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ABSTRACT

The forthcoming High-Luminosity Large Hadron Collider upgrade brings potential for the
discovery of new physics. However, the HL-LHC also brings new technological challenges as the
Collider increases its luminosity beyond its intended value. As the number of collisions increases,
so too does the hit rate in the ATLAS Experiment’s muon spectrometer. To tackle this challenge,
the New Small Wheel is being commissioned to provide a dedicated trigger and precision tracker to
the end-cap region of the ATLAS Experiment’s muon system. Two technologies: small-strip thin
gap chambers (sTGCs) and micro-mesh gaseous structures (micromegas) provide these triggering
and tracking capabilities, respectively. Before the micromegas are installed, they are tested at CERN
using cosmic ray muons. This requires an efficient set of data analysis tools so that the detector’s
performance can be evaluated.

This thesis presents a set of algorithms which are used to determine that these detectors work
and how well they work. A divide-and-conquer approach yields an efficient algorithm for locat-
ing tracks of charged particles in micromegas detector data. The parameters which describe each

charged particle’s trajectory can then be fit to the data in linear time using an analytical solution to
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2 minimization. Analyzing the Hessian matrix of this * function also allows for improved bounds
to be placed on the micromegas detector’s precision. This removes poor-quality tracks from detec-
tor data, and it helps ensure that the detectors are satistying the requirements set forth in the New
Small Wheel’s Technical Design Report. A discussion of the track identification algorithm’s utility

in disappearing-track-based searches for long-lived supersymmetric particles is also presented.
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Introduction

1.1 LARGE HADRON COLLIDER

The Large Hadron Collider was commissioned in 2008 with the goal of discovering new physics 5.
One hundred meters below the surface of Geneva, Switzerland, the Large Hadron Collider (LHC)
collides particles at close to the speed of light and uses the products of these collisions to learn about

the nature of matter at the high energy frontier *>. In 2012, physicists at CERN, the organization



Figure 1.1: Aerial view of the Swiss-French border with the position of the LHC and its experiments shown. Source:
CERN®,

which operates the LHC, used Collider data to report one of the largest scientific breakthroughs of
the century: the production of the Higgs boson*. This landmark discovery, which was confirmed
by the detection of the Higgs boson’s decay products, gave experimental evidence for a decades-old
theory which explains the fundamental conundrum of how elementary particles get mass*°. Despite
this monumental success, however, many questions about the fundamental nature of our universe
remain unanswered by current data from the LHC.

The Standard Model of particle physics is the theory which describes the processes that have thus
far been observed in LHC collisions*®. The vast amount of data collected by experiments at the
LHC make the Standard Model one of the most successful theories in all of physics'?. In spite of
this success, however, many mysteries still loom over the field. For example, physicists are not able to

explain the nature of the dark matter which makes up the vast majority of our universe°, nor can



they reconcile how general relativity, Einstein’s theory of gravity, works on the universe’s smallest
scales?S. Therefore, the Standard Model must be amended. Before it can be fixed, however, it must
first be broken '°.

Given that present experiments at the Large Hadron Collider have only confirmed the Standard
Model’s predictions, the production of phenomena which is not explained by the Model must be
exceedingly rare. To increase the likelihood of observing physics which goes beyond the Standard
Model (BSM), then, more collisions must be observed”. This motivates the High-Luminosity Large
Hadron Collider (HL-LHC), an upgrade to the current LHC which aims to come online in 2027 '*.
The Collider’s luminosity, the number of particles it collides, will be increased by roughly five times
so that more proton-proton (pp) collisions can be observed by experiments around the LHC '#.
Buried in the decay products of these collisions, physicists hope to find evidence for BSM phenom-
ena'?.

An upgraded Large Hadron Collider, operating at a luminosity much higher than originally
intended, requires an upgraded set of tools for handling the new deluge of particles*3. Particle ac-
celerators must cope with many sources of background processes that must be filtered out when
searching for interesting phenomena. The LHC’s beam of particles, for example, is likely to interact
with the beam pipe’s material as it circumnavigates the Collider at close to the speed of light. This
generates a beam halo which interacts with detectors**. Collimated showers of particles, known as
jets, which are produced by pp-collisions can also interact with detector material and produce free
neutrons. As these neutrons scatter, they can be read out by detectors and produce cavern back-

ground '7. These events will only become more frequent as the LHC’s luminosity is increased. They



Muon end-caps

Figure 1.2: Schematic of the ATLAS Experiment with the end-cap regions of the muon system highlighted. Source:
CERNZ,

will degrade existing detectors, and generate a large amount of undesirable data*’.

1.2 ATLAS MuoN SYSsTEM

These background processes pose a significant challenge to the muon system of the ATLAS Experi-
ment. The ATLAS (A Toroidal LHC Apparatus) Experiment, shown in figure 1.2, provides a large,
general-purpose set of detectors which surrounds one of the Large Hadron Collider’s points of col-
lisions*. Using a range of technologies, the ATLAS Experiment seeks to measure the energies and
trajectories of each of the different types of particles which can be produced by a pp-collision. The
muon, which is akin to a heavy electron, is one of these particles. The relatively high mass and long
lifetime of the muon allow it to travel deeper into the detector than many of the other particles pro-

duced by a pp-collision 8 The end-cap region of the Experiment, which provides muon detectors
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Figure 1.3: Diagram of the ATLAS Experiment’s muon system, with the end-cap region shown in indigo. Interaction

point shown in the bottom right-hand corner. Muons travel right to left. Source: ATLAS Collaboration®.

to cover 1.0 < |7| < 2.7 (polar angle along the beam pipe between 7.7° and 40.4°), is vital for
tracking these particles. Following the forthcoming upgrade to the HL-LHC, this region of the Ex-
periment will be particularly susceptible to degrading radiation and background events**. It must
be prepared for the new challenges which lie ahead.

A schematic of this muon system is shown in figure 1.3. The end-cap region, shown in indigo,
uses successive layers of monitored drift tubes (MDTs) to determine the trajectories of incident
muons*. These MDTs confine a gas around a wire which can read out a charge to front-end elec-
tronics. As a muon passes through the tube, it ionizes the gas and generates an electric charge which
accumulates on the wire**. By placing layers of MDTs before and after a magnetic field, which is
produced by the end-cap toroid, the muon’s momentum can be determined. Lower momentum
charged particles will curve less in the magnetic field*'. Therefore, matching muon tracks in succes-
sive layers of MDTs show how much the track was deflected by the magnetic field, which tells of the

particle’s momentum*.



Thin gap chambers (TGCs) are also used to ensure that the MDTs only record data from real
muons with a sufficiently high momentum#. These detectors have a shorter drift time, which al-
lows them to detect the presence of incident charged particles faster than the MDTs*7. By placing
a layer of TGC:s prior to each layer of MDTs, the TGCs can serve as triggers. Requiring that tracks
in the MDTs coincide with signals from the TGCs ensures that recorded data only contains muons
of a sufficiently high momentum '7. Using these two technologies in tandem, a trigger (TGC) and a
tracker (MDT) allow the ATLAS Experiment’s muon system to resolve the momenta and trajecto-
ries of real muons.

These MDTs and TGC:s are, of course, subject to the aforementioned background processes.
The beam halo and cavern background lead to a large number of hits in the MDTs, even with the
presence of the TGC triggers*. As the electrons produced by these particles in the ionized gas of
the MDTs drift towards the readout wires, the MDTs are effectively offline for several pp-collisions
before they are ready to detect muons again. This reduces the Experiment’s sensitivity to interesting
phenomena, and this issue is only expected to worsen in the era of the HL-LHC??. To help resolve
this issue, the ATLAS Experiment is commissioning the New Small Wheel. This new detector will
replace the first set of TGCs and MDTs of the muon system’s end-cap, as shown in figure 2.1. Using
two new technologies, the New Small Wheel will be able to resolve the trajectories of high momen-
tum muons without being as influenced by beam halos or cavern background *3.

