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ABSTRACT

The central purpose of this research was to add the event pagation velocity to the list
of shower parameters that the Florescence Detector of Pierfeiger Observatory is capable
of measuring. This capability was then leveraged to di erdrate exotic slow moving events
from the rest of the cosmic ray ux. Clearly, by relativistic necessity, all known cosmic ray
primaries can only cause a measurable extensive air showewne@locities indistinguishably
close to the speed of light. Therefore any accurate obsenat of an event propagating slower
than the speed of light would provide an unmistakable indi¢ar of new physics.

A particle must possess very speci ¢ characteristics in oed to be capable of producing
a slow shower. High mass Strangelets, macroscopic dark mattand super-symmetric Q-
Balls were identi ed as strong candidates. Theory supporig high mass Strangelets and
macroscopic dark matter appeared too late for full inclusioin this work, however super-
symmetric Q-Balls were thoroughly examined. CORSIKA simations were used to show
that the uorescence detector of the Pierre Auger Observatgrhas sensitivity to Q-Balls
with a massMq > 3:25 10?’GeV c? while the surface detector is sensitive at a mass
Mg > 1:15 10°'GeV c?2.

The Pierre Auger Observatory was shown to be capable of acctely measuring a wide
range of velocities with two independent methods. These nietds were applied to 7 years
of data and one candidate slow event was identi ed. This carmthte measurement proved
to be due to a rare and interesting, but ultimately, non-exat e ect, which when accounted
for resulted in the event being measured normally. As a resulff this, no exotic candidate
events were found in the search. Recommendations are madeifoproving the result and

promising alternative search methods are presented.
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CHAPTER 1
INTRODUCTION: EXOTIC ASTROPARTICLE PHYSICS

Particle Astrophysics, or rather, Astroparticle Physics, s the study of any particle phe-
nomena of extraterrestrial origin and has been an active élof research for over 100 years.
Currently, astroparticle physics focuses on a wide range faindamental physics topics. The

following are generally seen as the most urgent topics of thedd today [1].

Dark Matter

Charged Cosmic Radiation (Cosmic Rays)
Gamma-Ray Astronomy

Neutrino Astrophysics

Neutrino Oscillation and Properties
Gravitational Waves

Theoretical Astroparticle Physics

Nuclear Astrophysics

Within these subjects stand some of the most pressing and impent unanswered ques-

tions in modern physics.
Why is there a surplus of observed gravity as compared to visgomatter?
Why and how does the Neutrino change its avor and mass, seemingn isolation?
Can gravitational systems radiate their energy?

Why is there surplus of matter as compared to antimatter?



How do quantum eld theories behave at the extreme energy lith

Answering these questions will take a focused e ort from allspects of high energy
physics, and astroparticle physics is well positioned to pvide insights as it leverages the
entire universe and its history as a source of phenomena taidy. To be sure, many of these
guestions may nd their answers safely within the con nes oéstablished physical theories,
however there is mounting evidence that much of this phenoma& is beyond what current
theories are capable of describing. This necessitates aliwgness to play with new theories,
examine established assumptions and look for the unexpette

Working in this eld of study, often called exotic physics, equires special care be lent
to objectivity and skepticism. It is attractive to focus on the aspects of an observation that
point to exciting and new results while ignoring the more pratical and logical explanations.
Furthermore, the supremely well tested and supported theis of physics, mainly the Stan-
dard Model and General Relativity should not and indeed canat be ignored. Balancing
the need to search in unique and new directions with the absité necessity of maintaining
a solid ground in objectivity and accepted physics is a di clt task. Undertaking a study
in exotic physics requires a clear statement of assumptigrgoals and planned methods.

This thesis explores new possibilities in physics by lookjrfor evidence of exotic particles
and interactions within the ux of Ultra-High Energy Cosmic Rays using the Pierre Auger
Observatory. This goal is approached by developing and ingshenting a method of isolating
exotic events from traditional cosmic ray events by measung the velocity at which each
event moves through the atmosphere. This event velocity s&s as a simple and robust
segregation criteria as any particle capable of producingkaight, coherent and measurable
event without relying on ultra relativistic speeds and kin&c energies, necessitates interaction
mechanisms beyond those available to traditional cosmicyr@rimaries. More simply put, if
any event is seen to evolve slowly and energetically, theni# potentially exotic and merits
signi cant further study.

In order to pursue this research, the following assumptiorse being worked under:



1. Within the universe there exist stable particles that willinteract energetically with
the atmosphere at velocities signi cantly below the speed tight in a way that allows
for the creation of events bright enough to meet the observan criteria of the Pierre

Auger Observatory.

2. That it is possible to reconstruct the speed at which cosmiray events evolve in the

atmosphere using the data already collected by the Pierre AagObservatory.

3. That these exatic particles have already been measured tine Pierre Auger Observa-

tory and can be di erentiated from the rest of the cosmic ray ux by their velocity.

Through the course of this thesis, the validity of these asmptions will be tested and
evaluated with as much certainty as this line of inquiry and he experimental techniques
available to it are capable of.

In Chapter 2, Ultra-High Energy Cosmic Rays, the history, phemmena, processes and
characteristics of charged cosmic radiation at extremelyigh energies will be covered. This
is to provide a rm base to understand the eld, as well as, thenstrumentation and search
techniques explained and used in later chapters.

In Chapter 3, the Pierre Auger Observatory, the instrumentabn and general detection
methods to be used in this search are covered in depth. A rm asp of the instrumentation
is critical to understand the research, however this sectias not an exhaustive description of
the Observatory, but rather focuses solely on the componaniised in the study. This research
relies most heavily on the Observatory's Fluorescence Detecso it is given considerable
space in this section. However, because of the wide range atdas that must be considered
later in this work, nearly all the major components of the amy are covered.

In Chapter 4, Exotic Slow Events and Candidate Phenomena, ¢hintricacies of slow
events will be presented. The beginning of this chapter ourtes why these events are of
interest. It then moves to the requirements any phenomena winl have to meet to be con-

sidered as a candidate for a search at the Pierre Auger Obsdorg. The super Symmetric



Q-Ball is highlighted as a strong candidate and given a theetical overview. The viabil-
ity of detecting Q-Ball induced showers is then tested thragh CORSIKA shower andO
line detector simulations.

In Chapter 5, the Velocity Sensitivity of the Pierre Auger Obsrvatory, the capability
of making a measurement of shower velocity with the Obsenat's Fluorescence Detector
is evaluated. First, the simple core model of the method is deteped. This model is then
used to understand how the ability of the Fluorescence Detectto record events changes
with velocity and event geometry. These predictions are timetested with toy slow events
thrown into the full Observatory detector simulations. Fran here a more accurate velocity
dependent model, accounting for most atmospheric e ects developed and real world laser
events are analyzed to set expectations on the velocity réstton of the real observatory.
The results of this sub-study are interesting on their own athe reconstructed velocities of
the laser events systematically deviate from the expectee@sult of the speed of light in air
and change based on which telescope is observing the everd.abcertain the cause of these
di erences the results of the study are thoroughly exploreénd compared to simulations.
The core method of the work is shown not to be responsible fohd o sets, suggesting
possible problems in the instrumentation, standard analys software or both. Due to the
scale of the instrumentation, speci c causes of the o set®ald not be conclusively identi ed.
Regardless, the Fluorescence Detector is shown to be accarit  1:5% of c, which is more
than su cient for the study at hand.

