
This is the reason for quark confinement within a nucleon. Eventually, the potential
energy between the two quarks is large enough to create a new quark-antiquark pair.
The generator of the SU(3) group is the 7% = ZA* term, where A* are the eight 3 x 3

Gell-Mann matrices.

This means that individual quarks cannot exist independently, as only colourless
objects can survive in isolation. When quarks are produced in isolation from particle
decay, they generate more quarks and anti-quarks, resulting in bound states of

mesons and baryons. This process is called hadronisation.

A more rigorous theoretical treatment of the Standard Model is given in [19].

3.2 Problems with the Standard Model

Although the Standard Model has been successful in explaining the observations
made in particle physics experiments, it is not a complete theory as it leaves many
questions unanswered. For example, the Standard Model does not explain the rea-
sons behind fermion masses and the existence of 3 generations of quarks and leptons.
There are also strong theoretical reasons that indicate that there may be a more
fundamental theory, of which the Standard Model is just a low energy approxima-

tion.

Recent experimental results [20] from the Super-Kamiokande experiment indi-
cate that neutrinos do mix, and therefore they must have a mass. Neutrino mixing
was first postulated to explain the apparent difference between experimental mea-
surements and theoretical predictions for the flux of incident neutrinos on Earth
from the Sun. If neutrinos were massless, they would not be able to mix between

generations.

There exists a large matter-antimatter asymmetry in the Universe, which seems
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to be in contradiction to the standard cosmological model. The theory of the birth
of the Universe is referred to as the Big Bang Model. It states that at the time
of initial expansion, the Universe was comprised of equal matter and anti-matter
particles. Therefore, some process must have occured to change the present day
Universe into a matter-dominated one. In 1967, the Sakharov conditions [21] were
proposed to explain the criteria required for the current nature of the Universe.
One of these conditions was the violation of baryon number, which is a conserved
quantity in the Standard Model. If the Standard Model is correct, then there must

always have been an excess of matter, in disagreement with the Big Bang Model.

As mentioned in section 3.1.2, the gravitational force is very weak on the atomic
scale and is not included in the Standard Model. However, quantum gravitational
effects become important at the temperatures and densities present in the early
Universe. The properties of the early Universe are defined by the Planck scale,
where quantum gravitational effects become important at energies of 1.2 x 10! GeV.
It is unreasonable to assume that there is no new physics between current collider

energies and the Planck energy.

The mass hierarchy problem [22, 23] arises from the radiative corrections to par-
ticle masses dm, resulting from energy losses and particle production. For example,
a fermion can emit and re-absorb a photon, resulting in the logarithmically divergent

mass corrections [23]:

2
f

where my is the mass of the fermion and « is the electromagnetic coupling constant.

AZ

The scale up to which the Standard Model remains valid is represented by A. When
the Planck mass is substituted into equation 3.10, the radiative corrections remain

relatively small, dm < my.

However, particles that are described by a scalar field, such as the Higgs boson,

require quadratically divergent mass corrections [22]:

A
1672

A? (3.11)

2 ~
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f H?

HO - ___>____H0 ‘

f

Figure 3.1: Feynman Diagrams illustrating the One-Loop Radiative Corrections to the
Higgs Mass. The examples shown above are fermion (f) pair-production and annihilation,

and Higgs boson (H) emission and reabsorption.

where C'y is a dimensionless constant and A is a coupling constant. These corrections
correspond to the loop diagrams in figure 3.1. From the measured masses of the
gauge bosons, the mass of the Higgs boson must be of the same order as that of the
W= boson. However, the introduction of the Planck scale leads to vast radiative

corrections due to the difference between the W* boson and Planck masses.

These radiative corrections are very large compared with the expected mass of the
Higgs bosons, implying that the mass of the Higgs boson is divergent. Although these
terms can be added into the Standard Model Lagrangian to cancel the divergencies,
this requires fine tuning, and is considered unnatural. In order to avoid this fine
tuning, A should be less than 1 TeV [23], indicating that there is some new physics

at this scale.

3.3 An Extension to the Standard Model

The theory of supersymmetry attempts to solve these problems. As an extension to
the Standard Model, a requirement of supersymmetry [24] is that the equations of
the Standard Model remain unaltered when bosons are replaced by fermions, and

vice versa. The theory can be viewed as a quantum operator Q, such that:

Q|Boson) = |Fermion)

. (3.12)
()|Fermion) = |Boson)

The operator in equation 3.12 changes the spin of a particle by at least half a
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unit, implying that Q is a fermionic operator. This can be represented by several
2-component Weyl-spinors @Q°,, where i = 1,..., N. Being a symmetry operator, @,
and its anti-commutator {Q?, Q}j} must commute with the Hamiltonian H:
Qi H] =0 and [{QL, Q%) H] =0 (3.13)
The simplest example of a supersymmetric theory is one with a single operator
(o, or in other words when N = 1. For a massless particle, a momentum-energy
tensor can be chosen such that P, = i (—=1,0,0,1). This is a four-dimensional vector
which gives the particle a momentum component of —i in the x-direction and an

energy component of i. For the simplest case, the following commutation relations

can be derived [23, 25]:

{Qa, QL} = 20", P, (3.14)
{Qa, s} = {QLQf} =0 (3.15)
[Qa, Pu] = [QL, P] =0 (3.16)

where o* represents the Pauli matrices. In the case of the massless particle outlined
previously, it is clear that the only non-vanishing relation is {Q, QJ{} = 1, from
equation 3.14. As a result, for a massless particle in spin state |\), there exist two
operators that will result in a non-vanishing state. These are ()1, which will raise

the spin state by %, and Q;, which will have the opposite effect.

3.3.1 Sparticles

In the relativistic limit, all particles can be classed as massless. Therefore, using
the ideas given previously, two sets of supermultiplets can be formed. The chiral

supermultiplet relates spin—% fermions with scalar bosons:

[ (lepton) q (quark)
R or

(3.17)
[ (slepton) G (squark)

O N
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Name Symbol Mass Spin Standard Model
(GeV) Partner
sbeauty (scalar beauty) b > 81.9 1 beauty quark
stop (scalar top) t > 95.7 1 top quark
neutralino® x° > 461 % none
chargino! X+ > 94% % none

*Mixture of the photino (), Zino (Z°) and neutral higgsinos (H®, h°)
fMixture of the Wino (W#) and charged higgsino (H*)
'Lower mass limit for lightest sparticle

Table 3.4: Properties of Sparticles referred to in this Dissertation. The mass limits are

taken from current experimental data [18].

where the superpartners of the leptons and quarks are called sleptons and squarks re-
spectively. Sleptons and squarks are also known as scalar leptons and scalar quarks.

The vector or gauge supermultiplet relates fermions with spin-1 vector bosons:

1 auge boson
— | (3.18)

% gaugino
where the gaugino is the general name for the superpartners of the gauge bosons.
There is also a graviton supermultiplet, which comprises of the spin-2 graviton and

the spin-3 gravitino.

These superpartners cannot be Standard Model particles as their quantum num-
bers do not match. For example, integer spin gauge bosons possess a lepton number
of zero, in contrast to electrons, which possess an electron lepton number of L, = 1.
Therefore, the sleptons, squarks and gauginos must be new particles, which are col-
lectively known as sparticles. An outline of the properties of sparticles which are

used in this dissertation is given in table 3.4.

The inclusion of new superparticles means that for every fermion loop, there is
a boson loop which adds counter terms to the equations for radiative corrections.
These cancel out the divergent terms without the need of fine tuning, thus solving

the mass hierarchy problem oulined in section 3.2.



CHAPTER 3. THE STANDARD MODEL AND SUPERSYMMETRY 49

3.3.2 R-Parity

In addition to the quantum numbers inherited from the Standard Model, particles
also possess R-parity [26, 27] in some supersymmetric theories. A particle with

baryon number B, lepton number L and spin S has an R-parity of:

R, = (—1)3BFL+2S (3.19)

All Standard Model particles possess R, = +1, and all supersymmetric particles
carry the opposite value. In many supersymmetric theories, R-parity needs to be
conserved to account for baryon and lepton number conservation in the Standard
Model. If R-parity is not violated, interactions involving supersymmetric particles

must obey 3 rules:

e Supersymmetric particles are produced in pairs from Standard Model particle

interactions.
e One sparticle is produced when an unstable supersymmetric particle decays.

e The Lightest Supersymmetric Particle (LSP) is stable as there is no lighter

sparticle that can be produced from its decay.