To provide a more robust trigger, the TGCs are being replaced by small-strip thin gap cham-
bers (sTGCs). The narrower strips of these detectors as compared to the TGCs will provide better

position and timing resolution**. Furthermore, the presence of four layers of these detectors in se-



ries will allow for a coincidence requirement to help discriminate against background processes .
To provide a more precise tracker, the MDTs are being replaced by micro-mesh gaseous structures
(micromegas). These detectors use a stronger electric field to decrease the drift time of ionized elec-
trons*?. Therefore, should a rogue particle create a signal in a micromegas detector, the detector will

not be incapacitated for as long.

1.3 CONTRIBUTIONS

As the New Small Wheel is prepared for installation to the ATLAS Experiment, these sTGCs and
micromegas must be constructed and tested. Tests of the micromegas detectors have been carried
out in building BBs of CERN’s campus in Geneva, Switzerland to ensure that they operate as ex-
pected and provide the desired precision**. Cosmic rays, which are showers of particles of extrater-
restrial origin, provide an ever-present source of sufficiently high energy muons with which to test
the micromegas detectors *®. On the order of 10° of these muons pass through the fiducial region of
a wedge of micromegas detectors each second 3, creating a vast amount of data during test runs.
Sifting through and analyzing the data that these tests produce in a computationally efficient
manner, however, poses a daunting challenge. In this thesis, I present a set of novel algorithms to ef-
ficiently identify tracks of muons in micromegas detector data, and to statistically fit the parameters
which describe these particles’ tracks to the data. Using a divide-and-conquer approach yields an ef-
ficient algorithm for identifying tracks of particles. In practice, this gives a 36x improvement to the

speed of track identification when compared to the previous brute force solution. This allows for



more data to be analyzed in a radically shorter amount of time. Using an analytical solution for the
minimum value of the y* goodness of fit test for the parameters which describe a particle’s trajectory
through the micromegas detectors then allows for these parameters to be fit in linear time. This pro-
vides a more robust method for describing the particle’s trajectory, and it motivates an important
metric for understanding the precision of the micromegas detectors. This is critical for ensuring that
the detectors are meeting the precision requirements set forth in the New Small Wheel’s Technical
Design Report*3, and for removing poor-quality tracks from the detectors’ data.

The divide-and-conquer nature of the particle track identification algorithm also allows it to iden-
tify tracks of particles which only appear in a subset of the detector’s layers. If extended to a larger
region of the ATLAS Experiment, this technique could be used to locate tracks of particles which
only pass through a subset of the Experiment’s detectors. Such a particle track could be used in stud-
ies which search for the production of long-lived supersymmetric particles in data from the LHC.
Discovery of such a particle would disrupt particle physics as it would give experimental evidence for
a phenomenon which transcends what is currently described by the Standard Model*.

This thesis is organized as follows. In chapter 2, I describe the layout of the New Small Wheel
and its layers of sSTGC and micromegas detectors. In chapter 3, I present the algorithm for iden-
tifying a charged particle’s track through the micromegas detectors. In chapter 4, I present the
improved method for statistically fitting the parameters which describe these particle tracks to de-
tector data, as well as a discussion of its implications for evaluating the detector’s precision. Finally,
in appendix C, I discuss the utility of the track identification algorithm in searching for long-lived

supersymmetric particles. A conclusion is presented in chapter s.



New Small Wheel

2.1 OVERVIEW

THE ATLAS EXPERIMENT provides a general-purpose detector with 47 steradian coverage sur-
rounding an interaction point at the Large Hadron Collider 7. Several layers of calorimeters and

semiconductor- and gas-based tracking detectors seek to provide measurements of the energies and
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Figure 2.1: Diagram of the ATLAS Experiment with the positions of the New Small Wheels highlighted in red. Source:
CERNZ,

trajectories of each of the particles which could be produced by a proton-proton collision. Full cov-
erage in solid angle around the interaction point makes the ATLAS Experiment a hermetic detector,
and this gives the Experiment a high probability of detecting a particle regardless of its trajectory 7.
This general-purpose nature makes the Experiment very well suited to discovering new physics with-
out bias towards existing theories*.

As the ATLAS Experiment prepares for the LHC’s upcoming run of data collection and for
the HL-LHC, the New Small Wheel is being commissioned during phase one of the Experiment’s
upgrades®'. The effects of the beam halo and of cavern background mean that the increased lumi-
nosity of the LHC will cause more degradation to and decreased performance of the existing thin

gap chambers and monitored drift tubes which are currently used in the Experiment’s muon sys-
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Figure 2.2: Diagram showing how micromegas technology detects an ionizing particle. Source: ATLAS Collaboration 2.

tem>3. This manifests in detectors which have a shorter lifetime, and in reconstructed tracks of
particles which may not have originated from real muons. The New Small Wheel will cope with
these challenges by using two technologies, small-strip thin gap chambers (sTGCs) and micro-mesh
gaseous structures (micromegas), in series. The sTGCs will provide a more robust trigger, while

the micromegas will be better suited to higher fluxes of incident particles due to their fast evacua-
tion time**. Once installed to the end-cap region of the Experiment’s muon system, as shown in
figure 2.1, these capabilities of the detector will allow it to provide a significant contribution to the
ATLAS Experiment’s search for new physics 3.

The New Small Wheel contains eight layers each of sSTGC and micromegas detectors. These
detectors are arranged along the z-dimension as four layers of sSTGCs, eight layers of micromegas,
and a final four layers of sSTGCs. A coincidence requirement on the sTGCs allow for these layers to
serve as a trigger for the tracking micromegas layers. These detectors are constructed in wedges with
16 wedges used to cover ¢ when arranged around the beam pipe*? like slices of a cake, as shown in
figures 2.3 and 2.6. Unlike slices of a cake, however, these wedges are explicitly designed to overlap

one another so that there is no non-fiducial region in the detector*3.

II1



Figure 2.3: Diagram showing how eight micromegas wedges surround the beam pipe on the New Small Wheel. Eight
more wedges are used to cover the bare regions. Strips of an 7 layer are shown. Strips not drawn to scale.

2.2 MICROMEGAS DETECTORS

The subject of this thesis is the micromegas detectors. These detectors work by confining a gaseous

mixture between two charged plates which create an electrostatic potential 16

. As shown in figure
2.2, a charged particle (i.e. muon) ionizes this gas and causes a shower of electrons to travel along

the potential to a micro-mesh. At this point, a stronger electric field amplifies the charge so that

it can be read out along one or a number of adjacent copper strips as an electric signal and pro-
cessed by front-end electronics *®. These strips are arranged radially outward from the beam pipe,

as shown in figure 2.3, so that a precise measurement of a particle’s position can be made in 7 at each
layer*3. Locally, in New Small Wheel coordinates, this corresponds to making a measurement in the
x-direction.

It is also desirable that a measurement be made in ¢. This is achieved by offsetting the strips of

four of the eight micromegas layers by an angle of +1.5°, two layers in either direction, as shown in

12
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Figure 2.4: Diagram showing how stereo layer readout strips (right) are offset from those of the 7 layers (left). Angle not
shown to scale.

figure 2.4*3. These four layers are dubbed the ‘stereo’ layers, and they allow for an imprecise mea-
surement to be made in ¢. Considering the overlap of consecutive strips which are oriented at a
non-trivial angle with respect to one another allows for a measurement to be made of an incident
particle’s trajectory in both 7 and ¢*3. A cartoon diagram of this is shown in figure 2.5. Locally,
in New Small Wheel coordinates, this ¢ measurement corresponds to the y-direction. It should be
noted, however, that strips along the 7 layers of micromegas detectors are not curved to follow a con-
stant 7 value. Use of the stereo layers is, therefore, imperative in order to pinpoint a y value and, by
extension, determine the 7 value of a trajectory.

We then have eight micromegas layers which are used to determine the trajectory of a muon. Four
7 layers produce measurements only in x while four stereo layers also produce measurements in y.
Using these local New Small Wheel coordinates, we will refer to the four 7 layers as ‘X’ layers. To
distinguish between the two types of stereo layers, we define ‘U’ layers to be those whose strips are
offset by an angle of +1.5° and we define ‘V” layers to be those whose strips are offset by —1.5°. The
layer structure of each micromegas wedge, starting at the layer closest to the interaction point, is

XXVUVUXX?*3.

13



Figure 2.5: Diagram showing how an incident muon (blue) would be read out on strips (red) of several stacked 7 and
stereo layers of micromegas detectors. Not drawn to scale.