In Chapter 6, Stereo Velocity Reconstruction, a method usgnsimultaneous observations
from multiple uorescence telescopes to reconstruct the gmetry and velocity of cosmic ray
events is developed by interlacing the signals from eachdstope. This stereo reconstruction
technique is applied to vertical and inclined laser eventhewing that the e ects observed
in the previous laser studies are con ned only to vertical ents. The stereo reconstruction
method is then altered to include the absorption and reemiss e ects and directly applied

to cosmic ray events measured at the Observatory. Becausestheconstruction of velocity



demands a high quality signal, quality cuts are applied and aal stereo velocity distribution
is produced for analysis in Chapter 8.

In Chapter 7, Hybrid Velocity Reconstruction, the method is Hdered to incorporate
the signals from both the Fluorescence Detector and the sigadrom the array of particle
detectors on the ground. This hybrid reconstruction is theapplied to lasers showing that the
0 sets seen in the laser studies are again con ned only to \taral events. The absorption
and emission corrections are then added and the hybrid rearuction is applied to the
shower event dataset. Quality cuts are again applied and nalistributions are produced
for analysis in Chapter 8.

In Chapter 8, Candidate Selection, the nal distributions h Chapters 5 and 6 are parsed
for candidate slow events. Because each method's velocigconstruction has an inherent
error rate, a second selection criteria is introduced. Thiguantity, called the 2 improvement
factor, compares quality of t with the measured velocity axompared to a t at the expected
cosmic ray velocity of the speed of light. Both of these crit@ are considered simultaneously
and a probability distribution is formed for each method andbbserving telescope. Events
that are found to have a probability of less than 3 10 7 of being a statistical uctuation are
selected as candidates and given individual attention. Eacselected candidate, while inter-
esting can be traced back to rare special cases that were uekeen during the development
of the reconstruction algorithms and quality cuts.

In Chapter 9, Conclusions and Perspectives, the full work dnits results are summa-
rized. Then, the assumptions made above are examined in thentext of the ndings of the
research. Finally, future work, suggested improvements tdi¢ method, as well as promising

leads and alternative search techniques are then presented



CHAPTER 2
ULTRA-HIGH ENERGY COSMIC RAYS

The rst concrete evidence pointing to the existence of cosmrays came in the form of
Theodor Wulf's 1909 air ionization measurements at the Eiletower. He showed, contrary
to expectations, that the ionization of the air at the top of he tower was greater than half of
that at the bottom. If terrestrial radiation sources were stely responsible for the ionization,
the decrease should have been much more severe pointing teeeosdary radiation source
[2]. However, Victor Hess' high altitude balloon ights betwee 1911 and 1913 are widely
regarded as the true starting point of the eld.

Hess thought that it was likely that a radiation source in the By was the cause for Wulf's
odd ionization pro le. To investigate this idea, he rst greatly improved the accuracy of the
electroscopes used at the time to measure the air's ionizati He then, at great personal
risk, ew the instruments to various altitudes up to 5.3 km aml very carefully recorded the
atmosphere's radiation pro le. Over the course of the folleing few years he ew at both day
and night, and during a near total solar eclipse. From these easurements he noticed that
there was a sharp increase in radiation at high altitudes anthat there was no signi cant
di erence in the radiation levels during the solar eclipseFrom this information he correctly
reasoned that there must be a very strong extraterrestriabdiation source and that it likely
originated from a region of space more distant than the Surj[3For this discovery Victor
Hess was awarded the 1936 Nobel Prize in physics.

For the rst few years, scientist generally believed the phmmena to be a form of elec-
tromagnetic radiation (likely gamma rays) and therefore naed them cosmic rays. However,
in 1927 Jacob Clay was able to show that small variations in meared uxes and intensities
correlate with the latitudes of the measurement locationsHe noticed that the variation

mirrored the strength of the earth's magnetic eld and corretly postulated that this e ect



was indicative of cosmic rays being mainly composed of chadyparticles [4]. In 1930, Bruno
Rossi predicted that, given that cosmic rays are generallyf the same charge, there should
be a measurable di erence in the ux of particles coming fronthe east as compared to the
west due to the orientation of the earths magnetic eld, the @ called East-West e ect [5].
Immediately following this prediction, studies [6], [7], ad [8] found the number of events
incident from the west to be greater than the count from the est. This excess e ectively
showed cosmic rays to be mainly positively charged. After thi between 1930 and 1945 in
many independent studies, cosmic rays were identi ed as Ipgi mainly composed of protons
with 10% being ionized Helium, 1% being mixed heavy nuclei arad small portion being
gamma rays and other patrticles.

During his work on the East-West e ect, Rossi noticed that tvw distantly separated
Geiger counters trigger in coincidence far above the ratepected due to random noise. In
an aside, in his eld report he postulated that this could be de to very extensive particle
showers, but did not pursue the matter further [9]. The subjg was neglected until 1937
when Pierre Auger, unaware of Rossi's report, noticed the sane ect in his instrumenta-
tion. Auger, then proceeded to investigate the phenomena intdd and concluded that the
e ect was in fact due to extensive particle showers precigited by very energetic cosmic ray
primaries. He concluded that upon entering the earth's atmpsere, very high energy cosmic
rays interact with nuclei in the air and spawn a large number fosecondary particles. He
also proposed that the signals that are being measured at &llit the highest altitudes and
lowest energies were in fact due to these secondary partic[@0]. These hypothesis proved

correct and thus the eld of high energy astroparticle physis was born.

2.1 Cosmic Ray Spectrum

Cosmic Rays have been detected with energies ranging fromeavthundred MeV (16eV)
to more than 1G%V. The high energy end of this range, the so called Ultra High Ergy
Cosmic Rays (UHECRS), far surpass the maximum energies of anyamamade accelerator.

UHECR particle energies are at least 40 million times higher #m what the current genera-



tion of particle accelerators can produce. However, becaubsey interact with nuclei in the
air which are at rest when compared to the cosmic rays, theienter of mass collision energy
only exceeds the LHC collision's by a factor of 40 [11].

