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This thesis describes the functionality and performance of MuonBetaRefit, an
analysis package designed to measure the velocity of muon-like tracks at the ATLAS
experiment on the LHC. Such velocity measurements allow for the identification of
charged stable massive particles(SMPs) at ATLAS. SMPs are a common feature of
some proposed extensions to the standard model of particle physics.

The standard model represents our current understanding of the constituents of
matter and the nature of physical forces. Despite the many successes of the standard .
model, it does not yet provide a complete description of the universe. For example, the
large difference in strength between the electroweak and gravitational force can only
be obtained from the standard model with fine tuning of model parameters. This
apparent difference between the fundamental forces is known as the hierarchy problem.

An extension to the standard model which addresses the hierarchy problem is

-supersymmetry(SUSY). Essentially, SUSY postulates the existence of super-partners

of each particle in the standard model. The quantum corrections introduced by these
particles lead to a more natural resolution of the hierarchy problem than fine tuning of
parameters. Many searches for evidence of SUSY have been carried out over the last
few decades. "

Gauge Mediated SUSY Breaking(GMSB) is a SUSY mode! whose phenomenology
is dictated by the nature of the next to lightest SUSY particle(NLSP). GMSB particles
decay in a cascade down to the NLSP, which then decays into the lightest SUSY
particle, the gravitino, which is undetectable. For a large portion of the parameter
space not excluded by previous searches, the NLSP is the stau, the super-partner of
the standard model tau lepton. The lifetime of the NLSP depends on model
parameters and can be long ehough to be measureable in particle detectors. If the
lifetime is long enough for the NLSP to traverses the entire ATLAS detector before
decaying, it will be detected as a muon-like SMP. Other particles produced in these
events vary depending on the decay chain, but typically contain a mixture ‘of hadronic
jets and high energy leptons, both charged and neutrat. ’

The LHC is the world’s largest and most powerful particle accelerator and in 2011
produced 5.61fb™" of collision data at a centre of mass energy of 7TeV. The ATLAS
experiment is one of two general purpose particle detectors on the LHC. It is designed
to detect as many particles being produced in collision events as possible, measuring
their energy and momentum. It is capable of quickly filtering events produced by the
LHC using triggers that quickly select events with interesting characteristics.

The reconstruction software at ATLAS does not, as standard, measure pérticle
velocity, however, some detector technologies make time measurements of sufficient
resolution to allow the velocity to be calculated. Particularly, the ATLAS muon
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spectrometer has both the necessary time resolution and distance from the interaction
point to allow velocity to be calculated accurately.

Standard muon reconstruction at ATLAS uses an assumed particle velocity equal
to the speed of light. This can lead to mis-reconstruction of measurements made in the
muon spectrometer Monitored Drift Tube(MDT) detectors, where particle time of flight
is necessary to calculate the drift radius and hence measurement position.
MuonBetaRefit uses the standard ATLAS reconstruction algorithms to build muon-like
tracks at different assumed velocities in the muon spectrometer. This allows SMP
tracks to be reconstructed correctly as well as providing a- measurement of particle
velocity from the MDTs. Measurements made by the muon spectrometer Resistive
Plate Chambers(RPC) are also included in the track and have sufficient time resolution
to make velocity measurements. The track reconstructed in the muon spectrometer is
then extrapolated to the interaction point. Measurements from the calorimeter can be
added to this extrapolated track, providing additional time measurements.
MuonBetaRefit is thus capable of, for each reconstructed track, providing velocity
measurements from three independent detector technologies; the MDT, the RPC and
the calorimeter. These technologies have velocity measurement resolutions of around
3%, 2% and 9%; respectively.

The velocity measurements rely on the reliability of time measurements made by
the detector, directly in the case of the RPC and calorimeter, indirectly in the case of
the MDT. Additional time calibration was performed on each detector used to ensure
the maximum velocity measurement accuracy possible. This is done using muons
from Z->up events, with known velocity negligibly close to the speed of light. Each
detector element was calibrated to a standard for that detector technology by
calculating the average of times measured by that element over the entire 2011 run
period. Each detector technology standard is then calibrated to the LHC clock on a
run-by-run basis. Element calibration databases existed for the RPC and MDT but had
to be constructed manually for the calorimeter. Databases for the run-by-run
calibration had to be constructed manually for all detector technologies.

A search for SMPs was conducted in the framework of setting lower limits on the
mass of the GMSB stau. The essence of this search was to calculate particle mass by
measuring the velocity and momentum and test the results against predicted
background for evidence of GMSB processes.

Events were selected from the 2011 data taking run at ATLAS using triggers for
high momentum single muons and missing transverse energy. These two triggers

were shown in simulations to have tagging efficiencies of around 80% on GMSB events.

Tracks were reconstructed with MuonBetaRefit in these events and those with
transverse momentum greater than 30GeV were selected. Each velocity measurement
was checked for reliability by determining the number of time measurements it was
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drawn from and whether these measurements were present throughout the whole track.
Tracks with more than one reliable velocity measurement had the measurements
combined into a single velocity measurement. These tracks were checked for velocity
measurement consistency by comparing the individual reliable velocity measurements
with the combined measurement. Any tracks with a velocity measurement more than
20. removed from the combined measurement were discarded. Remaining tracks were
tagged as SMP candidates if all reliable velocity measurements were less than 0.95c¢.
SMP candidate tracks had their mass calculated and plotted. ’

The same procedure was applied to simulations of GMSB processes, resulting in a
selection efficiency on stau tracks of around 35%. i

Background was calculated in a data driven approach, by simulating random
mismeasurement of velocity for each reliable velocity measurement. Reliable velocity
measurement distributions for were obtained for each technology using muon tracks
with transverse momentum greater than 10GeV. These distributions were split into
regions of the detector with: different velocity measurement resolution. Random
mismeasurement of velocity in tracks can be simulated by converting these
distributions into probability density functions(PDF) and drawing a velocity
measurement at random.

Background tracks are created during the search for SMP candidates, immediately
before checking for velocity measurement consistency. Any track with more than one
reliable velocity measurement has 100 copies made with the same momentum vector,
but all velocity measurements replaced with random values drawn from the appropriate
PDFs. The tracks are then put through the same consistency and SMP candidate tests
as the track with the true measured values, but when plotted are weighted
appropriately. )

7

The background present in searches for individual SMP candidate tracks is too
great to draw any meaningful limits on GMSB cross sections. However, GMSB NLSPs
are produced in pairs due to R-parity conservation. Searching for pairs of SMP
candidates reduces the background far more than it does the signal and allows limits
on the cross section to be drawn.

The limits set by this search exclude GMSB models with long live staus of mass
lower than 260GeV over the whole parameter space considered. Staus lighter than
285GeV can also be excluded in some of the parameter space. By comparison, a
recent study made by the SUSY SMP group at ATLAS excluded staus lighter than
285GeV over the whole parameter space and 300GeV in the areas this study excludes
at 285GeV. This difference in limit setting strength can be partially attributed to the
greater quantity of data usable by the SMP group. This study was limited by the
availability of Z->uu datasets needed to construct calibration databases. *
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