2.3 Cosmic Ray TEsT STAND

After construction, these wedges of micromegas detectors are tested in building BBs of CERN’s
campus in Geneva, Switzerland prior to the New Small Wheel’s installation to the ATLAS Experi-
ment. Cosmic ray muons provide an ever-present stream of particles with which to evaluate the de-
tector’s performance; on the order of 103 cosmic muons pass through a micromegas wedge’s fiducial
region each second*S. Runs of data collection at this cosmic ray test stand can last anywhere from
seconds to hours. An efficient set of data analysis tools is therefore needed in order to turn individ-
ual strip readouts on micromegas layers into reconstructed charged particle trajectories through a
wedge. A scintillator, which is placed above a wedge of micromegas detectors, is used to identify inci-
dent muons. This defines events and triggers data collection. Due to the effects of noise, identifying

the straight line in each event which is indicative of the passage of a real muon becomes a non-trivial
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Figure 2.6: Photograph of the New Small Wheel's mechanical structure, without detector wedges installed. Source:
CERN®*,

task. This pursuit therefore represents is a vital component of the cosmic ray test stand’s data analy-
sis efforts.

This event-level data analysis pipeline consists of several steps. During a muon’s passage through
a wedge, the ionizing particle’s avalanche of electrons in the amplification region of a micromegas
detector is likely to fire a number of adjacent readout strips**. These groups of strip hits on each
layer are therefore condensed into single clusters for simplicity. A clustering algorithm groups hits
together, with cluster centers defined by the weighted average of the positions of constituent hits,
weighted by the electric charge on each strip. Once clusters have been identified, however, it is still
likely that there are clusters which are noise amidst those which are signal. An algorithm must iden-
tify which clusters form a straight line, signaling a charged particle’s track through the detector, and

which do not. This algorithm is presented in the following chapter. Another algorithm must then
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statistically fit a straight line to these on-track clusters in the xz and yz planes so that statements can
be made regarding the detector’s precision as it tracks charged particles. This algorithm is presented

in chapter 4.
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Particle Track Identification

3.1 ALGORITHM PRESENTATION

HAVING LAID oUT the motivation for an algorithm which efficiently identifies tracks of charged
particles in micromegas detector data, this algorithm may now be presented. The input of this algo-

rithm is a set of cluster centers of fired readout strips from the eight layers of a micromegas wedge.
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Figure 3.1: Sample event display of micromegas detector data from the cosmic ray test stand. Detector layer z positions
shown as horizontal blue lines. Eight clusters which likely belong to a charged particle’s track can be seen in red along-
side twenty-one noise clusters shown in terracotta. Identifying these red clusters is the goal of the algorithm. Axes not
to scale.

The output is a subset of these clusters which forms a straight line. As we will see, due to detector
inefficiency and imprecision, it is desirable that this algorithm is able to identify tracks which appear
on fewer than eight layers if no eight-layer tracks exist, and that it is able to identify tracks which are
not perfectly straight.

This problem is distinct from the classic statistics problem of fitting a straight line to data.
Whereas finding a line of best fit seeks to approximate a straight line to a cloud of an arbitrary num-
ber of data points, this algorithm seeks to identify a straight line buried in a sea of noise. Ideally,
it should also be able to determine that no such line exists. Traditional methods such as linear re-
gression are therefore not appropriate for this problem '*. Statistically fitting the parameters of this
straight line to the data will be discussed in the following chapter of this thesis. Presently, we are
only concerned with determining if and where such a straight line exists.

To find a straight line in the three dimensions covered by a micromegas wedge, we can note sev-
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eral simplifications. Each detector layer is positioned at a constant z-value, so it is only necessary to
search laterally along the strip readouts of these layers. Furthermore, it will not be necessary to iden-
tify more than one cluster per micromegas layer. Though it is expected that a single charged particle
will be read out on multiple adjacent strips of a given layer, the clustering algorithm discussed in the
previous chapter condenses these adjacent hits into single clusters*>. Finally, the X layers provide

a measurement in x only, with the y-coordinate left ambiguous as readout strips run parallel to the
y-axis. For this track identification algorithm, we will also make the simplifying assumption that the
offset angle of the stereo layers is 0° so that they can be treated as X layers as well. We will then use
the x position of cluster centers at the center (y = 0) of the detector for these layers. This assump-
tion will be justified shortly.

For now, let us also assume that the particle track appears on all eight layers of the detector. Pair-
ing this with the aforementioned assumptions, it is clear to see that a particle track through the
micromegas wedge also exists on a subset of its layers. Trivially, segments of a straight line are also
straight. So, one could imagine finding a straight line of clusters on disjoint subsets of the detector’s
layers and attempting to stitch these lines together into the single line of a particle track. This insight
empowers us to solve the problem using a divide-and-conquer approach. We can break the prob-
lem of finding an eight-layer track into first finding four separate two-layer tracks, with some extra
overhead to combine them.

For the divide portion of the algorithm, we simply divide the eight layers of micromegas detec-
tors into adjacent subsets; eight layers become two adjacent sets of four layers each. Each of these

two subsets then becomes two adjacent sets of two layers each. Using zero-indexing, we have lay-
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Figure 3.2: lllustration of how sub-tracks may be aligned or misaligned when recombining groups of layers. (a) Sub-
tracks which are not well-aligned. (b) Sub-tracks which are well-aligned but do not connect nicely. (c) Sub-tracks which
are well-aligned and which connect nicely.

ers zero and one, layers two and three, layers four and five, and layers six and seven. As a base case,
within each of these four groups, we then consider all possible lines between combinations of clus-
ters, where we pick one cluster on each layer. These are ‘sub-tracks.” With a large amount of noise,
we surely now have a number of sub-tracks which are meaningless alongside those which are not.
We must discriminate to remove and condense sub-tracks as we recombine groups of layers.
During recombination, we seek to take two adjacent groups of layers and turn them into one
group with straight tracks that have a cluster on each available layer. To achieve this, we will have
to take each sub-track in one subset of layers and see if it connects to a sub-track in the other subset
of layers. To filter out those which do not connect, the geometric angle between them is used as
a measure of alignment. In the ideal scenario, the angle between two perfectly aligned sub-tracks
corresponding to a single particle’s track is 0°. Of course, imperfect resolution of the detector and
the effects of multiple scattering*S make it unlikely for perfect alignment to occur. So, we will define
an angle threshold as an upper limit on this alignment. Doing so allows us to filter out pairs of sub-

tracks which are not well-aligned, as shown in figure 3.2a.
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Two sub-tracks which are well-aligned may not nicely connect to one another if they appear oft-
set in the detector, however. This case is illustrated in figure 3.2b. To also remove these pairs of sub-
tracks, we must consider the line which connects the top cluster in the bottom group of layers to the
bottom cluster in the top group of layers. The angle between this connecting line and the sub-track
in either group must also satisfy the aforementioned threshold. Therefore, there are effectively three
line segments being stitched into a single straight line, as shown in figure 3.2. It should also be noted
that when stereo layers are involved in recombination, the angle threshold is increased by a constant
tactor. This accounts for how the angle of the strips on these layers offsets the strip readouts at large
y values, and this factor should be set according to the maximum width of the wedge. Doing this
allows us to justify approximating the stereo layers as X layers.

With all non-connecting sub-tracks removed, we are now left with sub-tracks which are well
aligned and which connect nicely, as shown in figure 3.2c. Recombination can then proceed with
two, now larger, groups of layers, using the exact same method to remove sub-tracks which do
not connect further through the entire detector. In the end, we may be left with one or more
straight lines of eight clusters, one on each layer, which are indicative of one or more particles’ tracks
through the micromegas wedge, as shown in figure 3.3. Alternatively, it is possible that no such line
remains, which would indicate that a charged particle’s track was not detected.

It should be noted that with an imprecise detector and a large alignment threshold, the identified
line of clusters may zig-zag slightly as it traverses through the detector. Furthermore, this zig-zag
may be present at intermediate stages of the algorithm’s execution when there are, for example, just

four clusters present and we seek to evaluate alignment with another sub-track. To avoid a computa-
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Figure 3.3: lllustration of how the algorithm finds an eight-cluster track in the presence of noise. Each step is presented:

()

(a) base case, (b) sub-tracks which remain after one recombination, (c) the identified track.

tionally expensive search for the line of best fit to these data, the average vector is computed. That s,
the displacement vector of consecutive pairs of clusters is calculated, using the z separation of those
clusters as a weighting function. This estimates the ‘average orientation’ of a given sub-track, and it

allows for future determinations to be made on how well two sub-tracks align.