As the energy increases to these extreme levels, the numbepafticles incident on the
earth falls dramatically from  10°m 2s ! to less than 0:0lkm 2yr ! per century. The
energy spectrum of cosmic rays (energy vs ux) roughly folles an inverse power law with a
di erential ux well described by

dN
! E (2.1)

but with a few regions, as seen in Figure 2.1. Up to 3 10%eV, the spectrum is well
described with 2:7. At this point, called the \Knee", the spectrum steepens to

3. At 3 10V there is a very slight attening called the \Ankle". As the enemy
reaches extreme levels the signal drops and agreement betwexperiments becomes much
less certain. There does seem to be signi cant drop in ux aumd 5 10V as statistics
start to thin. The origins of this drop-o is currently a matt er of debate and is an active

subject in UHECR physics [12].
2.2 Cosmic Ray Sources, Composition and Acceleration

The composition and source of cosmic rays is of fundamentaterest to astroparticle
physics. By correctly identifying sources and compositiomany of the uncertainties about
how cosmic rays are accelerated would be cleared up. With aflthis information in hand,
much more would be known about the nature of the high energy iverse. Unfortunately,
at all but the highest energies, the trajectories of cosmi@ays are completely scrambled by
the omnipresent magnetic elds of our galaxy and more gendiaour universe. This in
turn makes the in ux cosmic rays look isotropic erasing anyasrelation with sources. Also,
because cosmic rays interact and break up in the upper atmdse, their composition is
very di cult to determine. We do know that cosmic rays are manly ionized atomic nuclei,

but the exact composition and sources for much of the spectruremains largely unknown.
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Figure 2.1: The Latest Energy Spectrum of Cosmic Rays [13].

At energies below the Knee the ux of particles is high enougland their energy is low
enough for their exact composition to be directly observedybdetectors on high altitude
balloons or based in space. From these measurements the cosifon of low energy cosmic
rays is known to closely resemble the atomic abundances seerstars, but with a slight
over abundance of lighter elements. This slightly lighteramposition can be understood as
the heavier elements should fracture into lighter ones thugh nuclear decay processes or
interactions with dust particles on their long meanderingqurneys through space [14].

At the lowest energies cosmic rays would have di culty escapg local magnetic elds
and are mostly free protons or ionized helium. From this infmation it is known that these
low energy cosmic rays are likely ejected locally either froour sun or other similar stars,
though some may be the leftover products of higher energy cosmays interacting with
dust. As the observed energy increases, the probable origrarsitions from local sources to

more distant galactic sources and the particle type shiftsotheavier mixed nuclei [15]. Due



to this heavier composition, local supernova are singledtoas a likely source of the original
cosmic ray particles up to 1&eV. As energy increases past this point, local galactic sources
gradually drop o as higher energy extra-galactic sourcesake over. At these energies the
guestion of where these particle are created becomes legsrasting than identifying the
astrophysical accelerators that produced these extremeezgies.

There are many possible acceleration mechanisms for cosmags with energies up to
the Knee. The two types ofbottom-up' models for cosmic ray production are direct ac-
celeration and stochastic acceleration. Basically, direacceleration is the acceleration of
charged particles in very strong electric elds in one shot.This E- eld could be sourced
from sunspots on stars at the lowest level to pulsars and AcavGalactic Nuclei (AGN) at
the highest energies. Unfortunately, this type of accelenan would not create the power
law we see in the spectrum and generally can only take place evl the cross section for
deceleration mechanisms would also be high. Stochastic netedrely on cosmic rays repeat-
edly encountering slow accelerators. These acceleratiam@esses, called Fermi mechanisms,
usually take the form of moving magnetized plasmas that wadiicause an acceleration when
met head on. These are very slow to accelerate, but would naally produce a power law
spectrum. The most powerful stochastic mechanism is a pr@sewithin supernova remnants
called shock acceleration. Shock acceleration, or secomdes Fermi acceleration, relies on
moving magnetized plasmas as well, but in this case the plaartakes the form of the rapidly
expanding shock front of a supernova explosion. This plasretiucture has the added bene t
of strongly con ning the cosmic ray to a region of high accetlation [16].

At the end of the Knee, exact composition, source and accedéon mechanisms become
very foggy. This is both because direct observation of primacompaosition is no longer
possible and the maximum possible energies producible vizosk acceleration are thought
to be reached. Somewhere between the Knee and the Ankle theagéit component of the

cosmic ray spectrum falls o in favor of the rarer extragalaitc component, though whether

LA bottom-up model refers to an acceleration mechanism where the cosmray starts with a low energy and
is accelerated. The alternative is for cosmic rays to be the result ofiigh energy decays (top-down).
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this transition takes place at the Knee or at still higher enggies is another matter of open
research. It is known that galactic magnetic elds are too wak to con ne cosmic rays in
this energy range leading to the loss of locally acceleratpdrticles and expectations of a
ux of externally produced cosmic rays. Further on, the Ankles even less well understood.
Currently it is described as either another source transiin, or possibly a pile up of for-
mally higher energy cosmic rays decelerated by either the &4nteraction, pair production
processes or both as outlined in Section 2.3.

Much of the nature of cosmic rays beyond the Ankle is unknown.his is because direct
observation is all but impossible and indirect observatiomecomes extremely di cult for
two reasons: First, the extreme scarcity of events with thisnergy < 1km 2yr ! makes
opportunities for their observation rare; Second, the engies are so high that the particle
interaction models needed to describe processes at thismaire highly extrapolated from the
regions where particle accelerator data does exist, givitigese models huge uncertainties.
This in turn means that the indirect observations that can bemade are very di cult to
interpret.

In Pierre Auger Observatory data there are hints of a compos$iin starting light and
moving to heavy with increasing energy [17]. However, the Bscope Array (TA), a compet-
ing cosmic ray observatory in the northern hemisphere withessitivity to this energy range,
sees a constantly light composition at these energies [18]he discrepancy is a matter of
hot debate will not be touched on here, except to say that thei@érence may be due to
detector calibration, di erences in statistics or data anbysis, or simply a di erent spectrum
of sources. In any case it is far too early to speak with certdy as much more work needs
to be done on the subject. Hopefully planned upgrades for botbbservatories meant to
increase the statistics and quality of composition measurents will be funded, allowing the

composition and source question to be answered.
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2.3 The GZK and Ultra-High Energy Cosmic Rays

In 1966, shortly after the discovery of the cosmic microwaveackground (CMB), Greisen
[19], and Zatsepin and Kuzmin [20] independently predictethat due to interactions with
the CMB there would be a cuto in the cosmic ray spectrum at 5 10'°eV, now called
the Greisen-Zatsepin-Kuzmin limit, or GZK cuto . This is because above this energy blue-
shifted CMB photons are energetic enough to create the* baryon resonancé The
quickly decays thereby producing pions € or *) and either a neutron or proton. As
seen in Figure 2.2, the * arm of the ™ particle cascade, this process creates a large
number of secondary particles. These particles derive thenomenta and rest mass energy
from the kinetic energy of the cosmic ray proton, slowing thproton down. Given enough
time/distance, this process of energy loss would continuetil the proton's energy falls below

5 10%eV, the minimum threshold necessary for photo-pion productio[21].
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Figure 2.2: The GZK Interaction: A diagram of the * path of the GZK particle interaction.

As shown in Figure 2.3, because the CMB is relatively sparse amulltiple interactions
are required to fully reduce a super GZK proton's energy belathe threshold, a proton needs
to traverse extremely large distances for the e ect to be fiyl felt. This means that the GZK

cuto does not outlaw the observation of protons above 5 10'%V, but instead states that

+

2The * is(uud) and decaysas *! n+ * orp+ O
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it is statistically unlikely that any super GZK proton was initially accelerated more than

about 100 Mpc away.
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Figure 2.3: The GZK Suppression: the lines indicate the energyolution of a proton starting
with 10%%V, 1?*eV and 1G%eV as it propagates through space and is attenuated by the
GZK process. Note that after enough time, each particle reaeh an identical energy [21].