Combined, this means that sparticles produced from collisions at TESLA will
result in a final state containing at least two LSPs. Feynman diagrams for super-

particle decays which violate [27] R-parity are shown in figure 3.2.

3.3.3 Supersymmetry Breaking

From equation 3.16, the commutation relationship [Q,, P - P] = 0 can be derived.
As the mass of a patricle is given by M? = E? — p?, where E and p are the energy
and momentum of the particle respectively, the relationship [Q., M?] = 0 can be
inferred. Therefore, a superparticle should have the same mass as its Standard
Model partner. If this is the case, there should already be experimental evidence
for supersymmetry. However, supersymmetric particles are yet to be observed in

particle physics experiments, which indicates that they have different masses. This
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=
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vy t b
Figure 3.2: Feynman Diagrams illustrating possible R-parity Violating Decays. The
Yukawa coupling constants, A and A’ violate lepton number, and \” violates baryon num-
ber. These coupling constants are present in the equation for the superpotential of the
supersymmetric field, and are eliminated if R-parity is conserved. If R-parity is violated,

the above decays will only occur if kinematically possible.

is shown by the experimental mass limits given in table 3.4. As a result, there
must be a breaking mechanism which prevents supersymmetry from being a perfect

symmetry.

There are two ways in which supersymmetry breaking can be incorporated into
the supersymmetric Lagrangian. It can either be explicit, meaning that it is present
in the Lagrangian of the theory, or spontaneous, where it is induced by a vacuum
state. Spontaneous supersymmetry breaking [28] is favoured as it is similar to the
way gauge symmetry is broken and raises no conflict with supergravity theory, which
attempts to incorporate the gravitational interaction. Every supersymmetric theory

is based on the Lagrangian:

L = Lsusy + Lsusy breaking (3.20)

which contains a supersymmetry (SUSY) and SUSY breaking part. Although the
masses of particles and their superpartners differ, it is still possible to cancel the
divergences which arise in the mass hierarchy problem. This is done by inserting
weak scale mass terms into the SUSY breaking Lagrangian, and is known as soft

symmetry breaking.
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3.4 The Minimal Supersymmetric Standard
Model

Many theories of supersymmetry exist, of which the Minimal Supersymmetric Stan-
dard Model (MSSM) [23, 29] is the simplest. It is so named because of its minimal

field content and superpotential, and the latter can be defined as [28]:

W= > MLE“H + > MNQU“Hy+ > X\oQD“H; + uHH, (3.21)
L,EC Q,U% Q,D¢

where left-handed doublets for quarks and leptons are represented by () and L
respectively. Right-handed singlets for the electron, and up and down quarks are
indicated by their left-handed conjugate fields £, U® and D¢ respectively. The
quark doublets and singlets are introduced in section 3.1.3. The 3 X 3 matrices
in flavour space are represented by the symbols A7, Ay and Ap. These matrices
are known as the Yukawa couplings, and when diagonalised, yield the CKM matrix

(Equation 3.1) mixing angles and mass eigenstates.

There are two Higgs doublets, H; and Hs, in equation 3.21 which are a necessary
addition to the MSSM [30]. In the Standard Model, there exists only one Higgs
doublet, leading to one scalar field. The additional Higgs doublet in supersymmetric
theory results in 5 new Higgs bosons. These comprise of 2 scalars (h° and H?),
one pseudo-scalar (A°) and 2 charged scalars (H*), each of which have their own
superpartner. The Standard Model Higgs boson is often given the symbol h°, which
is different from that used previously. To prevent confusion, the symbol H® will be
used to denote the Standard Model Higgs boson in this dissertation. The higgsino
mass parameter p and the ratio of Higgs expectation values tan f are free parameters

in the MSSM, which determine the masses of the five Higgs bosons.

The MSSM consists of 124 independent parameters [29], which include the nine-
teen free parameters of the Standard Model. Although the parameter space is in-
creased, experimental results can be used to rule out certain values. In addition,

supersymmetry is only regarded as an extension of the Standard Model, and is likely
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to form part of a more fundamental theory that will address the parameter problem.
The three gaugino masses M;, M, and Mj are associated with the U(1), SU(2) and
SU(3) subgroups respectively, and are the most important parameters in the MSSM.

R-parity conservation is incorporated in the constrained Minimal Supersymmet-
ric Standard Model (¢cMSSM). Extensions of the MSSM [27, 28, 31], through an in-
crease of the parameter space, can allow for R-parity violating interactions whilst ac-
comodating the observed baryon and lepton number conservation. The constrained

model forms the basis of this dissertation, and will be referred to as the MSSM.

3.4.1 Spontaneous Breaking of the MSSM

As mentioned in section 3.3.3, spontaneous supersymmetry breaking is the prefered
choice. However, when attempting to construct a model based solely on the inter-
actions between MSSM particles, problems arise from the Dimopoulos-Georgi sum
rule [32]. For the first generation of fermions and their superpartners sfermions, the

sum rule yields [33]:

mi +mi —2mi +mi +mi —2mi=0
o er e o (3.22)

2

dr

=mg, +mi, —2mg +ms +m; —2mg

where each first generation fermion and sfermion has three terms. These represent
the square of the masses for the left-handed sfermion, right-handed sfermion and the
fermion respectively. The first generation superparticles are the selectron €, sneu-
trino 7, scalar up @ and scalar down d quarks. Equation 3.22 implies that sparticles
are lighter than their Standard Model counterparts, which is in contradiction to

experimental observations.

A solution to this problem is presented when the existence of a hidden sector
of superfields is postulated. The particles within this hidden sector do not possess
gauge or superpotential couplings to any MSSM particles, all of which are contained
within the visible sector. Spontaneous supersymmetry breaking occurs in the hidden

sector, and is transmitted into the visible sector.
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There exist two primary mechanisms [33] for transmitting supersymmetry break-
ing to the visible sector of the MSSM. Although the gravitational force is very weak
on atomic scales, gravity mediated supersymmetry breaking [34] utilises the fact
that all particles are affected by this interaction. In other words messages are sent
between the hidden and visible sectors by the exchange of gravitons. In this sce-
nario, the superpartner of the graviton, the gravitino G, has a mass close to the
electroweak scale. The strength of its couplings are of the order of the Planck scale,
meaning that it will not be observed in particle physics experiments. This mecha-
nism successfully incorporates the gravitational force into the MSSM, using N =1

Supergravity (SUGRA) [35] theory.

Another mechanism is Gauge Mediated Supersymmetry Breaking (GMSB) [36],
where the breaking of supersymmetry is transmitted to the visible sector by particles
which are part of a separate messenger sector. The messenger sector consists of
particles with Standard Model quantum numbers, and the gravitino has a mass in
the 1-10%eV range. The gravitino couplings are significantly stronger than they
would be in the SUGRA model.

3.4.2 Experimental Evidence

There is currently no direct experimental evidence for the existence of supersymme-
try. However, the MSSM can be combined with Grand Unified Theories (GUTs),
which attempt to unify the strong, electromagnetic and weak forces. Therefore,
predictions can be made for the values of some parameters that can be determined

experimentally.

The strong coupling constant has been found to decrease with an increase in
momentum transfer Q% during an interaction. The electromagnetic and weak forces
have been successfully unified, as outlined in section 3.1.3, and their coupling con-
stants are found to increase with Q2. The coupling constants merge at ~ 10 GeV,
and meet only when supersymmetric loops are taken into account. The values for
gauge interaction strengths determine the energy scale at which the coupling con-

stants meet, and using this information, a value for the weak mixing angle can be
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determined. The MSSM predicts a value of sin? @y, ~ 0.232 [28], which is in good
agreement with the recent experimental value from LEP [37]. Other GUTSs, such as

the Georgi-Glashow model [38], predict a lower value for the weak mixing angle.

Baryon number is violated in GUTs through new gauge bosons, which can change
quarks into leptons. This satisfies the first Sakharov condition [21], thus helping to
explain the matter-antimatter asymmetry problem outlined in section 3.2. The pro-
ton, being the lightest baryon, can decay in GUTs. Experimental evidence indicates
the proton lifetime is > 103! years [18], which does not rule out values predicted by

supersymmetric GUTs of ~ 10%® years [39].

3.4.3 Stop Squark Masses and Mixing

The determination of mass outlined below is applicable for all sfermions, but it is
covered in the context of the scalar top quark as this is the subject matter of this

dissertation.