3.2 CORRECTNESS AND EFFICIENCY

To see the correctness of this algorithm, we will proceed with a contradiction. Suppose that there

is a straight track of eight clusters which is not identified by the algorithm. Segments of this track
must have appeared in the base case where all possible sub-tracks were drawn. So, during some
recombination, the alignment between two constituent sub-tracks must have exceeded the given
threshold. For a perfectly straight line, however, this angle is 0°, which would be satisfied by any an-

gular threshold. This therefore yields a contradiction. It should be noted, however, that the idea of
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correctness of this algorithm is rather fluid. In a real-world scenario, it is nearly impossible that any
particle track will be identified with an alignment threshold of 0° due to the detector’s imprecision,
multiple scattering, and rounding errors. With a very imprecise detector, we may want to identify
tracks which don’t look terribly straight to the naked eye using a very large alignment threshold. The
kind of track which the algorithm seeks to find can therefore be adjusted along with notions of what
constitutes a track.

Much like the correctness of this algorithm, its efficiency is also dependent upon the nature of
the micromegas wedge’s data and the algorithm’s angular threshold. In the event of a high angular
threshold and data that is very tightly clustered in a small region of the detector, it is possible that
no sub-tracks are removed during recombination. This leads to a large number of identified tracks;
given 7 clusters in an event, which are reasonably well distributed across the detector’s eight layers,
this scenario would contain O(#®) tracks. A bound of O(»®) on the algorithm’s run time can then
be seen by analyzing its behavior. In the base case, O(%*) sub-tracks are drawn. As these sub-tracks
are evaluated for alignment and condensed, they become O(7*) sub-tracks. These sub-tracks are
then condensed further to O(#®) final tracks. Evaluation of alignment at each recombination step
is carried out using simple trigonometry, making this a constant time operation without any depen-
dence on the number of clusters in the event. The same is true of recombination. The algorithm
therefore runs in O(#%) time. Clearly, this bound cannot be improved upon as each of the O (%)
tracks in the event must be returned.

In practice, however, the angular threshold is smaller and the data is better distributed across

the micromegas wedge. This leads to a significant improvement in the algorithm’s speed as there
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are fewer tracks in each event. As sub-tracks are condensed, many which do not align with other
sub-tracks are removed, and therefore do not need to be considered during future recombinations.
Further improvements, such as the use of a hash table which is discussed below, also lead to a signif-
icant reduction in the number of sub-tracks which are considered for alignment during each step of
recombination. This results in a dramatic improvement to the algorithm’s run time when compared
to that of the brute force algorithm. Previous solutions to this problem used a brute force approach
which ran a y* minimization on each of the O(»®) potential tracks present in an event, and selected
the track with the lowest ;[2 . With high noise rates, this approach ground data analysis to a halt. Us-
ing micromegas data, this new algorithm identified tracks 36x faster than the brute force algorithm
in data from a sample run of cosmic data collection at standard noise rates. It therefore represents a

significant improvement to the cosmic ray test stand’s data analysis tools.

3.3 FURTHER CONSIDERATIONS

Given a sub-track and a maximum angle threshold, it is clear that a connecting sub-track in an ad-
jacent group of layers can only be found in a narrow region of the detector. As a simple example, if
a sub-track is pointing straight along the z-axis, then a connecting sub-track must lie directly above
the first. We can then use the maximum angle threshold to define a search region for connecting
sub-tracks in an adjacent group of layers. A diagram of this search region can be seen in figure 3.4.
As shown in figure 3.4a, only the sub-tracks which lie in the orange search region are considered for

alignment.
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Figure 3.4: lllustration of how a search region is defined during recombination. When combining two groups of two
layers each, (a) a search region for the bottom sub-track is established to find (b) a connecting sub-track.

This search region can be implemented using a simple hash table to store the sub-tracks during
recombination. Hits in the micromegas detector are discretized by the non-trivial width of the strips
which read out a charge. Each micromegas wedge has 8192 strips*?, so we will create 8192 bins
in our hash table with collisions handled by a linked list. We will store each sub-track in this hash
table using the index of the strip readout of its cluster on the lowest index layer, rounded to the
nearest strip. Using simple trigonometry and the geometry of the detector, we can then calculate the
index of the strip that a given sub-track points towards and look-up the corresponding sub-tracks
in constant time. In order to account for imprecision, we will also look to the left and to the right
of this identified strip to form a search region. The size of this region is proportional to the angular
threshold, so this use of a hash table improves the efficiency of the algorithm by a factor which is
inversely proportional to the alignment threshold.

Finally, as has been discussed, it is generally desirable that a particle track identification algorithm
be able to identify tracks of particles which appear on a set of non-consecutive layers of the detector.

Detector inefficiency means that that an incident particle may not be read out on all eight layers
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Figure 3.5: lllustration of how the algorithm finds a six-cluster track in the presence of noise. Each step is presented: (a)
base case, (b) tracks which remain after one recombination, (c) identified track. Note that two-cluster tracks are present
after one recombination because four layers remain to be searched and six clusters are required for a track.

of the detector. Therefore, we may wish to be able to identify tracks of particles which appear on
only six or seven of the eight micromegas layers. This can be achieved using a small modification to
the algorithm. The division stage will go one step further to single layers where single-cluster tracks
are created. At each recombination step, the algorithm considers how many layers are needed to
form a particle track, and how many layers remain to be seen in future recombinations. If a given
sub-track could surpass the minimum length of a track using other sub-tracks which have yet to be
seen, then it is carried over to the next step even if it doesn’t immediately connect with an adjacent
sub-track. After the final recombination, this leaves a straight particle track which passes through as
many detector layers as possible. An example of this is shown in figure 3.5.

We now have an algorithm which can efficiently identify tracks of charged particles through the

micromegas wedges of the New Small Wheel detector. When compared to the aforementioned
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brute force solution for identifying tracks of particles, this algorithm represents a significant im-
provement. At high noise rates, the brute force algorithm’s poor performance had ground data
analysis efforts to a halt. Using data from a sample run of data collection at the cosmic ray test stand,
this algorithm ran 36x faster than the brute force solution. This allows for more data from the cos-
mic ray test stand to be analyzed in less time. The divide-and-conquer nature of the algorithm could
also aid in searches for long-lived supersymmetric particles. This possibility is discussed in appendix
C. In order to make substantive claims about the features of the tracks which have been identified
in the micromegas detectors and the precision of the wedge, a straight line must now be more rigor-
ously fit to the clusters which have been isolated. In the following chapter, an algorithm for accom-
plishing this task is presented along with a discussion of its implications for measuring the wedge’s

precision.
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Particle Track Parameter Fitting

4.1  CALCULATION OF TRACK PARAMETERS

HAVING ISOLATED THE CLUSTERS which likely belong to a charged particle’s track through the
micromegas detectors, we may now focus our attention on statistically fitting the parameters which

describe this track. In the absence of any magnetic field, as is the case at the cosmic ray test stand in
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Figure 4.1: Diagram of a muon passing through a wedge of the micromegas detectors to show the definitions of SlopeX,
SlopeY, ConstX, and ConstY.

building BBs, the particle would be expected to travel through the detector in a straight line. We
therefore seek to fit a straight line to a small number of data points; ostensibly, this is a trivial task.
The geometry of the detector and its stereo layers, however, complicates this pursuit.