For heavier primaries, due to their higher mass, their eneygoer nucleon is lower and
therefore so is their factor and the energies of the blue shifted CMB photons. This turn
means, that the GZK does not e ect high mass patrticles at anylwere near the same energy
range as it does for protons. However, a very similar processlled photo-dissociation does
provide a similar limit. In photo-dissociation blue shiftel CMB photons are able to exceed
the nucleon binding energy of a high mass primary ( 8:.8MeV for Fe). Therefore, when
one of these blue shifted photons strike a high mass primatyey are capable of removing
a nucleon thus lowering its mass and removing some of the panes original kinetic energy.
Photo-dissociation provides a less hard limit as binding engies and cross-sections vary with

nucleon count, but is expected to apply at a similar energy nge.
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On the 22nd of February, 1962, the Volcano Ranch experimemt New Mexico recorded
the cosmic ray event shown in Figure 2.6(b). This observatiororresponds to an air shower
caused by a parent particle with an energy dF @ 1 10°%V. At the time this obser-
vation constituted the highest single particle energy evasbserved, and was the rst energy
measurement to exceed the theoretical GZK Limit of 5 10'°%¢V. Though single particle
energies of up to 3 10?°eV have been measured [22], the Volcano Ranch measurement
stands out as it spawned the eld of Ultra-High Energy Cosmic Ra(UHECR) physics [23].
Since this initial observation, due to a rapid investment innstrumentation, there have been
many more detections of particle energies abov&aV (1 10'%eV), the limit that generally
de nes a UHECR.

As shown in Figure 2.1, a GZK-like drop in ux has been independdy observed by HiRes
[24], TA [25] and the Pierre Auger Observatory [26]. Howeveraeh experiment reports the
cuto to have di erent magnitudes and to take e ect at di ere nt energies, although they
are consistent within measurement uncertainty. Furtherma, because of the hint in the
Pierre Auger Observatory's data that the primaries at the higest energies may be at least
partially composed of heavy ions, the impact of the GZK coulde somewhat dulled. This
means that the observed drop-o could be the GZK for protonsupplemented by the onset
of photo disintegration of the heavy ions at these energie8gain, this is a region of debate
and high uncertainty in the eld that may be answered by upgrdes to Auger and TA or a
proposed ISS based observatory with a massive aperture edlthe Extreme Universe Space
Observatory to be hosted on the Japanese owned JEM module (JEMJEO) [27].

Backtracking cosmic rays to their source is di cult since tte degree to which galactic
magnetic elds scatter cosmic rays depends on the cosmic rpyimary's charge to kinetic
energy ratio. Because of this, the paths of all low energy ¢oE rays are heavily scrambled
and therefore appear to arrive isotropically. In UHECR protas, however, the kinetic energy
per unit charge is high enough that the expected de ectiondm the source is small (scatter

3 ), meaning, given our current knowledge of both galactic anektragalactic magnetic elds,
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the arrival direction of a UHECR proton should point back to itssource.

If the highest energy particles contain a signi cant portio of heavy nuclei primaries any
correlation with sources would be suppressed. This is botletause the heavy particles have a
higher charge associated with their higher proton county = Z), and have a higher rest mass
(M Z + N). Say a heavy nuclei and a proton have the same net energy of 3.0'%V.
Though their velocities would be nearly identical,E,e; = mc? shows that the nuclei's
higher mass leads to a proportionally lower Lorentz-factof neavy p* (M heavy=Mp+)).
Additionally, the heavy nuclei experiences a larger force #is proportional to its additional
charge,Freayy = Z  Fpr.

Though the calculation is somewhat involved, the e ect of aanstant magnetic eld on
relativistic particles of identical energy but di erent charges and masses turns out to be
strikingly simple. Conveniently, the reduction in the Loratz-factor directly compensates
for the increased inertia of the heavier particle. Therefer the acceleration experienced by
the heavy nuclei is increased by a factor equal to the part&k proton count and the radius
of curvature is reduced by the same amount, akaneayy = Z &y and Rpeayy = Ry =Z.
This means heavy nuclei cosmic rays are scattered more easih their trip to earth, and
therefore their arrival direction will appear much more istvopic than protons of the same
energy. This in turn has the e ect of washing out the overall arrelation rate at the highest
energies.

Early on, the Pierre Auger collaboration was able to correlata statistically signi cant
portion of these super GZK particles with nearby Active Galat Nuclei (AGN) [28]. When
the nding was published, there was a very high degree of cetation for events over 50EeV,
but interestingly as the UHECR event count went up, the originy strong correlation began
to fall dramatically [29]. This began raising questions ahd the validity of the original
results. However, if the hints seen in recent studies are truiend at the highest energies
a large fraction of primaries do consist of higher mass atotnuclei, the correlation rate

should be much lower than that for a purely proton ux and/or may only exist for certain
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energy bands [30].
2.4 Extensive Air Showers

Under the current hadronic interaction models at this energywhen a highly energetic
cosmic ray particle rst enters the atmosphere and interast with an air molecule, it can
produce up to 50 secondary particles in the rst interactioralone. As seen in Figure 2.4 the
majority of these secondary particles are mesons or pions. Pions come in three varieties, ,

%and * which are produced in roughly equal numbers. The charged pivarieties (),
have relatively large decay times and often survive long emgh to interact with another
atmospheric nuclei, thus generating more pions. Any chargguaons or kaons that fail to
interact further will decay into muons ( ). These muons are relatively inert and often
survive all the way to the ground. Therefore, muons represethe majority of the particles
representing this interaction chain when the shower reach¢he ground. This whole process

leads to a cascade of particles which is generally referredas the hadronic shower.
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Figure 2.4: Diagram of EAS Interactions
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One third of all produced pions are of the short-lived neuttavariety ( ©). Neutral
pions seldom survive long enough to interact with the atmos$gere, quickly decaying into a
pair of gamma rays. These gamma rays couple with atmospheriaclei producing electron
positron pairs, which in turn, interact to produce more phoons. Additionally, as charged
particles in the shower propagate through the atmospherejtrogen molecules are excited
along the shower axis. Upon relaxing down to their original ate they uoresce isotropically,
emitting UV light at an intensity roughly proportional to the number of charged particles
present. This portion of the particle cascade is referred &s the electromagnetic shower. The
electromagnetic and hadronic components together are aatively known as an extensive
air shower (EAS).

As the shower pushes into the atmosphere, all of the above irdetions continue until the
average energy of its particles is insu cient to produce mar secondaries. Once this happens,
the rate at which particles are produced in the shower is outiged by the rate at which they
are absorbed by the atmosphere. Because at this point the piale count of the shower is
at its highest, it is generally referred to as the shower maxum. At maximum, a shower
on average consists of a little more than one particle for ayeGeV of primary energy. This
means that for a primary with energy of 1& eV, the shower maximum contains around 10
particles. Because particle count directly relates to theraount of light emitted from a EAS,
the shower maximum is also the brightest point in the showeB]1].