Stops are scalar bosons, which means that they do not exist in left- and right-
handed states. Therefore, the t; and tp particles correspond to t; and tz Standard
Model quarks respectively. Unlike their Standard Model counterparts, the t; and
tr are two distinct particles that can possess different masses. They can mix, and
the stop mass matrix is given by [23, 28, 40]:

mi +mg, +D;  my(A; — pcot )

M? = (3.23)

my (A, — preot ) mi +mp, + D
where Df = m3o cos 28(5 — 3 sin® ) and DF = m, cos 23(5 sin® fy). Soft super-
symmetry breaking parameters for the t; and tg are represented by mg, and my,
respectively. The H°-t;-tp trilinear coupling coefficient is A,. For fermions other
than the up, charm and top quarks, the off-diagonal terms are m;(A; — ptan ).
The matrix yields the stop mass eigenstates [23]:
t; = tpsin 0; + {1 cos 0;

o B (3.24)
ty =tgcosbl; —tpsinb;
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where 6; is the stop mixing angle. Due to the relatively large mass of the top quark
compared with the other fermions, mixing between the mass eigenstates will be very
large. Therefore, the lighter mass eigenstate t; is likely to be the lightest squark,

making it an important particle to investigate.

A 180 GGV/C2 scalar top quark has several decay modes open to it, which depend
on the values of some MSSM parameters that affect the stop, chargino and neutralino
masses. Assuming that the t; is the lightest squark, these decay channels are outlined

below.

Beauty-Chargino Two-Body Decay Channel

Figure 3.3: Feynman Diagram for the Decay t; — by; .

The masses of the chargino Mg+ and beauty quark m,; determine whether this decay
chain is kinematically possible. In other words, if the mass of the scalar top quark
mg > Mg+ + my, this decay chain will dominate [41]. If t; is the lightest squark, the
decay of the chargino will result in 3 resultant particles, one of which will be the
neutralino. The other two products will either be a lepton-neutrino or an opposite

flavour quark-antiquark pair.

Beauty-Neutralino-W Boson Three-Body Decay Channel

There are 3 different processes [42] for stop squark decay to a final state of bW Y.
If the t; is considered to be the lightest squark, the process shown in figure 3.4(a)
is not kinematically possible, as the sbeauty scalar quark is heavier than its parent.
The decay chain shown in figure 3.4(c) cannot occur for a 180 GGV/CZ stop squark,

as it would require mgo < 5G6V/C2, which is smaller than its lower mass limit
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Figure 3.4: Feynman Diagrams for the Decay t; — bWTx?, with the initial two-body

processes: (a) t; — WTby; (b) £ — by and (¢) £ — tx!.

shown in table 3.4. The sequence shown in figure 3.4(b) is similar to the two-body

beauty-chargino decay, and dominates when mg,+my++mgo < mg < mgo-+m [41].

Charm-Neutralino Two-Body Decay Channel

C

i - /
\ %

Figure 3.5: Feynman Diagram for the Decay t; — cx?!.

The decay i; — cx? [43] for a 180 GeV/c” stop squark will dominate if the previous
channels discussed are not kinematically possible [41]. In the MSSM, the LSP is the
lightest neutralino, meaning that R-parity conservation prevents it from decaying.
As the LSP is a weakly interacting particle, the signature for the decay shown in
figure 3.5 is a large missing energy and two charm-jets. Scalar top pair-production

and decay by this process is investigated in this dissertation.

It is worthwhile mentioning that if kinematically allowed, the strong force decay
t; — tg is dominant over the above processes [44]. Although limits on the mass of
the gluino have been achieved [18] in the high mass region, this does not rule out

the possiblity of mz <5 GeV/c2. In the MSSM, the neutralino is thought of as the
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lightest sparticle, whose lower mass limit rules out this possibility.

3.4.4 Neutralinos

In addition to the superpartners of Standard Model particles, four new neutral spin—%
fermions are present in the MSSM. These particles are known as neutralinos, and
form 4 mixed states comprised of two neutral higgsinos and gauginos. The photino
7, Zino Z° and higgsinos H® and h°, are the superpartners of the photon, Z°-, H°-
and h’-bosons. The four mass eigenstates of the neutralino are denoted by X7, where
i=1,...,4. The lightest mass eigenstate is represented by Y%, and can be calculated

from the mass mixing matrix [23, 45]:

M1 0 —MZ089W65 M2089W85
0 M. Myocy,, c —Myocy,, s
Mo = ? A A (3.25)
—MZ089W65 MZOC@WCﬂ 0 — M
MZ089W85 —MZOSQW85 — K 0

where sz = sinf3, cg = cos 3, sy, = sinby and ¢y, = cosby. As is clear from
equation 3.25, the masses and couplings of the neutralinos depend on the U(1)
(M) and SU(2) (M,) gaugino masses, the ratio of Higgs vacuum expectation values
(tan 8 = £2) and the higgsino mass parameter (x). The vacuum expectation values

v, and vy are obtained from the Higgs doublets [23]:

121 0
(Hy) = (Hy) = (3.26)
0 1)

In the minimal Supergravity (mSUGRA) scenario of the MSSM, outlined in
section 3.4.1, the x{ is the LSP. Astronomical observations have indicated that the
vast majority of matter in the Universe is non-baryonic. This matter is weakly
interacting and does not emit any electromagnetic radiation making it difficult to

detect, giving it the name dark matter. If the neutralino is the LSP, and R-parity

is conserved, the ! is a possible dark matter candidate [46].



Chapter 4

Monte Carlo Event (Generation

Monte Carlo simulations portray the behaviour of physical systems by simulating
these processes, rather than with the use of the differential equations that describe
the system. Monte Carlo programs take random samples from probability density
functions, which are descriptions of the evolution of the physical system. This

procedure is repeated many times, after which the mean value is taken.

Generation Decay Detection Reconstruction )

Figure 4.1: Order of Sub-Processes for One Event. Monte Carlo event generators are

used to generate and decay particles, and additional programs detect and reconstruct

these events.

A variety of computer programs are used in this dissertation, dividing each event
into sub-processes as shown in figure 4.1. Photon-photon collisions and the decay
of resultant particles are simulated using Monte Carlo event generators. Employing
different Monte Carlo generators for the first two sub-processes is done in an attempt

to invoke a complexity similar to that present in a physical system.

Information concerning the decay products is then conveyed to a detector pro-
gram, which includes an algorithm to reconstruct the jets emitted when isolated

quarks hadronise.

o8
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4.1 Particle Pair-Production

Compton-backscattered photon-photon interactions result in distributions of centre-
of-mass energies, as mentioned in section 2.2.1. The invariant mass of the pair of
interacting photons affects the cross-section for particle production. Two different
routines were used in an attempt to describe the photon-energy spectrum for signal

and background processes.

4.1.1 Vector Meson Dominance

Direct photon-photon interactions occur when two bare photons collide at the in-
teraction point. Before colliding, a photon can fluctuate into the particles outlined
below. This implies that collisions at the interaction point are not completely com-

prised of direct photon-photon processes.

The photon’s internal structure is thought to be similar to that of hadrons, and
becomes apparent at high energies on the GeV scale. There exists an interaction
which allows a photon to transform into a vector meson. This is a spin-1 two-quark
bound state, such as the p°, w and ¢, so the alteration satisfies spin conservation.
Before the photon beams reach the interaction point, some photons will metamor-
phose into vector mesons, which will interact by the strong force with other vector

mesons. This enhances the quark-antiquark pair-production cross-section, and is

known as Vector Meson Dominance (VMD) [47].

In addition to VMD, at high enough energies the photon can pair-produce quark-
antiquark pairs before reaching the interaction point. Together with VMD, these
anomalous couplings make a significant contribution to the cross-section for quark-
antiquark pair production [48]. Feynman diagrams for some of the possible processes

are shown in figure 4.2.

4.1.2 Stop-Antistop Pair-Production

Cross-sections for yy — tt are calculated with a computer program [49] designed to

generate total cross-sections for any sfermion type. The program uses the Ginzburg
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Figure 4.2: Feynman Diagrams illustrating Possible Particle Productlon Mechanisms
in Photon-Photon Collisions: (a) direct-direct; (b) direct-VMD; (c) direct-anomalous;
(d) VMD-VMD; (e) anomalous-anomalous; and (f) VMD-anomalous.
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(a) (b) (c) (d)
Figure 4.3: Leading Order Feynman Diagrams for Direct, Single- and Double-Resolved
Scalar Top Pair-Production in Photon-Photon Interactions: (a) vy — tt; (b) gy — tt;
(c)qq — g — tt; (d) gg — g — tt. A complete set of leading order Feynman diagrams is

given in [49].

formula [9, 50] to generate the photon spectrum. The matrix element, used by the

program, for direct scalar top production is [49]:

2 _ 644" [(1 — e)t?uf — 2mit?u?s + 2mjs®
27(1 — €)?t2u?

where ¢ is the standard unit of charge, m; is the mass of the stop squark and e

M, (4.1)

is the polarisation vector. If the momenta of the initial photons are £, and the
resultant stops are p; 5, then the Mandelstam variables are defined as s = (k1 + ko)?,
2

tf = (kQ —p2)2 _ 7’I’Lt2 and Uiy = (kl _p2)2 o mf

It is apparent from the matrix element that the cross-section is independent
of the supersymmetry breaking mechanism, as it only depends on the mass of the
scalar top m;. For each squark mass, the program integrates over the centre-of-mass
energies and polarisations of the colliding photons, and calculates the cross-sections

for direct vy — qq production.