A three-dimensional line can be described by four parameters. It will have a slope and an inter-
cept in the xz-plane, and likewise in the yz-plane. These intercepts will be defined by the intersec-
tions of the line with the 2 = 0 plane in x and in y, respectively. The parameters can then be referred
to as SlopeX and SlopeY for the slopes in the xz- and yz-planes, respectively, and ConstX and Con-
stY for the corresponding intercepts. A simple diagram showing these definitions is provided in
figure 4.1. The detector does not read out a position in the yz plane, however. Strips on the stereo
layers, which are offset from those on the X layers, give a measurement in x which is perturbed by
the measurement in y.

https://www.overleaf.com/project/ s ff611fbdb89od3722bf1602 To see how to calculate these pa-
rameters, we will work backwards and use a given configuration of the SlopeX, ConstX, SlopeY, and
ConstY parameters to predict the x-position of the strip readout on a given micromegas layer. The
offset of the stereo strips means that the x-positions on these layers will be altered by the y-positions

of their hits, weighted by the tangent of the stereo angle. Given a layer at z-position Z; and with
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stereo angle a;, the x-position of a micromegas hit readout for a certain configuration of parameters

would be:

xgred = ConstX + SlopeX - Z; + (ConstY + SlopeY - Z;) tan 2,

We can then evaluate the y* goodness of fit test*5 to determine how well these predicted hit lo-
cations fit the real data. Given an uncertainty on each measurement ¢;, which can be empirically
determined for layer 7 as discussed in appendix A, the ;(2 goodness of fit test is computed by sum-
ming the squared difference between the predicted x-value and the real x-value for the clusters on

each of the eight layers in the candidate particle track:
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Where x; is the x-position of the cluster center on layer 7. In order to fit a particle track to data,
we seek to find the parameters which minimize this quantity. Prior versions of the data analysis soft-
ware for the micromegas detectors achieved this using the iterative minimizer MINUIT>*. The *
penalty function is a quadratic equation, however, so we can differentiate it with respect to each of
the parameters and find a nice system of equations for its minimum. This yields a method for find-

ing the minimum which does not require the use of an iterative minimizer, and it therefore provides
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a much faster algorithm for fitting the parameters to detector data. In matrix form, the system of

equations for this minimum is written as:

7 7 7 7
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From here, the system of equations can be solved by inverting the matrix on the left-hand side
of the equation, and left-multiplying the column vector on the right-hand side by this inverse. It is
worth noting, however, that the matrix on the left-hand side is invariant to the clusters’ positions; it
remains constant while the vector on the right-hand side changes. We therefore only need to com-
pute this matrix and its inverse once. Fitting the parameters of a particle’s track to data becomes as
simple as constructing the column vector using cluster centers and left-multiplying it by the cached
inverse matrix.

This method must also account for detector inefficiency. As discussed in the previous chapter,
inefficiency will often lead to there being fewer than eight clusters to which a particle track should
be fit. Equation 4.1 shows that the y* penalty function is formed using the available layers, those
which have a cluster in the candidate track. If certain layers are missing, then the sum must only

run over the layers which do register clusters and compare the corresponding predicted x-positions
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Figure 4.2: Method by which a configuration of micromegas layers is hashed.

to the actual data. Following this logic, the sums in the matrix equation will only run over these
same layers, the layers which are used in the event. So, we have a general method for fitting a particle
track to clusters on any configuration of micromegas layers. The matrix on the left-hand side of our
matrix equation only needs to be constructed and inverted a finite number of times, once for each
possible configuration of the layers. Requiring that a particle track appears on at least six of the eight

layers makes:

&)+ () )=

Possible layer configurations, and therefore 37 matrix constructions and inversions.

Each of these 37 inverted matrices can be stored in a hash table so that they are accessible in con-
stant time when fitting a particle track. To define the hash function, the layers which register clus-
ters in an event can be represented as an eight-bit binary string. This binary string can then be con-
verted to base-10 and used to index the hash table which contains these inverted matrices. An exam-
ple of this hashing process is shown in figure 4.2. This then defines an O(#) algorithm for fitting the
parameters of a particle track, where 7 is the number clusters in the candidate track and, in reality,
does not exceed eight.

When compared to iterative minimization using MINUIT, this method for fitting track parame-
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AXZ/DOF A SlopeX A ConstX A SlopeY A ConstY

Mean | 3.34x107% | -3.90x1077 | -2.54x107 ' mm | -1.48x107% | -2.88x10°>mm

Std. Dev. | 1.78x1077 | 1.80x10™7 | 2.71x107°mm | 4.83x107> | 6.24x10°mm

Table 4.1: Statistics on the difference between the parameters calculated by the analytical method and by MINUIT

for each track. Data from 64 401 particle tracks from a single run of cosmic data collection from sector A14. Uses
measurement uncertainties quoted in table B.1. Parameters computed by analytical track fitting method are subtracted
from those returned by the iterative minimizer.

ters yields better fits, albeit modestly. Intuitively, this would be expected given that an iterative min-
imization algorithm seeks to approximate the minimum point of a function in a finite number of it-
erations, whereas this method provides an analytical form for the actual minimum. The differences
between the parameters fit using MINUIT and those fit using this new method for a sample run of
data collection at the cosmic ray test stand are quoted in table 4.1. This shows that, on average, the
parameters computed by the new method result in lower 7> /DOF values than those returned by
MINUIT, indicating better fits. In addition to providing improved fits, this new method for track
parameter fitting was also considerably faster than the iterative minimizer. In the same run of cosmic

data collection, the analytical method fit particle tracks 25x faster than MINUIT.

4.2 DETERMINATION OF TRACK PARAMETER UNCERTAINTIES

The most important contribution of this new track parameter fitting algorithm is its ability to give
more rigorous quotes of the uncertainties on the parameters it computes. Understanding the uncer-
tainties on measurements made by the detector is imperative for ensuring that it meets the precision
requirements described in its Technical Design Report**. MINUIT computes the error matrix for

these four parameters by returning the inverse of the Hessian matrix**. MINUIT forms this Hes-
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sian matrix by estimating second derivatives in the four-dimensional parameter space by testing the
effect of making small perturbations to parameters on the given penalty (y*) function*. However,
the small offset of stereo strips means that any change in the ConstY or SlopeY parameters will be
weighted by a factor of tan £1.5° ~ 4:0.026. This complicates MINUIT’s estimation of uncer-
tainty in y in a reasonable number of iterations. To improve upon this, an analytical form for these
uncertainties can be computed.

The Hessian matrix for a general function is defined to contain the partial derivatives of that

function with respect to each of its variables:

s s o o
aSlopeX2 OSlopeXdConstX OSlopeX0dSlopeY OSlopeXdConstY
s s o o
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This can be computed for equation 4.1:
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Analyzing the diagonal elements of the inverse of this matrix then gives a measure of the statisti-
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A o5 A og Aoy A ot

lopeX onstX lopeY onstY
Mean 1.41xX107° | 2.37x107'mm? | 4.95x107! | 8.122x10°mm?
Std. Dev. | 2.97x107°¢ | 7.60x10~?mm? I.42 2.83 x10*mm?

Table 4.2: Statistics on the difference between the parameter uncertainties calculated by the analytical method and

by MINUIT for each track. Data from 64 401 particle tracks from a single run of cosmic data collection from sector
A14. Uses measurement uncertainties quoted in table B.1. Parameter uncertainties computed by analytical track fitting
method are subtracted from those returned by the iterative minimizer.

cal uncertainty on each of the parameters. Notably, any dependence on the cluster positions has van-
ished. Intuitively, this means that uncertainty on the parameters depends only on the configuration
of detector layers used to track the particle. Table 4.2 compares these quotes of uncertainty to those
returned by MINUIT for the same cosmic run of data collection used in table 4.1. As expected, the
values given for SlopeY and ConstY are, on average, radically different from what had been returned
by MINUIT. This shows a key drawback of MINUIT: it is unable to effectively quote uncertainties
on parameters in the imprecise coordinate. Using this new analytical form, we have an improved
method for evaluating the precision of the reconstruction of a given particle’s trajectory. Values for
these uncertainties for each configuration of at least six layers are given in appendix B.

It should be noted that this calculation of the Hessian matrix is sensitive to the z-positions of
layers. By convention, all particle track parameters are quoted usingaz = 0 position set to be
13.804 mm below the bottom layer of the micromegas wedge at the cosmic ray test stand. Despite
the symmetry of the detector in z about a midpoint between layers 3 and 4, this gives more weight
to certain layers due to their increased lever arm in computing the xz and yz intercepts of a given
particle track. Setting z = 0 to the midpoint between layers 3 and 4 ameliorates this asymmetry,

however this change is not presented in these figures.
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Figure 4.3: Intersection of reconstructed particle tracks in a single run of cosmic data collection with layer 7 of the
micromegas wedge for sector A14. Presence of non-fiducial tracks, those which appear outside the trapezoidal detector,
can be seen in (a). Cut on the uncertainty in ConstY of 1000mm? applied to (b).