Traditionally, the evolution of an EAS is described by the logitudinal density pro le
N(X). N is the number of particles present in the shower anX, the slant depth, is
the amount of atmosphere the shower has traveled through g=cn? from the top of the
atmosphere. X is calculated from the zenith angle of the incoming cosmicya and the
atmospheric density pro le (h) via

X
X=—, 2.2
Ccos (2:2)
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where X is total vertical atmosphere passed through and is given by
VA h

X = (h9dh®. (2.3)
1

As seen in Figure 2.5N (X)) in an EAS is well described by the Gaisser-Hillas function. Ten
Gaisser-Hillas function empirically relatesN (X ) to the particle count at shower maximum
(Nmax ), the depth of maximum (X 1ax) and two t parameters, and X, related to primary

composition and energy as

Xmax Xgo
X XO Xmax X

N(X)=N A E _ . 2.4
()= Noax 5> xp 24)

The amount of particles in a shower is directly determined byhe quantity of kinetic
energy in the primary available to be converted to particleast mass. This means that the
area under the Gaisser-Hillas curve, which is essentially aunt of the number of particles
in the entire shower, is indicative of primary energy. Also,he cross-section of a primary
generally grows with its mass and the mean atmospheric deptli rst interaction is inversely
proportional to primary cross section. This means that shasvs caused by heavy primaries,
start earlier in the atmosphere than those caused by lightgorimaries. Additionally, the
principal of shower universality states that all showers delop at about the same rate re-
gardless of primary energy or composition. Because of thiketinformation on the primary
cosmic ray's composition available at the unobservable tsnteraction is mostly preserved
to the easily observable pointX .. N(X) is directly related to the intensity of the UV
light emitted by the shower. A measurement of this light andts geometry, is su cient to
completely describe the nature of the incoming cosmic rayiprary.

Because all of the particles produced in a shower have higmétic energy, they are
essentially traveling at the speed of light. Also, all parties in the shower are o spring of
the same rst interaction. These two facts taken together man that the leading edge of an
EAS, called the shower front and shown in Figure 2.6(a), is wekkpresented by a relatively

thin shelled expanding sphere. The particle density in thishell however, is not evenly
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Figure 2.6: Left: A Diagram of an EAS Shower Front. Right: The Vitano Ranch experiment
surface measurement of a 1 10?%V event [23].

distributed. It is heavily weighted in the direction of the @smic ray's original trajectory
by the incident primary's kinetic energy. As a result of this meven distribution, when the
EAS reaches the ground, it does so in a spherical disc consigtof mostly muons. This disc,
has a total particle count related to primary energy and gemally has a high density near
the shower axis that quickly decreases with distance. Thenting, shape and density at the
ground is referred to as the shower footprint and is shown in gire 2.6(b) for the Volcano
Ranch Experiment. If recorded, the timing and shape of the @print is indicative of the

showers arrival direction, while a function t to the footprint's particle distribution, called

the Lateral Distribution Function (LDF), can be used to inferthe primary's initial energy.
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CHAPTER 3
THE PIERRE AUGER OBSERVATORY

Any experimental search for new and interesting physics isrengly dependent on the
instrumentation that is used. Small details and fundamenta of the detector design will make
or break a study. This research is no di erent. The instrumetation and software of the Pierre
Auger Observatory is huge and staggeringly complex. What folls is a distillation of cosmic
ray detection techniques, the Pierre Auger Observatory ingimentation and the software
that are critical to the study. It is not a general overview ofthe whole observatory, and
with the exception of the following short introduction, it is focused solely to the information
necessary to understand the topic at hand.

Since the 1962 Volcano Ranch observation, UHECRSs have been hjsat of interest in the
astroparticle physics community. Over the years the instrmentation built for their study
has grown both larger and more sophisticated. Many technige and methods have been
employed for their study. The main methods thus far used araidace arrays, atmosphere
uorescence telescopes and Cerenkov telescopes. Each ekghmethods has its advantages
and disadvantages.

Surface arrays are simple, durable and work well in a wide rg@m of conditions. Unfor-
tunately, they also depend strongly on models or calibratitoand can only provide a limited
amount of information on individual events. Cerenkov tel&opes can also operate in a wide
range of environments and can provide useful information abt the individual showers,
but are not well-suited to scaling to the very large aperturenecessary to make statistically
strong UHECR studies. Fluorescence telescopes, on the othentiado well in providing
a large amount of information on each shower and scale in sizmit are very delicate and
can only operate in very dark and clear environments. Theseeaknesses, coupled with the

extreme rarity of UHECRs, means despite the large number of asatories built to study
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them there is still much to discover about the nature of thesextreme particles.

The Pierre Auger Observatory was designed to answer the opeunegtions of UHECR
physics and has proven to be well-suited to do so. When it wassiigned it was clear that
both high statistics and highly detailed shower by shower nasurements were required. To
satisfy this need and avoid the individual weaknesses of baabservation method, the Pierre
Auger Observatory was designed as a hybrid detector. This nresait is able to measure
both the signals on the ground and a shower's evolution in thremosphere simultaneously.
Additionally, due to the low UHECR event rate at the highest enegy ( < 1 km 2
100/r 1) and the need for a large number of measurements, the array svdesigned with a
massive aperture.

Thanks to the generous contributions of many funding ageres around the world, the
Pierre Auger Observatory was o cially commissioned in 2008t covers an area of over 3000
km? near the town of Malargse, Mendoza, Argentina, and if you irade its calorimeter, the
column of atmosphere above it, it is the largest detector it world. As seen in Figure 3.1,
the heart of the Observatory is its 1600 ground-based watere@nkov detectors, together
called the Surface Detector (SD), and its 27 uorescence éslicopes split into 4 detector sites
overseeing the SD, together called the Fluorescence DetectBD). Additionally, because
the instrumentation uses the atmosphere as an integral padf its detector, the atmosphere

above the Observatory is among the most well-measured in terld [33].
3.1 The Surface Detector

Represented by the dots in gure Figure 3.1, the Pierre Auger Giervatory surface de-
tector is made up of roughly 1600 water Cerenkov detector tks (stations) spaced in a 1.5
km triangular grid. In addition to the regular 1.5 km grid, there is also the more densely
packed region with 0.75 km spacing seen in Figure 3.1. This eferred to as the in- Il and
was designed as a low energy extension to the array. The in4$ unused in this analysis.

As shown in Figure 3.2, each SD station is essentially a cylindal tank measuring 1.7 m

in radius by 1.5 m in height which is lled with 12 m® of highly puri ed water. This water
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Figure 3.1: The Pierre Auger Observatory: Dots represent Sade Detector stations. Red
dots represent the atmospheric monitoring facilities. Lies, both orange and blue, represent
the eld of view of each Fluorescence Telescope for each Eydhaf FD. The light blue circle
represents AERA, an R&D radio detector [34].

is encased in an opaque and highly internally re ective Ty\e® liner, and is monitored by
3 photomultiplier tubes (PMT). Due to the nature of the tank and liner, this water sits in
near perfect darkness and can be considered optically igeth from external light sources.
This allows the SD to take measurements in a wide variety of ditions.