As mentioned in section 4.1.1, the photon has a hadronic structure. This implies
that in addition to the direct interaction outlined above, the single- and double-
resolved processes shown in figure 4.3 will also contribute to the cross-section. These
are also taken into consideration during sfermion generation, and their matrix ele-

ments are [49]:
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where ay is the strong coupling constant. Due to the large mass of the top quark,

. . T2 . . .
the terms for the t-channel contribution to [Myq | in equation 4.3 are omitted.
This is because of the negligible presence of the top quark in the photon’s hadronic

structure.

Cross-sections are calculated for leading order processes only, examples of which
are given in figure 4.3. The leading order processes that involve the strong force,
shown in figures 4.3(b, ¢ and d), do not make a significant contribution to the cross-
section in the kinematic range studied here. The main contribution to scalar top
pair-production is from the direct process in figure 4.3(a). The perturbative NLO
corrections for this diagram are not yet included, and are expected to be in the order

of 10% [51].

The total cross-section for stop squark pair-production at the 500 GeV TESLA
photon collider is shown in figure 4.4. A total of 200,000 events were generated for
each squark mass, resulting in negligible errors. The figure also illustrates the effect
of maximum-polarised photon beams, which are simulated with the criteria outlined
in section 2.2.4. For a 180 GeV/C2 scalar top quark, the cross-section for unpolarised

photon collisions resulting in a stop-antistop final state is ~ 13.5 tb.

The original program was tailored by Michael Klasen to generate weighted events
for a 500 GeV photon collider. Further adjustments were performed to extract val-

ues for the transverse momentum (pT = /P2 +p§), rapidities of both stop squarks

(ym = tanh™' pbfllj), and weight for each event. Momentum-Energy vectors were

assigned to each stop squark with the principles discussed in Appendix A.

The program can also produce top-antitop quark pairs as a result of further

amendments performed by Michael Klasen. For the kinematic range investigated,
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Figure 4.4: Total Cross-Section for Scalar Top Quark Production in Polarised and Un-
polarised Photon-Photon Interactions at a 500 GeV Collider. Unpolarised beams are

mixtures of photons with different polarisations.

Vector Meson Dominance (VMD) and anomalous couplings make a negligible con-
tribution to the production cross-section of these particles. This is due to the large

mass of the top quark. The cross-section for this background process is ~ 58.1 tb.

4.1.3 Background Processes

The energy spectrums for all background processes, except top-antitop produc-
tion, are generated with the CompAZ algorithm [14]. This algorithm describes the
photon-energy spectrum for different electron beam energies. The photon-energy
spectrum derived from the formula for simple Compton scattering differs from that
observed in simulations [52]. The CompAZ routine attempts to account for these

differences in the high-energy part of the spectrum.

The three processes outlined in section 2.2.3 are incorporated within the Com-
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Figure 4.5: Complete Photon-Energy Spectrum for vy — WTW™ Events. A total of
200,000 Events were generated with CompAZ [14] and PYTHIA 6.222 [13].

pAZ routine. The spectrum is accurately described at centre-of-mass energies >
0.3 Wiae [14], where W, is the maximum invariant mass of the photon system.
The scalar top cannot be produced at centre-of-mass energies < 360 GeV, implying

that the photon-energy spectrum described by CompAZ is adequate.

For each event, two independent photons were generated within a centre-of-mass
energy range of 250 GeV < Egps < 500 GeV, using the CompAZGN and Com-
pAZG2 routines. If the photons interact, a cross-section for the produced particles
is calculated. Otherwise, a new pair of photons is generated, and the process is re-
iterated. The complete two photon-energy spectrum for the process vy — WTW~

is shown in figure 4.5.

The model that PYTHIA uses to calculate particle production cross-sections for
77 processes is described in [53], and incorporates the ideas discussed in section 4.1.1.

PYTHIA calculates the cross-section o, by integrating over the entire photon-energy
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Photon Cross-Section o (fb)

Scattering Yy — cC vy — bb
Process Without Cut  With Cut | Without Cut With Cut
Direct-Direct 2670 1340 130 85
VMD-VMD 549720 10 7780 10
Anomalous-Anomalous 27840 65 3770 60
Direct-VMD 9173150 3605 116070 860
Direct-Anomalous 1069725 4100 37525 990
VMD-Anomalous 245260 50 12120 50

Table 4.1: Contributions to the Cross-Section for Heavy Quark Pair-Production. The
generator-level cut on the transverse momentum of quark jets has a significant effect on

the cross-section contributions from VMD and anomalous couplings.

spectrum. As the entire spectrum is not used in this analysis, CompAZG2 calculates

the cross-sections within the kinematic limits expresssed above:

1 [Wmaz dL
= — —o0
LJw,, dwW'?

where L is the luminosity used for generation, and the minimum and maximum

(4.5)

o

photon-photon centre-of-mass energies are W,,,;, and W,,,, respectively.

Heavy Quark Production

Charm and beauty quarks have a similar lifetime, making it difficult to distinguish
between these two particles. A cc¢ remnant is detected from the decay of the stop
squarks considered in this dissertation, indicating that charm-anticharm and beauty-

antibeauty production is a source of background.

Unlike top quarks, the charm and beauty quarks are light enough to have a
substantial presence in the photon’s hadronic structure. As a result, interactions
involving Vector Meson Dominance (VMD) and anomalous couplings have a signif-
icant contribution to the cross-section of charm and beauty pair-production. The

magnitude of these contributions can be seen in table 4.1.
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Yy —=cE vy —=bb gyttt 4y —tt

Monte Carlo Generator CompAZ CompAZ Klasen CompAZ
Total Cross-Section o [fb] 2670 130 58 40
Events Expected Nevents [103] 293.7 14.3 6.5 44
Events Generated Nyen [10°] 2950 150 65 -

Table 4.2: Summary of Simulated Heavy Quark Background Events. Events were gener-
ated at photon centre-of-mass energies between 250 GeV and 500 GeV, where kinemati-
cally possible. The number of expected events was determined with an annual integrated

luminosity of 110fb~!. Only direct-direct contributions to cross-section are shown.

Processes that involve VMD and anomalous couplings tend to be forward-peaked,
which means that resultant particles from these interactions are likely to have little
momentum in the transverse plane. These particles will have most of their momen-
tum directed along the beam axis, increasing the likelihood of their escape down the
beam pipe. As the detector signal for these events will consist of missing transverse

momentum and energy, they potentially pose a significant background.

It is clear from table 4.1 that it is not practical to generate enough of these events
to minimise errors. Therefore, a cut on the minimum transverse momentum of a
quark jet can be introduced at generator-level in an attempt to mimic a similar cut
at detector-level. Table 4.1 displays the results of imposing a minimum transverse

momentum of 20 GeV for a charm or beauty jet.

Only direct photon-photon production of c¢ and bb pairs are considered in the
main analysis. A separate analysis is performed for single- and double-resolved
processes, with the generator-level cut in place. A summary of heavy quark pair-

production from direct photon-photon collisions is given in table 4.2.

The cross-section for top-antitop production calculated by CompAZ is close to
that determined by Michael Klasen’s program. This implies that the generated

processes are comparible, as their cross-sections are of the same order of magnitude.
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Light Quark Production

Pair-production of light quarks in photon-photon interactions is heavily forward
peaked at TESLA energies. The simulation of top-antitop events ignores this ten-
dency, as the heaviest quark will be created at centre-of-mass energies close to its
threshold production energy. Therefore, the top quark pair will be produced with
little or no momentum. The decay of the other heavy flavours closely resembles the

signature left in the detector by the signal, and therefore, cannot be ignored.

The normalised cross-section for light quark pair-production, calculated with the
CompAZG?2 routine, is 70 nb. This results in a total of 7.7 x 10° events in one year.
Imposing an identical generator-level cut to that used for heavy quark production,
from VMD and anomolous couplings, reduces the cross-section to 100 pb. A total

of 12 x 10° light quark events are produced over the course of a year.