4.3 ArrLICATION TO THE REMOVAL OF NoN-FiDUCIAL TRACKS

Equipped with improved measurements of the uncertainties on track parameters, better informed
cuts can be made on candidate particle tracks in micromegas detector data. These cuts ensure that
only the best tracks, those which likely originated from real muons, remain. For example, placing a
cut on the uncertainty on the ConstY parameter can help reduce the presence of non-fiducial tracks.
These non-fiducial tracks, those which are reconstructed to a trajectory which does not actually pass
through the detector’s fiducial region, could have many origins. It is possible for a charged particle’s
track through the detector to be particularly smeared by imprecision or multiple scattering*’, or

for a noise cluster which is reasonably colinear with the particle’s track to be identified by the track
identification algorithm. In these cases, the straight line which best fits the data may provide a good
fit with a low value of * while representing a trajectory which does not pass through the fiducial

region of the detector. Clearly, this is a non-physical solution and these tracks must be removed
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Figure 4.4: Particle track fit to identified clusters in the sample event shown in figure 3.1. Reconstructed trajectory
shown as a red line passing through isolated signal clusters amidst noise clusters. Axes not to scale.

from detector data. In figure 4.3a, the presence of a significant number of these non-physical tracks,
whose y-coordinates stray outside the wedge, can be seen. Figure 4.3b shows that the vast majority
of these tracks can be removed using a cut on the uncertainty in ConstY of 1000mm?. As we have
shown, this corresponds to removing particle tracks which appear on a certain configuration of
layers, a configuration which yields a high error on the ConstY parameter and is therefore more
likely to produce non-fiducial tracks.

This completes the charged particle track reconstruction pipeline for the micromegas detectors.
After isolating the clusters which are likely to belong to a particle’s track, a straight line must been
statistically fit to these data. This is achieved by optimizing the ;{2 goodness of fit test for a straight
line through the layers of a micromegas wedge. This new method produces marginally better fits
than the MINUIT iterative minimizer, however it does so 25x faster. The method also yields a more
natural framework for quantifying the uncertainties on the track parameters. Using the inverse

of the Hessian matrix formed by this ;{2 function allows for the detector’s actual precision to be
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compared to what demanded by its Technical Design Report. Exploring the implications of these
uncertainties allows for poor-quality, potentially non-fiducial tracks to be removed from detector

data.
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Conclusion

The New Small Wheel is a vital component of the ATLAS Experiment’s phase one upgrades in
preparation for run three of data collection at the LHC and in preparation for the HL-LHC up-
grade. When the Collider’s luminosity is increased, this new detector will be able to efficiently iden-
tify and track high-momentum muons amidst a deluge of particles and the degrading eftects of the

beam halo and cavern background**. As wedges of the New Small Wheel’s micromegas detectors
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are constructed and tested in building BBs of CERN’s campus, efficient tools for identifying and
understanding the tracks of cosmic ray muons through the detector are imperative for ensuring that
it satisfies the precision requirements described in its Technical Design Report™3.

As discussed in chapter 3, a divide-and-conquer approach yields an efficient algorithm for identi-
tying tracks of charged particles in detector data. This provides a vital improvement over the previ-
ous solution to the track identification problem, whose inefficiency had ground data analysis tools
to a halt. The divide-and-conquer behavior of this algorithm, if extended to larger regions of the
ATLAS Experiment, could also help search for long-lived supersymmetric particles which would dis-
rupt the Standard Model of particle physics, as discussed in appendix C. Furthermore, as discussed
in chapter 4, the parameters which describe a particle’s trajectory through the micromegas detectors
can be fit to an identified track in linear time using an analytical solution for the minimum point
of the * goodness of fit test. In addition to providing another improvement to data analysis speed
and a more robust method for parameter fitting, this algorithm also leads to a more natural process
for understanding the statistical uncertainties on the particle tracks. These uncertainties help en-
sure that micromegas wedges are meeting the desired benchmarks for their precision, and they help
remove non-fiducial tracks from detector data.

As wedges of micromegas detectors continue to be tested and installed to the New Small Wheel
in preparation for its installation to the ATLAS cavern, these contributions remain vital compo-
nents of the New Small Wheel team’s data analysis pursuits. They allow for more data from mi-
cromegas wedges to be analyzed in less time, and with greater accuracy. Once installed to the AT-

LAS Experiment, the New Small Wheel is sure to play a pivotal role in the search for new physics.
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Figure 5.1: New Small Wheel with several micromegas wedges installed. Source: CERN’.
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Determination of Hit Uncertainty

In chapter 4, an equation for the y* goodness of fit test for the set of parameters which describes a
charged particle’s trajectory through a micromegas wedge was presented. This calculation included
the variable ; which represents the uncertainty on the measurement of a hit on layer 7. Note that
this is distinct from the uncertainties on particle track parameters which were derived and represent

how uncertainties at each layer convolve to give the error on a charged particle’s trajectory. In order
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Figure A.1: Diagram showing the process of determining an N — 1 residual for layer 6. Full eight-cluster track shown in
(a), with cluster on layer 6 blinded in (b). Distance from re-fit track to original cluster in (c) is the N — 1 residual for layer
6.

to properly compute the particle trajectory error, it is imperative that the uncertainty on a measure-
ment made using a given layer be considered.

This uncertainty is computed using N — 1 residuals. For each particle track, a separate track is fit
with one constituent layer blinded. Given N clusters in the event and a blinded layer 7, a track is fit
with the N’ — 1 clusters that are not on layer 7. The position of a cluster at layer 7 is then estimated
from this track, and its distance from this blinded cluster is considered. This distance is dubbed the
N—1 residual, and looking at this residual for each layer over a large number of events in a run of
cosmic data collection allows for statements to be made regarding the layers’ precision. A diagram of
this process is shown in figure A.1.

To compute o7, the distribution of N — 1 residuals for layer 7 is fit to the sum of two Gaussian

distributions and a uniform distribution. The uniform distribution accounts for the uniform noise
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Layer o I 2 3 4 5 6 7
o (mm) | 0.482 | 0.408 | 0.777 | 0.693 | 0.697 | 0.790 | 0.359 | 0.447

Table A.1: Uncertainties on measurements made by each layer of sector A10, computed using N — 1 residuals from
556 466 tracks.

which is distributed across a layer of the micromegas detectors while the two Gaussians nicely fit
the distribution of residuals. Given weights on each Gaussian ¢y, ¢, means g, «,, and standard

deviations g1, oGz, the probability density function of this model is:

1 1(x —;42)2) 1
—= +c ———— | +l-aq—)———
2 0%-’1 > ? 7G2V 27 P ( 2 0%,’2 ( ! CZ)xmax — Xmin

=c 71 ex 1 (x—‘ul)z
fix) = 'rav/2m p(

These six parameters can then be fit to the data using RooFit?*?. The distributions of the N — 1
residuals for the layers of sector Aro, as well as the fit models, are shown in figure A.2. The value of

oy is set to the weighted combination of the two fit standard deviations for layer 7:

g; = aog1 + @062

These values are given for sector A1o in table A.1, which uses the same run of cosmic data collec-

tion as figure A.2.
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Figure A.2: Distribution of N-1 residuals for each layer of sector A10 calculated using 556 466 tracks. Fit model and
parameters shown.
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Track Parameter Uncertainties for a Single

Wedge

In chapter 4, a method for determining the statistical uncertainties on the parameters which de-
scribe a charged particle’s track through a wedge of micromegas detectors was presented. A central

point was that these quantities depend solely on the configuration of layers used to record the track.
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Layer o I 2 3 4 5 6 7
o (mm) | 0.36 | 0.36 | 0.52 | 0.65 | 0.52 | 0.65 | 0.36 | 0.36

Table B.1: Hit uncertainties used for calculations of track parameter uncertainties.