The core principle on which these detectors operate is call€erenkov radiation. Cerenkov
radiation is the ash of light produced when a charged partie travels at a velocity that ex-
ceeds the speed of light in the media in which it is travelingThis light ash can be quite
bright on a per particle basis and is produced in a manner silar to a sonic boom. By
recording the number, intensity and timing of these asheseach station constantly moni-

tors the ux and intensity of high energy charged particles assing through it at any given
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Figure 3.2: An Pierre Auger Observatory Surface Detector [13].

Electronically, each of these stations is completely selft cient and operates autonomously.
As shown in Figure 3.2, each separate station possesses its owboard photo-voltaic array,
battery, GPS clock, micro-controller, and radio broadcasintenna. Over the years, they have
be proven to be both robust and reliable. However, in measugnJHECRSs events, an iso-
lated station observation is neither useful nor trustwortl. In order to make a measurement
of the energy or trajectory of an incoming cosmic ray eventhé shower must strike many
stations taking synchronized measurements. Furthermoredue to the large number of ran-
dom energetic particles passing through the air at any givaime, each station is constantly
recording particle ashes. In order to ensure that each stain measurement corresponds to
an actual cosmic ray event and that these measurements occaarcoincidence, each tank is
strongly reliant on an internal Itering or triggering system as well as triggering from the
rest of the Observatory [35].

The triggering system for the SD array has ve levels, T1 throgh T5. The rst two levels
are internally processed on each individual station's miorcontroller. The rst trigger, T1,

requires that at least two of the three PMTs in a station, eacliecord a signal that exceeds
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either a minimum signal strength threshold concurrently, oa minimum length of time. T1
is tuned to be passed at a rate of 10(Hz for each tank, the rate at which cosmic rays are
expected to strike a 10?2 area. T2 is a more computationally intensive and stricter fon of
T1. It also asks for one of two conditions to be met. Basicallyhe signal in each PMT must
either exceed a very high threshold with all three PMTs conetently, or two PMTs must
re coincidentally for a minimum duration over a high, but sanewhat lower threshold. T2 is
met at a rate of about 20Hz for condition 1 and HHz for condition 2. If T2 is met, the tank
transmits data via its radio antenna to a receiving tower loated at the nearest FD. From
here it is then relayed to the Central Data Acquisition SystenfCDAS) at the main campus
in Malargae for further analysis.

The T3-5 triggers are carried out at CDAS and rely on the signalfrom multiple detectors
at the Observatory. T3 is the coincidence trigger and acts dke rst gateway to storing the
event in the Pierre Auger Observatory data stream. T3 looks facoincident measurements
in the SD and/or the FD. In the case of the SD, T3 asks that at ledsone T2 station in
the event has at minimum two nearby stations also triggeringt the T2 level coincidently.
These can either be two of its closest neighbor stations or @wnf its closest neighbors and
one of its second closest neighbors, as shown in Figure 3.3th# station's measurement is
isolated, but the FD also triggers during the SD event, then th FD T3 trigger takes over to
evaluate the signi cance of the station's signal. If an evémeets the FD's T3 lter its data
is stored as a hybrid measurement. If the event only passe®t®D's T3 it is passed along
to the T4 trigger.

T4 is the rst SD physics trigger and requires that the eventitming and geometry corre-
spond to a real EAS. This trigger was speci cally designed tolter out rare, but expected,
random T3s due to atmospheric muons striking a tank at the saentime that a very low
energy shower lands nearby. T4 speci cally requires eith#éhree adjacent, non-aligned tanks
each have signals passing a time over threshold trigger, d¢rettank with the highest signal

(the Hot Tank) must have three of its closest neighbors also &. In all cases, T4 also re-
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Figure 3.3: The T3 SD Trigger. Only the center tank has a compe T3 trigger. The C4
ring tank's data is stored as the event had at least one tank pa T3 [36].

quires that the signal start times for all tanks lay within the timing di erence de ned by
the distance between the tanks divided by the speed of lighthis ensures each event that
passes the T4 trigger corresponds to a physically realizalbdosmic ray shower.

The nal trigger, T5, does not need to be passed for the evenbtbe recorded, but is
necessary to ensure that events that fall close to the edgetioé array are properly considered.
T5 essentially requires the hot tank to have all six tanks soounding it to be fully functional.
In the case of the center tank in Figure 3.3, all of C1 must be ment and fully functional
during the event. The functionality of surrounding tanks igncluded in the data packets sent
to CDAS [36].

The performance of the SD is almost completely independeritenvironmental conditions.
It is able to take data day or night, rain or shine. Because ohts 100% duty cycle, the SD
array is the statistical workhorse of the Observatory. Unfdunately, since the SD doesn't
measure the shower's development pro le, but only the padie count at ground, it has a few
shortcomings. It is generally less accurate in its measurents. It is only indirectly sensitive
to primary composition. Finally, because the particle counat ground is only empirically
related to primary energy, it must be calibrated by the FD in a pocess described in Section

3.3 [13].
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3.2 The Fluorescence Detector

The Fluorescence Detector (FD) of the Pierre Auger Observatogonsists of four detector
sites (Eyes) housing a total of 24 UV telescopes trained on the above the SD. The location
of each Eye is labeled on the observatory map, Figure 3.1. Theld of view of the housed
telescopes is represented by the radiating lines. The foutes, Los Leones (LL) (shown
in Figure 3.4), Los Morados (LM), Coihueco (CO) and Loma Amaiih (LA) occupy high
points overlooking the at plain occupied by the SD. Each oftie individual telescopes have
a 30 elevation 30 azimuth eld of view and are carefully aligned for seamles®lescope-
to-telescope transition. This gives each Eye, an uninterrtgd total viewing angle of nearly
180 . In addition, there is a low energy extension called the Highl&vation Auger Telescopes
(HEAT) meant to compliment the SD'd in- Il array. HEAT consist s of three more UV

telescopes trained between 3@nd 60 above the horizon. HEAT is not used in this analysis.

Figure 3.4: The Los Leones Detector [37].