It is not practical to generate enough of these events to minimise errors, especially
considering that light quark pair-production is not a major source of background
for the reasons discussed above. Therefore, a small sample of 500,000 events has
been generated with the generator-level cut in place. Detector-level cuts will be

conducted for these events, but they will not be included in the main analysis.

W Boson Production

The reaction vy — WTW™ is a golden channel process at the TESLA photon
collider [6]. The cross-section for this interaction, as adjusted by the CompAZG2

routine, is ~ 15 pb.

There are two possible decay processes for a W* boson. A W boson is said to
have decayed leptonically if it decays to a lepton-neutrino pair of the same genera-
tion. A W* boson decays hadronically to a quark-antiquark pair q;q;, where q; and

q; are different flavoured quarks of the same generation.

The contribution to background made by both W* bosons decaying leptonically
or hadronically can be reduced by imposing certain detector-level cuts. However,

signatures left by one leptonic and one hadronic decay can be a source of irreducible
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vy — WIW™ —
q;9;9% 9 q;qlv Ivly
(Hadronic) (Mixed) (Leptonic)

Total Cross-Section o [fb] 6390 6650 1530
Events Expected per Year Ngyenss [10%] 731.5 702.9 168.3
Events Generated Ngen [10°] 7320 7175 -

Table 4.3: Summary of simulated WHW ™~ Background Events. Events were generated
at photon centre-of-mass energies between 250 GeV and 500 GeV, and the number of

expected events was determined with an integrated luminosity of 110 fb 1.

background. A WTW™ pair producing a q;q,lv final state will leave a signature of
two quark jets, one lepton and missing energy in the detector. This is similar to the
detector response for stop decays, and it becomes difficult to differentiate between

these two signals when either a ¢ or b quark is produced.

A summary of WTW™ production in photon-photon collisions is given in ta-
ble 4.3. Events where both W* bosons decay leptonically do not make a contribution

to the background, and therefore have been excluded in this analysis.

4.1.4 7 Boson Production

Direct photon-photon interactions do not create neutral bosons, such as the Z°. In

fact, the probability of a Z° boson coupling to two photons is < 5.2 x 107" [18].

However, two Z° bosons can be produced in second-order processes [54], such
as those shown in figure 4.6. Single Z° resonance production, which is shown in
figure 4.6(d), has been considered in quark-antiquark production. The processes
illustrated in figure 4.6(a, b and c¢) are of higher order, and therefore have small

production cross-sections.

The total cross-section for these second order processes is ~ 30fb [54], which
has been integrated over the entire photon-energy spectrum. Using an optimistic

integrated luminosity of 110fb !, approximately 3300 vy — Z°Z° events occur in
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Figure 4.6: Feynman Diagrams illustrating Z° Boson Production at a Photon Collider:
(a) vy = qq — Z°Z% (b) vy = WTW~ — Z°Z% (c) vy — 1717 — Z°Z°; and (d) vy —
qq — Z°. A complete set of Feynman diagrams is given in [54]. The purple and maroon

coloured dashed lines represent Z° and W bosons respectively.

one year.

With PYTHIA, 10% of these pairs will both decay leptonically, and therefore are
not background events. Assuming the photon-energy spectrum for Z° boson pair-
production is similar to that for 7y — WTW™ events, which is shown in figure 4.5,
around % of these events will not occur when E¢),5 > 250 GeV. This leaves a total of
1,980 hadronic and semi-leptonic decays. This number is small enough with respect

to WTW™ production to justifiably exclude these events from this analysis.

4.1.5 Electron-Electron and Photon-Electron Interactions

The beam which arrives at the second interaction point will comprise of a mixture
of photons and electrons, as discussed in section 2.2.2. As a result, photon-electron
and electron-electron collisions can occur. The probability of electron to photon
conversion is estimated to be 63% [6]. Therefore, there will be a significant number

of electrons arriving at the interaction point.
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Figure 4.7: Feynman Diagrams illustrating Possible Gauge Boson Production in Photon-

Electron Interactions: (a) ye~ — Z%™; and (b) ve~™ — W,

Electron-electron collisions can result in electron-electron and selectron-selectron
pair-production, where the selectron is the superpartner of the electron. The centre-
of-mass energies for these collisions is similar to that present in electron-positron
interactions. These processes will not contribute to the background, and can be

safely neglected.

Photon-Electron interactions, however, can produce a multitude of different par-
ticles. Feynman diagrams for two possible backgrounds are shown in figure 4.7.
The high-energy luminosity of photon-electron collisions at the 500 GeV TESLA
photon collider is 94fb ™! [6], which is slightly lower than that for 77 interactions.
This reduction is partly due to beamstrahlung effects and photoproduction of ete™
pairs. However, backgrounds from photon-electron collisions are still substantial,
and should be considered in a complete analysis. These effects are not considered

in this dissertation.

4.2 Particle Fragmentation

The Monte Carlo program PYTHIA [13] is used to decay all generated particles. The
CompAZGN and CompAZG2 routines have been specifically designed to provide an
interface with PYTHIA, thus allowing the fast generation and fragmentation of
most background events. In contrast, the momentum-energy vectors for stop and

top particles are externally fed into PYTHIA.
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4.2.1 Quark Decay

The hadronisation process, which is described in section 3.1.4, is not as yet fully
understood. There are a number of different frameworks available for the production

of jets from isolated quarks, of which PYTHIA uses the Lund String Model [55].

In a typical vy — qq event, the quark and antiquark are connected together
by a set of gluons. This structure is known as a string, and its fragmentation is
dependent on its mass. A detailed explanation of the hadronisation process for

charm and beauty quarks is given by [56].

Branching ratios for the decays of resultant hadrons are obtained from current
experimental values, due to the difficulty in deriving these from first principles. The
probability that a particle will decay into a final state is the branching ratio for that
decay.

4.2.2 Gauge Boson Decay

Unlike most quarks, branching ratios for the decays of gauge bosons are calculated
from perturbation theory [13]. In the context of this work, the W* and Z° particles
are treated in this manner. In addition, the top quark is also regarded as a resonance

by PYTHIA, but predominantly decays to a bW™ state.

4.2.3 Scalar Top Decay

Like most supersymmetric particles, the branching ratios for stop squarks are calcu-
lated from perturbation theory, similar to that used for resonance decay. However,
as discussed in section 3.4.3, the decay chain for the scalar top quark is also reliant
upon certain parameters of the MSSM (Minimal Supersymmetric Standard Model).
Branching ratios, as a function of the SU(2) gaugino mass parameter, for t; decay

are shown in figure 4.8.

Values of the MSSM parameters used in the program for scalar top quark decay
are given in table 4.4. Masses of 180 GeV/c” for the stop squark and 100 GeV/c?
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Figure 4.8: Branching Ratios for Scalar Top Quark Decay as a function of the SU(2)
Gaugino Mass MSSM Parameter. The graph is drawn for m; = 180 GeV/ c¢?, cos 0; =
0.7,tan 8 = 2, and p = —500 GeV/cQ. Values for the branching ratios were extracted from

PYTHIA, and can be compared with similar results in [41].

MSSM Parameter Symbol Value Units
U(1) gaugino mass M, 97.75 GeV
SU(2) gaugino mass M, 211 GeV
Higgsino mass 1 -500  GeV
Ratio of Higgs expectation values  tanp 2

Scalar top mass mi, 180  GeV
Scalar top mixing angle cos 07 0.7 rad.

Table 4.4: Values of Supersymmetry Parameters set for Stop Squark Decay. The channel

t1 — cx) has a 100% branching ratio when these parameters are used.
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for the first mass eigenstate of the neutralino emerge from these values. The U(1)

gaugino mass has a strong effect on myo.
1

In contrast, the lighter mass eigenstate of the chargino is affected by the SU(2)
gaugino mass parameter (M5). The magnitude of this can be seen from the equation

for the mass of the xi [23]:

m (M + 2 + 2M} ) —

N | =

2i —
X1

1
; <\/(M22 2 2Mf) = 4 (udly — Miyssin28)7) (46)

where My, + is the mass of the W boson. When the parameters shown in table 4.4 are
set, the mass of the YT is ~ 217 GeV/c2. Therefore, the beauty-chargino and beauty-
neutralino-W boson decay channels mentioned in section 3.4.3 are not kinematically

possible. As a result, the decay t; — ¢} has a 100% branching ratio.