Presented here are the uncertainties on these parameters for all possible configurations of at least
six out of the eight layers of a wedge, sorted in order of layer configuration frequency from a sam-
ple run of data collection at the cosmic ray test stand. This run of data collection includes 556 466
tracks from sector Aro. Layer configurations are listed using the same hashing method as presented

in figure 4.2. The measurement uncertainties used are given in table B.1.
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Layers Frequency JélopeX Tonsix (MmM?) a-glopeY T onsey (MM?)
ITTIIIIT 0.6838 2.21 x 107° 0.03525§ 0.02659 333.9
IITIOIII 0.0465 2.35 x107° 0.03535 0.04273 370.9
ITIOIIII 0.0433 2.34 x 107° 0.04227 0.03355 516.1
IIOITIII 0.0413 2.39 x10°°¢ 0.04187 0.062.13 1058.
OITIIIII 0.0296 3.30 x 10~°¢ 0.06438 0.02688 340.5
IOIIIITI 0.0279 2.82 x107° 0.05463 0.02679 338.6
IIIIIOII 0.0228 239 x107° 0.03527 0.04323 390.9
ITTIIIIO 0.0192 3.26 x 107° 0.03709 0.02659 333.9
IIIIIIOI 0.0171 2.80 x 107° 0.03570 0.02659 334.0
OOIIIIII 0.0074 7.50 x 107° 0.18670 0.02812 369.4
OIOIIIII 0.0056 415 x10°¢ 0.09116 0.0662.4 1139.
ITIIII00 0.0042 7.09 x 107° 0.04157 0.02659 334.4
IOIIOIII 0.0041 2.91 x 10~°¢ 0.05526 0.04350 379.0
IIOIOIII 0.0041 2.49 x 107° 0.04231 0.07287 1065.
II00IIII 0.0040 2.49 x 107° 0.04231 2.25800 49600
ITIIOOII 0.0033 2.49 x 107 0.04231 2.25800 6666.
IIIOOIII 0.0028 2.49 x 107° 0.04231 0.04862 545.0
OIIOIIII 0.0026 4.07 x 107° 0.09365 0.03682 598.2
IOOIIIII 0.0024 3.36 x 107°¢ 0.07316 0.06486 IIII.
OIIIOIII 0.002.3 3.38 x 107° 0.06497 0.04348 380.4
IIOITOII 0.002.2 2.49 x 107° 0.04231 0.09958 1322.
IOTOIIII 0.002.1 3.29 x 107° 0.07513 0.03577 572.4
IITIIOIOI 0.0020 3.30 x 107° 0.03570 0.04540 378.9
ITIOIIIIO 0.0019 3.44 x 107° 0.04370 0.06213 1058.
IIIIOIIO 0.0019 4.08 x 107° 0.03718 0.04637 380.6
IIIOIOII 0.0016 2.49 x 107° 0.04231 0.04794 §52.0
ITOITIOIX 0.00T15§ 2.96 x 107° 0.04220 0.06216 10538.
ITIOIIIO 0.0015 3.34 x 107° 0.04359 0.03359 517.7
IOIIIOII 0.0015 2.98 x 107° 0.05463 0.04330 394.2
III0IIO0I 0.0015 2.88 x 107°¢ 0.04243 0.03365 519.3
IITII0IO0 0.0014 415 x 107¢ 0.03767 0.04667 401.3
OITIIOII 0.0013 3.48 x 107°¢ 0.06439 0.04347 397.1
ITIII00I 0.0013 3.36 x 107°¢ 0.03585 0.04538 396.6
OIIIIIIO 0.0012 4.74 x 107 0.06926 0.02689 340.5
IOIIIIIO 0.0011 3.98 x 107 0.05722 0.02679 338.6
10111101 0.0009 3.41 x 107 0.05501 0.02679 338.8
OITIIIOI 0.0009 3.99 x 107°¢ 0.06533 0.02688 340.6

Table B.2: Track parameter uncertainties sorted by layer configuration frequency from a sample run of cosmic data
collection using sector A10.
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Further Application to Disappearing-Track

Studies

In chapter 3, an algorithm for identifying tracks of particles in micromegas detector data was pre-
sented. Central to this algorithm’s performance was its divide-and-conquer nature. By dividing the

eight layers of the detector into smaller groups, it identified tracks of particles which appeared on
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subsets of the detector’s layers. The algorithm then attempted to stitch these sub-tracks together to
create longer tracks that are more likely to have originated from an ionizing particle such as a muon.
A simple tweak to the algorithm, however, could allow it to return the shorter sub-tracks which do
not connect to sub-tracks in other sets of layers. Though these sub-tracks would not be very inter-
esting in the context of data from the New Small Wheel, they could aid in the search for long-lived
supersymmetric particles in other regions of the ATLAS Experiment.

Supersymmetry is a proposed extension of the Standard Model of particle physics that hypothe-
sizes the existence of a corresponding boson to each fermion, and a corresponding fermion to each
boson *>. Notably, supersymmetric theories provide an intriguing solution for several of the mys-
teries of particle physics. Supersymmetry could lead to the unification of quantum mechanics with
gravity '*, and it could describe the nature of the dark matter which makes up the vast majority of
our universe '. Despite its exciting potential, however, experimental evidence for supersymmetry
has not yet confirmed its validity *>. Nonetheless, searches for proof of a variety of supersymmet-
ric theories continue, and future particle physics experiments are designed with supersymmetry in
mind?.

The pixel detectors, which are the inner-most set of detectors surrounding the interaction point
of the ATLAS Experiment'7, provide an interesting signal region for the production of certain
theorized supersymmetric particles. Roughly 8o million pixels of doped silicon provide coverage
extending to ~15 cm from the beam line before another set of strip silicon detectors, dubbed the
semiconductor tracker (SCT), provide coverage beginning at 730 cm from the beam line 7, as

shown in figure C.1. This means that a charged particle which decays between 15 cm and 30 cm
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Figure C.1: Schematic of the ATLAS Inner Detector with the positions of the pixel detectors shown. Note that a fourth
layer of pixel detectors at R = 33 mm was installed prior to the second run of data collectionC. A disappearing-track,
which does not extend into the SCT or TRT, is shown. Source: CERN 8.

from the interaction point would leave a track in only one set of detectors, the pixel detectors. This
‘disappearing-track’ would be difficult to isolate from noise given that the pixel detectors have only
four layers, however it could be a characteristic signature of a certain kind of long-lived supersym-
metric particle. Prior analyses have searched for one such exotic particle, the chargino, in the existing
data of 36.1 fb™" of pp collisions at /5 = 13 TeV without success . Future searches, however, such
as those using data from the forthcoming High-Luminosity Large Hadron Collider, could use a
similar principle to what is outlined in chapter 3 to locate disappearing-tracks in parallel with the
location of standard tracks.

The long-lived chargino particle, a charged mass eigenstate of the supersymmetric W boson, is
believed to decay into a pion and a neutralino as shown in figure C.2". This pion would likely have a
low momentum and its track would be unlikely to be reconstructed, while the neutralino would not

ionize any of the inner detectors . A disappearing-track through the pixel detectors could therefore
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Figure C.2: Diagram showing the decay of a chargino (;(li) into a neutralino (;(?) and a pion (Wi) following a pp
collision. Source: ATLAS Collaboration*.

be the only experimental evidence of chargino production. Prior searches for this long-lived super-
symmetric particle have placed cuts on disappearing-track events to discriminate against known
Standard Model phenomena’. By requiring that candidate events have missing energy in the trans-
verse direction, E“T“iss, in excess of 140 GeV, for example, disappearing-tracks can be separated from
jets'. Future studies, however, may need additional tools. The change in the energy deposited by the
particle on detector layers as it travels through the inner detector, its dE/dx, could be one of those
tools.

A particle’s dE/dx is known to be useful for identifying its species®. An analytical form for the

dE/dx of a general particle as it passes through material was found by Hans Bethe in 1930°:

dE\ ,Z1 (1 2mlBV W 3By
<_dx> = (J“p‘ﬁ‘z

For K = 4nN Arfmecz = 0.307075 MeV mol ! cm?, incident particle of charge z, material of

atomic number Z and mass 4, mean excitation energy /, collision energy transfer to electron %, and

density effect correction d(8y) *5. Analyzing this quantity over a range of values for By = p/Mc
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Figure C.3: Curves showing the dE/dx of various elements as they pass through a bubble chamber. Source: PDG %,

gives rise to a distinctive curve. Figure C.3 shows examples of these curves for various elements,
showing how the dE/dx of a particle over a range of values of 8y can be used to identify the parti-
cle. In the low-fy region, where these curves separate, the dE/dx of a particle could tell of its species.
Analyzing Monte Carlo data of chargino-producing events shows that a cut on dE/dx could aid
future searches for the chargino particle in LHC data.