Though the instrumentation is similar in design, Fluorescese telescopes operate in a

way that is unlike the more familiar optical telescopes thatdirectly produce images. A
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Fluorescence telescope does not directly observe cosmicsydyut only their e ects on its
calorimeter, the atmosphere. In this way, Fluorescence telmpes are much more similar
to detectors in nuclear or particle physics than they are tone Hubble. In 2.4, the section
covering a cosmic ray's interactions in the atmosphere anthé production of an EAS, the
electromagnetic shower component was described. In an él@magnetic shower, the numer-
ous charged particles produced excite the valence electsan atmospheric nitrogen causing
them to uoresce isotropically. The FD's telescopes are chtiated to speci cally look at, and
record, the timing, intensity and evolution of this emissin. This UV light is far too dim and
of the wrong wavelength to be seen by the naked eye and can bsilgaendered imperceivable
to instrumentation by small amounts of atmospheric backgrnd light or haze. This means
that the FD can only operate in extremely dark, very clear andloudless environments, and

therefore has 14% duty cycle, severely limiting its statistical power [38
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Figure 3.5: Auger Fluorescence Telescope Schematic [39].
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As shown in Figure 3.5, each telescope consists of a shutter,.4 th aperture, a narrow
band UV light lter, a corrector ring, and a segmented 3.4 m raalis spherical mirror which
focuses photons on the camera [39]. Seen in Figure 3.6, the eearis made up of 440 PMTs
in a hexagonal grid of 20 rows of 22 PMTs each. As illustrated irigure 3.7, each PMT is
also equipped with a head electric unit, which collects thdextrical signal and sends it to one
of 20 analog boards for Itering and ampli cation. The 22 prgrammable potentiometers on
each analog board control the gain of 22 corresponding PMTensuring uniform amplitude
and response time. The result of this is a coordinated arrayf detectors each capable of
counting individual photons with a 10(s resolution. This photon count per time-bin is called
its ADC trace [40]. This instrumentation gives the FD superb amuracy and resolution, but
also leaves it susceptible to noise and background light. kel the SD, the FD is constantly
recording signals from background light sources and smadimdom atmospheric light ashes.
Also, like the SD, the FD is out tted with a robust trigger system in order to ensure that
only cosmic ray observations make it into the nal data strem.

The FD trigger system consists of four separate trigger lewebf increasing complexity.
Like the SD, the rst two levels are processed internally by ach telescope on its trigger
board [40]. The First Level Trigger (FLT) is a threshold Iter. The FLT requires that the
integrated signal for 10 consecutive time bins (10 10Mns) in all triggered pixels combined
is above the minimum adjustable threshold. This demand is dgned to cut out short noise
signals and is set to maintain an 109z trigger rate per telescope. Upon passing, the data
is evaluated by the Second Level Trigger (SLT).

The SLT evaluates the geometry of triggered pixels and cutsibevents that could not
possibly have been caused by a cosmic ray. Essentially, iads in all PMT signals and
looks for the 4 to 5 pixel minimum base geometries shown in Figu3.8. If one of these
pixel geometries is found and 4 out of the 5 pixels triggered ia 20 s window then the
event passes the SLT. This 20s limit will cuto sensitivity to very low velocity events at

large distances and will be examined later. This step reduc#he trigger rate down to about
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Figure 3.6: FD Camera and Aperture [39].

1Hz per mirror. When SLT is passed, all of the camera data from the03s proceeding
the trigger time as well as the following 70s are copied from the bu er and saved as a
potential event. From this point the data is moved from the iternal telescope electronics to
the more capable EyePC housed at each detector site. The bu s now cleared and is able
to capture a new 100s event window. If an event lasts longer than one 108 window
is able to record, the next 100s of the event will be stored in the next time window if it
independently passes both the FLT and SLT [41]. Cosmic ray eus that are close enough
to be detected by the FD are not predicted to approach this maxium time, however slow
exotic events and atmospheric phenomena can.

On the EyePC two additional triggers are implemented. The st is the Third Level

Trigger (TLT). The TLT is designed to remove the lightning ard background events that
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Figure 3.7: Auger Fluorescence Telescope Electronics [40].

ful Il the rst two triggers, while passing the vast majorit y of cosmic ray events. Originally,
the TLT made cuts by reading out the entire camera and examing the ADC traces of each
triggered pixel in order to remove background and lightningvents. This proved far too
computationally intensive and resulted in a long down timen the FD. This was xed by
splitting the TLT into two separate levels. The rst level, called the multiplicity trigger,
focuses on quickly removing very large background eventsonder to reduce the data load
for the second, more e ective ADC based trigger level.

The TLT multiplicity trigger is able to quickly cut large background events without
reading out the camera by examining the multiplicity signal Shown in Figure 3.9, the
multiplicity signal is simply the time ordered count of the umber of pixels triggered in a
camera for each of the one thousand 10 time-bins during an event. The maximum value
that the multiplicity signal can reach for any one time-bin § 63 as that lls the data bu er
for that 100 ns and therefore the camera is considered saturated. The mulicity signal is
calculated during the FLT and SLT and is directly accessiblerdm the hardware making it
ideal for the fast rejection of background events. The rsttep of the multiplicity trigger

is to convert the multiplicity signal into the following ve variables which easily distinguish
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Figure 3.8: T2 FD Trigger Minimum Pixel Geometries [40].
cosmic ray events from background:

ngap The number of times that the multiplicity signal reaches a z® value and then re-
bounds. The right side of Figure 3.9(a) has agap value of two, one preceding the

event and one after the main peak.

Nstep A count of any changes in the multiplicity signal. Both upwad and downward
changes and their magnitudes are added positively to the autu This keeps track of

how many and how often pixels gain and lose their trigger.

int 5;; The integrated multiplicity signal throughout the 1000 time-bins of an event. This
value is a count of the total number of triggered pixels mulglied by the number of
time-bins each pixel was active for which can be seen as thearnder the the right

side plot in Figure 3.9.

Npix The total number of triggered pixels. Each pixel is only courd once.
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Figure 3.9: The left side of each gure shows the integrated eera responses to the event.
The right show a plot of the event's multiplicity signal as wé as the values for each of the
ve multiplicity parameters [41].
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Nearly he number of pixels which trigger in the rst 5 s of an event. Each pixel is only

counted once.

These values are then checked against the following ve rdgements, each targeting a

di erence between shower and background events:

1. near|y< 6
Showers always have fewer than 6 pixels trigger in the rst 5, but lightning and
background events often have many. This is well-illustrate by Figure 3.9 as the

lightning event triggered 190 early pixels, but the showernty triggered one.

2. intg > 8 npix 100
This cut has the e ect of removing events where the averageigger time of pixels
over the whole event is 0.8s or less. This is e ective because background events
often consist of many pixels triggering for very short durabns and therefore easily
cut. Showers on the other hand always trigger pixels for atdst 1 s regardless of

their geometry or distance to the detector.

3. ngap< 40
This cut targets background events as their pixel signals pally uctuate and often
leave gaps in the camera response. Showers, however, tentrigger pixels one after

another with signi cant overlap as shown in Figure 3.9(a).

4. Nstep< 2 (Npjx *25)
This cut has the e ect of removing any event where 25 or morexels are triggered at
least twice. As seen in Figure 3.9(b), lightning and backgroanevents often have large

number of their pixels trigger repeatedly. This does not oac in showers.

5. inta" < 10000
This cut removes any events that are too bright for too long. Aseen in Figure 3.9,

this happens often in lightning events and practically nevan cosmic rays. This could
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potentially cut a cosmic ray if it was very very bright and vey very slow (triggering
10 or more pixels throughout the event 1000 time bins of the ent). Real events of

this magnitude are not expected.