Chapter 5

Event Selection and Analysis

5.1 Particle Detection

Decay records for all events were passed to the fast TESLA detector simulation pro-
gram Simdet 4.0.3 [57], in an attempt to mimic the response of the detector. Resolu-
tion functions for particle momenta and charge, impact parameters, and calorimeter
energies are provided by the Monte Carlo program program BRAHMS [58]. This
information is used by Simdet to construct a realistic model for particle detection

at TESLA.

Simdet selects stable particles from the decay record, and smears their properties
with Gaussian fits defined by the detector resolution functions. Weakly interacting
stable particles, such as the neutralino and neutrinos, are not included. Addi-
tionally, stable particles that escape down the beam pipe are also rejected. The
remaining photons, electrons, muons and hadrons must satisfy the minimum energy
requirements given in table 5.1, which reflect the finite resolution of the detector. A
comparison between invariant mass distributions before and after smearing can be
seen in figure 5.1. It is evident from this figure that the magnitude of smearing is

relatively small.

A summary of available parameters for detector resolution and response in

Simdet is given in table 5.1. Particles that do not satisfy the minimum values

74
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Tracking System

Track measurement efficiency 100 %

Minimum transverse energy

0.10 GeV
for detector response
Probability of charge misidentification 0.50 %

Electromagnetic Calorimeter
Minimum energy for photon detection 0.20 GeV
Probability of electron misidentification 020 %
First energy resolution parameter 0.145
Second energy resolution parameter 0.015
Hadronic Calorimeter

Minimum energy for hadron detection 0.50 GeV
First energy resolution parameter 0.554
Second energy resolution parameter 0.166

Muon Detector

Average Muon energy deposited in calorimeters 3.80 GeV
Minimum energy for isolated muons 5.00 GeV

Probability of muon misidentification 0.50 %

Low Angle Tagger

Minimum energy for particle detection 5.00 GeV
First energy resolution parameter 0.100
Second energy resolution parameter 0.010
Polar angle resolution 0.040 rad.
Azimuthal angle resolution 0.262 rad.

Table 5.1: Values of the Simdet Parameters that determine Detector Resolution and
Response. The resolution parameters are the result of the parametrisation of resolution
functions from BRAHMS [58]. All events are analysed by the Simdet detector simulation

using these constants. The effects of these values are discussed in further detail by [57].
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Figure 5.1: Comparison of Invariant Mass Distributions from PYTHIA and Simdet for
t1 — cx) Events. The final invariant mass distributions (left plot) and the event-by-
event difference between the invariant masses from PYTHIA and Simdet (right plot) are
displayed. Only stable particles that cause a response in the detector are shown. A total

of 60,000 events were generated.

of table 5.1 will not be detected. The CCD technology option, which is outlined in
section 2.3.1, is simulated for the microvertex detector. All charged particles with a
transverse momentum above 0.1 GeV will create a track. Electric charges for tracks
with a high transverse energy have a 0.5% probability of being misidentified, which

increases to 1.5% for badly reconstructed tracks.

The SiW and the tile options for the electromagnetic (section 2.3.2) and hadronic
(section 2.3.3) calorimeters respectively are implemented by Simdet. Due to the lack
of tracking in front of the low angle tagger (section 2.3.5), electrons, positrons and
photons detected at this calorimeter cannot be distinguished from each other. As a

result, they are all treated as photons by Simdet.
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Figure 5.2: Diagrams illustrating: (a) D-Meson Production; and (b) B-Meson Decays.
An virtual W boson is emitted in B-meson decay, which decays rapidly to produce leptons

or hadrons.

After an event has been passed through the Simdet machinery, the properties of
detected particles are written to a file. The structure of this output file is described

by [57].

5.2 Event Reconstruction

The tracks made by heavy quark decay can be used to determine the flavour of their
parent particle. This process is known as flavour tagging, and its accuracy depends
on the resolution of the tracking system. Due to the high luminosities available at

next generation colliders, quark tagging will play an important role.

Signal decays result in the creation of charm quarks, which have a mass that
lies between that for strange and beauty quarks. Unlike the fragmentation of light
quarks, jets formed from charm quarks often contain a high energy D-meson. In
contrast, the hadronisation of beauty quarks normally results in a B-meson. The
characteristics between these two processes are illustrated in figure 5.2. In fig-
ure 5.2(a) a charm quark forms a D-meson by being combined with an antiquark.
Figure 5.2(b) indicates that a D-meson can be produced from B-meson decay by the

confinement of the charm quark with a light antiquark.

A D-meson from B-meson decay will have a lower momentum than one from
the fragmentation of a primary charm quark. Additionally, an extra vertex will be

present, which will show evidence of beauty, rather than charm, quark production.
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Charm quarks can also be identified by looking for exclusive D-meson decay modes,

such as D’ — K7+,

The ZVTOP [59] vertex algorithm was designed by the Stanford Large Detector
(SLD) Collaboration. It attempts to reconstruct quark jets using the tracks and
displaced vertices left behind by an event. This algorithm has been amended to
facilitate the inclusion of a neural network [60]. Events that include quark-antiquark
production can be used to train a neural network, which learns how to distinguish

the different resultant particles.

An interface [60] between Simdet and the ZVTOP vertex finder is used to ex-
tract information collected by the CCD detector. The neural network supplied
by Thorsten Kuhl for beauty and charm tagging has been trained on high-energy

ete™ — H°Z" — 171 qq events. Over 300,000 events [61] for every possible decay

mode were used to train the neural network.

Probabilities of the presence of beauty and charm quarks are given in relation
to light quarks. Additionally, the likelihood of charm quark production is also
compared with that for beauty quarks. The Simdet code was altered, thus enabling

these tagging probabilities to be written on the standard output file.

5.3 Event Properties

A program for reading data from the Simdet standard output file has been designed.
The computer program collects momentum-energy vectors for detected particles,
and calculates the invariant mass, transverse momentum, multiplicity and energy

for each event.

The ZVTOP [59] algorithm calculates the thrust, thrust angle and, together
with the neural network [60], tagging probabilities of an event. The algorithm also
determines the number of vertices produced by a quark jet. The aforementioned

program extracts these values from the standard output file.

An additional program calculates the transverse energy within cones surrounding
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an electron or muon. This is done in an attempt to distinguish isolated leptons from

those that form part of a quark jet.

5.4 Background Reduction

A variety of cuts are performed on the collected data in an effort to maximise the
signal-to-background ratio. The changes in invariant mass and energy distributions
as cuts are applied are illustrated in figures 5.5 and 5.6 respectively. A large missing
energy, as evidence for the signal, is expected owing to the production of two neu-
tralinos. This should be clear from the chosen distributions. Details of these cuts

are explained below.

5.4.1 Thrust Angle

Thrust is a dimensionless quantity that attempts to reconstruct the position in phase

space of the original particles from their decay products. It is defined as:

N - B
T — max =i/ 7
A=t 325 |l
where p; is the momentum vector for each detected particle. The thrust axis is given

(5.1)

by the unit vector n, which maximises the value given by equation 5.1. The thrust
axis gives an indication of the sphericity of the event, and its polar angle can be
used to illustrate the direction of particle production. This quantity is known as the

thrust angle.

Events in which some particles escape down the beam pipe will have a thrust
angle close to the z-axis. As a result, these events will leave a large amount of
missing energy within the detector. As missing energy is expected from scalar top
decay, background events that follow this pattern can be confused with the signal.
In an effort to exclude these events, a thust angle cut of —0.7 < cos Opppyuse < 0.7 is

performed.

The cut also has the added benefit of removing a large amount of background

events relative to the signal. This can be seen from the thrust angle distributions
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in figure 5.3. As the stop squark is a scalar particle, it does not have a preferential
direction of production. This can be compared with vector particles, such as W+

boson production, which is heavily forward-peaked.

The results of this cut can be seen in figures 5.5 and 5.6. The low-energy peak
of quark-antiquark background, which represents events where some particles have
escaped down the beam pipe, has been eliminated. The cut has a relatively small
effect on top-antitop prodcution, as the photon-photon invariant mass required to

create these particles is close to the threshold production energy.

5.4.2 Missing Transverse Momentum

A requirement of a minimum momentum of 20 GeV in the transverse plane has been
applied to remove events that do not possess any missing energy. As transverse

momentum is conserved in every interaction, events where all particles are detected
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have pr = 0. The cut leads to a relatively large reduction in quark-antiquark
and hadronic WYW~ backgrounds. However, there is no significant reduction of
WW— — q;q,lv events. Figures 5.5 and 5.6 show that this is the main background

process.