Disappearing-track-producing events can be identified in both signal and background Monte
Carlo data. Signal Monte Carlo data refers to the simulated production and decay of long-lived
chargino particles with a given mass and proper lifetime. As these particles travel away from a sim-
ulated beam crossing, their interactions with detectors is estimated so that their signature in the

ATLAS Experiment’s detectors can be predicted. Background Monte Carlo data refers to simula-
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Figure C.4: Distribution of dE/dx as measured by the pixel detectors of disappearing-tracks in 10 000 simulated;?li-
producing events with 72 = 500 GeV and 7 = 1.0 ns.

tions of the processes which could leave similar disappearing-track signatures, which are not pro-
duced by charginos, in the ATLAS Experiment. The background sources for a dE/dx-based search
for disappearing-track charginos are not fully known. Previous disappearing-track searches for the
chargino, however, have identified # production and 77 +- jet events as key background processes .
Analyzing the distribution of the dE/dx of simulated signal and background events could motivate
establishing a cut on this quantity to aid in the isolation of long-lived chargino particles during fu-
ture searches.

To investigate this claim, the distribution of the 4E/dx, as measured by the pixel detectors, of
simulated signal and background events has been examined. Each Monte Carlo sample used in this
pursuit includes 1o ooo events which were subjected to selection criteria motivated by previous
searches for disappearing-track charginos'. Disappearing-tracks were identified as tracks produced
in the Experiment’s pixel detectors. They were required to have a hit on each of the pixel detector’s

four layers, and none in the semiconductor tracker (SCT). Candidate disappearing-tracks were also
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required to have || < 1.8 in order to confine the search to the barrel region of the pixel detectors, as
well as a transverse momentum, p7, in excess of 20 GeV. Table C.1 lists the number of truth-match
disappearing-tracks which survived these cuts. Figure C.4 shows the distribution of the dE/dx of
the truth-matched disappearing-tracks which met these criteria in a sample of chargino-producing
events with 7 = 500 GeV and 7 = 0.2 ns. Truth-matching refers to the process by which a track in
Monte Carlo data is confirmed to have originated from a given simulated particle. In this scenario, a
truth-matched track refers to one which originated from a simulated chargino.

Figure C.6 shows the fraction of simulated chargino-matched disappearing-track events which
would be retained with various cuts on dE/dx alongside the disappearing-tracks that are associated
with #z and 7 + jet events which would be removed. This includes 7 producing events with and
without jets, and 7 + jet events in which the W boson decays as 7~ — ev. Chargino masses in ex-
cess of what has been excluded in prior searches for a chargino with proper lifetime of 0.2 ns have

been investigated . Charginos with the same mass and a proper lifetime of 1.0 ns have also been
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T 0.2 ns 1.0 NS
Mass 500 GeV | 600 GeV | 700 GeV | 800 GeV | 500 GeV | 600 GeV | 700 GeV | 800 GeV
Sample ID 448302 | 448304 | 448394 | 448396 | 448494 | 448496 | 448498 | 448404
A Disappearing Tracks 258 107 292 250 1183 1159 I 241 I 303

Table C.1: Monte Carlo sample ID and number of truth-matched disappearing-tracks which passed the cuts on 7 and p
for various masses and proper lifetimes of charginos, out of 10 000 events per sample.

evaluated. These particles are likely to travel further into the ATLAS Experiment’s inner detector,
and potentially interact with its SCT. Figure C.5 shows that a significant number of these simulated
charginos with 7 = 1.0 ns interacted with the SCT. Some signal in disappearing-track searches for
charginos of this lifetime would therefore be lost to charginos which travel further into the inner de-
tector. Conversely, dE/dx searches that restrict themselves to tracks which extend into the SCT may
be neglecting a significant number of charginos which decay prior to the SCT. Figure C.6 shows
that a dE/dx cut may still be useful in this signal region.

As shown in figure C.6, a dE/dx lower bound of 1.79 MeV g~! cm? would remove in excess of
80% of I/ + jet events, and in excess of 90% of #z-producing events. This cut would also retain 22.1%
of the truth-matched disappearing-tracks for charginos with a mass of 500 GeV and 7 = 0.2 ns.
The fraction of truth-matched disappearing-tracks which are retained by this cut then increases
with the mass and proper lifetime of the chargino. For charginos with a mass of 800 GeV and 7 =
1.0 ns, this fraction increases to 64.6%. Figure C.s shows that searches for this type of chargino
which are restricted to tracks that extend into the SCT may be neglecting more than 75% of the
particles. The disappearing-track region, therefore, may provide an exciting extension to the signal
regions of future dE/dx searches for long-lived supersymmetric charginos.

Moving forward, more work is needed in order to better understand the background processes
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which would be present in a disappearing-track search for the chargino particle using dE/dx
methods. Though figure C.6 shows that a dE/dx cut could effectively separate charginos from
disappearing-tracks produced by 77 production and 77 + jet events, it is possible that there are other
sources which have not been considered. Nonetheless, disappearing-tracks pose an intriguing signal
region for dE/dx studies as current searches for the chargino which are restricted to tracks which ex-
tend through the ATLAS Experiment’s SCT could be neglecting a significant amount of signal. Fu-
ture searches could use a method similar to the track identification algorithm presented in chapter 3,
which was originally designed for data from the micromegas detectors of the New Small Wheel, to

locate these disappearing-tracks alongside the identification of full inner detector tracks.
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Figure C.6: Fraction of signal events which are retained and background events which are removed with various cuts on
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Sample

mc16_137TeV.448302. MGPy8EG_A14N23LO_mAMSB_CiN1_so00_172600_LLop2_MET60.deriv.DAOD_SUSY6.6962_s3353_19364_p3877
mc16_13TeV.448494. MGPY8EG_A14N23LO_mAMSB_CiN1_sooo_172600_LL1po_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877
mc16_137TeV.448304. MGPY8EG_A14N23LO_mAMSB_CiN1_s000_208000_LLop2_MET60.deriv.DAOD_SUSY6.¢6962_s3353_19364_p3877
mc16_13TeV.448496. MGPY8EG_A14N23LO_mAMSB_CiN1_s000_208000_LL1po_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877
mc16_13TeV.448394. MGPy8EG_A14N23LO_mAMSB_CiN1_so00_243800_LLop2_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877
mc16_13TeV.448498 MGPY8EG_A14N23LO_mAMSB_CiN1_s000_243800_LL1po_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877
mc16_13TeV.448396. MGPy8EG_A14N23LO_mAMSB_CiN1_so00_279600_LLop2_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877
mc16_137TeV.448404. MGPy8EG_A14N23LO_mAMSB_CiN1_soo00_279600_LL1po_MET60.deriv.DAOD_SUSY6.e7157_s3353_19364_p3877

mc16_137TeV.410470.PhPy8EG_A14_ttbar_hdampz258p7s_nonallhad.derivDAOD_SUSY6.¢6337_s3126_r9364_p3736
mc16_137TeV.410471.PhPy8EG_A14_ttbar_hdamp2s8p7s_allhad.derivDAOD_SUSY6.¢6337_s3126_r9364_p3736

mc16_137TeV.364170.Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVo_70_CVetoBVeto.deriv. DAOD_SUSY6.e5340_s3126_19364_p3736
mc16_137TeV.364172.Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVo_7o_BFilter.derivDAOD_SUSY6.e5340_s3126_19364_p3736
mc16_137TeV.364171.Sherpa_221_NNPDF30NNLO_Wenu_MAXHTPTVo_7o_CFilterBVeto.derivDAOD_SUSY6.e5340_s3126_19364_p3736

Table C.2: Monte Carlo samples used. Sections provide;?i, tt,and W + jet events, respectively.
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