5.4.3 Multiplicity

Events with less than 25 detected particles were excluded from this analysis. This
cut, although minimal in its effectiveness, is important for several reasons. To in-
crease the effectiveness of any further cuts, events with a relatively high multiplicity

are desirable. In addition, any stray leptonic events are eliminated after this cut.

5.4.4 Isolated Lepton

Although a significant reduction of the WTW~ — q;q;lv background is achieved
using the cuts outlined above, it still engulfs the signal. As discussed in section 4.1.3,
this background can be reduced by searching for leptons that do not form part of
a jet. Channels that result in tau-lepton production are not affected as this lepton

decays before reaching the detector.

The position of particles within the detector can be expressed in the 7-¢ plane,
where ¢ is the azimuthal angle. The pseudorapidity is a Lorentz invariant quantity

for massless particles, and is defined as:

n = —Intan (g) (5.2)

where 6 is the polar angle. Distances on this plane are given by:

R= /(a0 + (2¢)° (5.3)

Leptons that form part of a quark jet will have a cluster of other particles sur-
rounding them. This is in contrast with isolated leptons, which should have little or
no particles within a certain radius. A circle drawn around leptons in the n-¢ plane

is used to represent a cone, originating from the point of production. The presence
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Transverse Radius = 0.5 Radius = 0.7
Energy Efficiency (%) S/B Efficiency (%) S/B
(GeV) WTW~  t | Ratio [1073] | WFW~ & | Ratio [1073]
No Cut 100 100 5.4 100 100 0.4

> 10 67 98 7.9 70 99 7.6

> 15 66 98 8.0 69 98 7.7

> 20 65 97 8.0 68 98 7.7

> 25 64 95 8.0 67 96 7.7

> 30 63 93 7.9 66 95 7.7

Table 5.2: Cut Efficiencies and Signal-to-Background Ratios for Isolated Electron Cut.

Signal-to-background ratios are given with respect to WHW~ — q;q;lv events only.

of other particles within this cone indicates that the lepton is part of a quark jet.

The reverse is true for isolated electrons and muons.

However, the situation is made slightly more complicated by detector issues.
For example, a damaged detector plate may respond to an imaginary particle, thus
incorrectly indicating that an isolated lepton is part of a quark jet. In an attempt to
eliminate these incidents, a limit on the sum of transverse energies for all particles
within this cone is defined. Below this limit, the lepton is isolated, and can be

eliminated from this analysis.

Electrons and muons are analysed seperately, and radii of 0.5 and 0.7 have been
chosen. Details on the effect of this cut for varying values of minimum transverse
energy for electrons and muons are detailed in tables 5.2 and 5.3 respectively. A
minimum value of 20 GeV for the transverse energy within a cone of radius 0.5 has

been chosen to symbolise an electron or muon that is part of a quark jet.

The effect of this cut can be seen in figures 5.5 and 5.6. This cut successfully
removes a large number of WTW~ — q;q,lv events, and has a strong effect on the
top-antitop background. Efficiencies of 64% and 60% for the isolated electron and

muon cuts respectively are achieved for the tt background. This is because a top
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Transverse Radius = 0.5 Radius = 0.7
Energy Efficiency (%) S/B Efficiency (%) S/B
(GeV) WTW~  t | Ratio [1072] | WFW~ & | Ratio [1072]
No Cut 100 100 0.8 100 100 0.804

> 10 50 98 1.6 55 99 1.5

> 15 49 98 1.6 53 98 1.5

> 20 48 97 1.6 52 98 1.5

> 25 48 96 1.6 o1 96 1.5

> 30 47 94 1.6 o1 95 1.5

Table 5.3: Cut Efficiencies and Signal-to-Background Ratios for Isolated Muon Cut.
Signal-to-background ratios are given with respect to WTW— — q;q,lv events only. Anal-

ysis was performed after isolated electron cut.

quark will decay to a W'b state, where the W boson could decay leptonically. As
expected, the cut has little effect on other backgrounds.

5.4.5 Number of Vertices

The number of vertices left in the tracker is dependent on the original quark flavour,
and this property can be used to remove some light quark events. Histograms
illustrating the number of vertices produced by signal and WTW~ — q;q,lv events

are shown in figure 5.4.

As expected, roughly equal numbers of charm quark jets result in one or two
vertices. Most jets that originate from light quarks leave a signature of one vertex
in the tracking system. A cut of 2 vertices on the most energetic jet eliminates
a large amount of hadronic and mixed WTW™ events relative to the signal. A
further identical cut on the second most energetic jet yields similar results. A signal
efficiency of 43% and 37% is achieved by the cuts on the leading and sub-leading
jets respectively. This compares well with a respective WTW~ — q;q;lv background

efficiency of 13% and 10%. The results of these cuts are illustrated in figures 5.5
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q;d;lv and Signal Events. Distributions for sub-leading jets are taken after the implemen-

tation of a cut on the number of vertices for the leading jet.

and 5.6.

5.4.6 Charm Tagging

In an effort to search for evidence of charm quarks, cuts can be imposed on the
jet tagging variables described in section 5.2. The network outputs a charm quark

probability for the two most energetic jets in relation to light and beauty quarks.

The probability distributions for ¢ quark events with respect to light quarks is
shown in figure 5.7. The histograms are filled after the vertex cut is performed
on the data. As expected, beauty quarks from vy — bb and 7y — tt events are
mostly classified as charm quarks, owing to the similarity in mass of ¢ and b quarks.
However, a relatively large number of ¢ quarks from vy — ¢C events possess a low

charm tag probability. Applying a minimum cut of 0.1 to this property for both
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Figure 5.5: Evolution of Invariant Mass Distributions for Signal and Background Events.
In the order that they are applied: before cuts; after thrust angle cut; after isolated

electron cut; after isolated muon cut; and after vertex cut.

leading and sub-leading jets leads to an increase in the signal to mixed WTW~
background ratio. This cut provides cc, WTW~ — q;q,lv and signal efficiencies of

10%, 31% and 53% respectively.

Charm probability distributions compared with beauty quarks are shown in fig-
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ure 5.8. Implementing a minimum cut of 0.1 for leading and sub-leading jets rejects

a significant number of vy — bb and 7y — tt events. Relatively large cc and signal

efficiencies of 79% and 91% are achieved. The cut also renders an efficiency of 83%

for the main background, WTW~ — q;q;lv decay, thus resulting in an improved
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Figure 5.9: Invariant Mass Distributions for Signal and Background Events after all cuts

have been applied.

signal-to-background ratio.

5.5 Analysis

Invariant mass and energy histograms for background and signal events after all
cuts are shown in figures 5.9 and 5.10 respectively. Both sets of histograms show
the presence of three peaks. For figure 5.9 these peaks occur at approximately
90 GeV, 180 GeV and 360 GeV for scalar top, semi-leptonic WTW ™~ and hadronic
events respectively. In figure 5.10 the peaks have similar values of 120 GeV, 230 GeV
and 360 GeV.

It can be seen from these figures that only WTW~ — q;q,lv events still affect
the stop squark distributions. As vy — WTW™ is a golden channel process at
TESLA, it will be relatively easy to remove this background. This is typically done
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Figure 5.10: Energy Distributions for Signal and Background Events after all cuts have

been applied.

by measuring the cross-section for this process, thus determining the number of

expected events and their respective distributions after all cuts have been performed.

The number of signal and background events that remain as cuts are performed

are given in table 5.4.

Results for a similar analysis performed on single- and double-resolved photon
production of c¢ and bb pairs are shown in figure 5.11. Applying a thrust an-
gle cut gives background efficiencies of 0.5% and 0.6% for charm-anticharm and
beauty-antibeauty events respectively. Due to the forward-peaked nature of these
processes, the thrust angle cut is expected to be most effective. After all cuts are
performed, surviving events are found to coalesce around the mixed WTW~ peak. If
the generator-level cut on the minimum transverse momentum of charm and beauty
jets is assumed to adequately mirror a similar detector-level cut, relatively few events

survive. As a result, their contribution to background is negligible.
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Number of Events for vy —

Cut — - -

tt ct bb tt Qv | ;9.9
No Cut 1,500 || 293,700 | 14,300 | 6,500 | 702,900 | 731,500
—0.7 < cos Opppyst < 0.7 1,032 || 31,290 | 1,959 | 4,463 | 202,286 | 197,388
pr > 20GeV 946 7,798 685 | 2,449 | 180,135 | 18,168
Multiplicity > 25 879 7,777 685 | 2,447 | 163,178 | 18,167
Isolated e*: Er >20GeV | 851 7,634 670 | 1,573 | 105,815 | 17,345
Isolated pu*: Ep > 20GeV || 824 7,594 664 951 | 51,174 | 16,907
Number of Vertices
Leading Jet = 2 354 3,164 276 258 6,472 2,137
Sub-leading Jet = 2 131 1,168 124 91 637 394
Probability (¢ not u,d,s)
Leading Jet > 0.1 87 372 117 89 330 195
Sub-leading Jet > 0.1 69 113 111 84 199 97
Probability (¢ not b)
Leading Jet > 0.1 64 100 22 24 170 86
Sub-leading Jet > 0.1 63 89 6 12 166 77

Table 5.4: Number of Simulated Signal and Background Events after cuts are applied.

An annual integrated luminosity of 110 fb~! has been assumed.

A similar analysis was carried out on the small sample of light quark events.
As expected, the thrust angle and vertex cuts were very effective, yielding back-
ground efficiencies of 1% and 6% respectively. After all cuts, around 0.0004% of
events remained. These events were concentrated around the hadronic peak, so

their contribution to background can be ignored.

5.5.1 Systematic Uncertainties

All data has been taken without consideration of the trigger system that might be
in operation at the photon collider. The trigger is responsible for fast data analysis,

and chooses events that meet the objectives of the physics program [16]. Depending
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on the efficiency of this system, the number of expected events for each analysed
process will vary. Although a triggering system has not been decided on, it could

result in an enhancement or reduction of signal and background processes.

There also exists an uncertainty on the efficiency of the cuts that are imple-
mented. Faults with the detector may also interfere with the signal, producing
responses for particles that do not exist and giving incorrect properties for those
that are found. These effects are not considered by Simdet. The resolution of the
detector at the photon collider may be different from that used by Simdet, meaning

that there will be some variation in the histograms.

An annual integrated luminosity of 110fb ! has been used in this study. Al-
though this is an estimate, the shape of the distributions should not change if this
value is incorrect. Additionally, the luminosity is slightly smaller [6] at the lower

regions of the high energy peak. This will not affect top and scalar top quark pro-
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duction, but will reduce the number of expected events for the other background
processes. The photon-energy spectrum determined from the CompAZ routine is a

parameterisation, and therefore also has an uncertainty.

5.5.2 Discovery Potential

The significance of the signal gives an indication of the discovery potential of the

stop squark. Significance is defined as:

Nsignal

\/ Nbackground

where Nigna and Nygekgrouna are the number of signal and background events respec-

Significance = (5.4)

tively. Maximum cuts of 160 GeV were imposed on the invariant mass and energy

distributions in an effort to isolate the stop squark peak.

Significances of 10 o are found from the invariant mass and energy distribu-
tions. This shows that there is a very strong potential for stop squark discovery at
TESLA. The cross-section for scalar top quark production at a photon collider can

be calculated with:

o N, events
yy—tt Pe

where Neyents is the number of events after cuts, .Z is the integrated luminosity, and

(5.5)

g

€ is the total signal efficiency. A total signal efficiency of 4% is achieved with the cuts
employed. The number of stop events that remain are 63 £+ 8 (stat), and an annual
integrated luminosity of 110fb™" is assumed. Systematic errors that contribute to
the uncertainty in the luminosity and efficiency are not considered. A result of
13.6 = 1.7 fb is derived, and can be used to determine the stop mass with figure 4.4.
A mass fit is not conducted and a value of 180 GeV is assumed for the mass of
the stop squark. Michael Klasen’s program was used to calculate cross-sections for
stop squarks with masses ranging from 170 to 190 GeV, yielding a final value of
180 £+ 2 GeV.
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Conclusion

The discovery potential of a scalar top quark of mass 180 GeV has been assessed at
the TESLA collider. A 100% branching ratio for the decay chain #; — cx? has been
used. The work has been carried out in the context of the Minimal Supersymmetric
Standard Model with R-parity conservation, where the neutralino, of mass 100 GeV,

is the Lightest Supersymmetric Particle (LSP).

The main background process is WTW~ — q;q;lv, which is largely irreducible.
Cuts on the thrust angle, transverse momentum, multiplicity, number of vertices
and c-jet probabilities have been performed. Additionally, evidence for an isolated

lepton has been searched for to remove some main background events.

The invariant mass and energy distributions, after all cuts have been performed,
show three peaks corresponding to signal, semi-leptonic and hadronic events in as-
cending order. For the lowest energy peak, a stop squark signal of significance 10 o
is obtained after all cuts are applied. This indicates that the potential for discovery

is very high.

A scalar top pair-production cross-section of 13.6 4 1.7 tb is determined from a
total cut efficiency of 4%, an annual integrated luminosity of 110 fb~* and the number
of remaining signal events. Systematic errors on the efficiencies and luminosity have
been discussed, but are not included in the final calculation.

A final value of 180 + 2 GeV was obtained for the mass of the scalar top quark.

Although comparable with a value of 180755 GeV from a similar analysis [62] per-
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formed with electron-positron collisions, photon-photon interactions produce a mass
with lower accuracy. This is partly due to a higher number of expected scalar top
events in electron-positron interactions, thus giving a lower percentage error. In
addition, deducing the mass from the cross-section is heavily dependent on the the-
ory. This leads to unknown theoretical errors. An alternative method was adopted
by [62], in which the relationship between the mass of the scalar top quark and
the stop mixing angle was determined with polarised electrons and positrons. The
use of this technique, with polarised photon collisions, should greatly improve the

accuracy of the determined mass. However, this approach still relies on the theory.

Other possiblities for measuring the mass of the scalar top quark from the final
state have been investigated in the case of electron-positron collisions [63]. Jet
energy spectrum endpoint measurements contain information concerning the masses
of both the charm quark and the neutralino, which will not be seen in this case. The
minimum mass method [64] requires the mass of the neutralino to be known, thus
allowing the calculation of the minimum allowed mass of both charm jets. Although

these techniques lead to larger errors [63], they are independent of the theory.

To optimise the selection efficiency, an Iterative Discriminant Analysis (IDA) [65]
can be implemented. This method was used in [62], and could be used to reduce

the magnitude of errors on the stop squark mass.

Only one set of values for the stop squark and neutralino masses have been
considered. A more thorough investigation could scan the entire mass range for

these particles.

Additionally, particle pair-production in electron-photon interactions has not
been considered. The high-energy luminosity of these collisions at the TESLA pho-
ton collider is 94 fb~" [6], indicating that this could affect the distributions presented

here. A complete analysis should consider these processes.

The production of the Higgs boson and other supersymmetric particles has not
been considered. These processes could be another source of background. Although
the masses of these un-detected particles are still not known, further analysis could

be performed over their kinematically allowed mass range.



Appendix A

Determination of

Momentum-Energy Vectors

Signal and top quark background events, after extraction from the Monte Carlo
generator, were expressed in terms of their transverse momentum and the rapidities
of both particles. The spherical coordinate system for the momentum of these
particles is illustrated in figure A.1, where the origin is located at the interaction

point.

The magntiude of a particle’s momentum component in the xy-plane is called

the transverse momentum, and can be expressed by:

pr =\/p2+ D2 (A1)

where p, and p, are respectively the x- and y-components of the particle’s momen-
tum. From figure A.1, the azimuthal angle is defined as tan¢ = %. By writ-

ing equation A.1 in terms of p,, the expression for the azimuthal angle becomes

tan ¢ = —2L—. This leads to the following equation for p,:
TPy
Py = prsing (A.2)

A random number generator is used to assign a value between 0 and 27 radians
for the azimuthal angle. As both signal and top quark background generation result

in a two-body process, the particles are created in opposite directions to each other
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np

Figure A.1: Spherical Coordinate System at TESLA in terms of Momentum Vectors.
The polar angle 6 lies in the yz-plane.

in the xy-plane to conserve momentum. Therefore, the momentum of the second
particle in the y-direction is given the opposite value. These values for p, are used

to calculate the momentum in the x-direction:

Pz = \/p% - pz (A3)

Rapidity is a dimensionless variable used to describe the behaviour of a particle.
It is defined as:
1 E+p,

=1
Y QOgE—pz

(A.4)

where F is the energy and p, is the momentum in the z-direction. Equation A.4

corresponds to tanh(y) = £. The energy of a particle is E = /pF + p? + m?,

where m is its mass. Therefore, the rapidities of both particles y; » can be used to

determine their z-momentum components and energies:

‘ Pz
... = sinh 2+ m? Eip = A
Pay, = Sin (yw)W L2 7 tanh (Y1.2) (49)
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