After passing these ve conditions only cosmic ray events amwbise events with manage-
able data streams are left. At this point the ADC traces for edt of the event's triggered
pixels can be read out without contributing to FD down time andthe second stage of the
TLT trigger takes over.

The second stage of the TLT trigger focuses on rejecting fasuon hits, direct cosmic ray
strikes and random triggers. It does this by checking to sekthe event's camera response is
both time-ordered and geometrically consistent with a shav event. The rst step in this
process is to identify the center of the shower in the camerahis is done by looking for
the largest group of pixels, allowing for a maximum gap of ongixel between pixels in a
group. In the second step, a straight line is t to the pixel tace via a least-square regression
using the pixel exposures as a weight. The pixels are then erdd, from start to nish,
by their projected position on this line. The trigger then maches down this ordered list
comparing the centroid time of each pixel with that of the piel immediately preceding it
in the list. If the value is positive then the counterny, is increased by one otherwise the
counter ngown is added to. After all pixels are checked the value of,, is compared tongown.

If jnyw Ndgown J 3 then the event is passed as a probable shower event [41].

The nal trigger is the array trigger level T3. In this trigger the FD searches for correlated
measurements in the SD and then combines any passed measweis as a Hybrid Event.
To do this the EyePC performs a fast, rudimentary reconstrumn of the event in order
to determine the event's core location and timing in the SD aay. This information is
then relayed to CDAS to be compared to incoming SD events and rare cases, other FD
events. These events that are coincidently measured in the Fihd SD are called hybrid and
are vitally important for the observatory. They represent he most plentiful high accuracy

measurements made by the Observatory and are critical to thenergy calibration of the

35



SD array. The rare events that are measured at two or more indendent FD sites (and
usually the SD) are called Stereo events and are the most weliserved and therefore, most

constrained measurements made at the Observatory [40].
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Figure 3.10: An Example of a FD measurement. Left: A typical FD ligt pro le. Right:
FD pixel trace and timing (blue: early, red: late)

As explained in Section 2.4, the pattern of the triggered pixe shown in Figure 3.10,
the timing evolution of the signal across the camera and theht intensity pro le recorded
by the FD together represent the most complete signature of adividual cosmic ray shower
available at the Observatory. With this information, the geanetry and energy of cosmic ray
showers can be estimated directly with reasonable errorshile many observations of the
shower pro le can be used to infer information on primary coposition. When the concur-
rent measurements on the SD or other FD sites is added in, thesgors are signi cantly
reduced. This high sensitivity more than compensates for mplexity of running uorescence

telescopes and their low duty cycle.
3.3 FD-SD Cross Calibration

The relationship between the SD's particle count distribubn at the ground and shower
energy is non-exact due to a heavy dependence on the SD statgeometry, random uctu-

ations in shower evolution, and variations in the expectatns of the signal at ground based
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on primary composition. Because of this, the methods used tmanslate the SD response
to energy are necessarily empirical. This means that SD measments must be calibrated
in order for its observations to physically correspond to # actual values of the shower's
observables. This is one of the primary reasons that the Prer Auger Observatory was

designed as a hybrid detector.
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Figure 3.11: Calibration of the SD using FD energy measuremant On the X axis is the
energy measured by the FD, on the Y-axi§szg, a reliable zenith angle normalized energy
indicator. The distribution is t via the equation Szg = (Erp=A)"8. The SD energy is then
calculated asEsp = A S&; [42].

As explained in Section 3.2, the FD is capable of nearly modeldependent measure-
ment of cosmic ray primary energy using the light pro le the RAS leaves in the atmosphere.
Because of this, events which fully and independently trigg both the FD and SD, called
Golden Hybrid events, can be used to calibrate the SD withouthe model dependencies
required in simulations. Basically, the energy reconstrtion of the SD can be compared to
the energy measurement done by the FD in order to empiricallyabrate the SD response.
Ideally the SD energy will closely match the FD energy for allvents, but this is not the

case because of the aforementioned shower-to-shower wiions and uncertainties. How-

37



ever, as shown in Figure 3.11, the SD response can be calibdate correspond to the FD
measurement on average. This greatly reduces the errors imetSD energy measurements
and provides a real measurement of the SD detector e ciencynd its changes relative to the

FD over time [42].
3.4 Atmospheric Monitoring

Because the FD uses the atmosphere as a calorimeter, the ctindi of the air above the
Observatory greatly e ects the measurements made at the Obxvatory. This is especially
relevant to this work as the pro le of the atmosphere is crital to high accuracy timing
studies and because hazy or cloudy atmospheric conditionslwender possible candidates
untrustable. The most important atmospheric factors are th density pro le, the temperature
pro le, the cloud height and coverage above the array and thamospheric aerosol content.
In order to track each of these properties, the Observatoryses a wide range of methods and
instrumentation.

Until 2012, the density and temperature pro les were samplegtia radiosonde balloon
launches from the Balloon Launch Station (BLS). This provedo be burdensome and im-
practical. The regular balloon launches were far too infregnt to provide a reliable data
set for shower reconstruction. This was addressed by a pragr that launched a balloon
immediately after any FD observation of a high energy showebut this program was costly,
labor intensive and left large holes in the data. Due to thedactors, atmospheric pro les are
now pulled for free from the Global Data Assimilation SystemGDAS), which has proven
to be much more consistent, reliable and accurate [43].

Clouds are able to scramble the shower timing data, obscuresgt UV emission of a shower
or, by scattering the intense and highly directional Cererdv light toward the eye, amplify the
apparent UV light. This means cloud coverage readings are cial to FD analysis as any FD
observation involving a cloud is unreliable and needs to barefully addressed. Because of its
importance, the Observatory uses several systems to gatlsdoud coverage information. The

Geostationary Operational Environmental Satellite syste (GOES) provides a very reliable
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cloud coverage probability measurement. This data is alwaypresent and is updated every
15 minutes. Unfortunately, it can only provide probabilities of cloud coverage [44]. On site,
the cloud coverage in the eld of view of the Eyes is primarilypy the IR cloud cameras and
Lidars placed at each Eye. These work well and give preciseasgarements, but because of
down time on the instrumentation there are holes in the IR caera data [45].

The Central Laser Facility (CLF) and the eXtreme Laser Faciliy (XLF) also provide
cloud height measurements, but are primarily responsiblerf measuring the aerosol content
in the air above the array. Their aerosol readings are supphented by the Raman Lidars,

optical telescopes and other specialized equipment locataround the array.
3.4.1 The Geostationary Operational Environment Satellite

The GOES satellite system is an array of weather satelliteiat monitors the conditions
of the atmosphere above north and south America as well as thélatic and eastern Paci c
oceans. First launched in 1974, the GOES constellation is arteégral part of U.S weather
forecasting and atmospheric study. Though 15 satellites Y& been launched, only 4 (GOES
12-15) are still used for weather atmospheric monitoring. e Pierre Auger Observatory takes
data mainly from GOES-12, the satellite tasked with monitang south American weather.
GOES-12 is out tted with two main instruments, the Imager ard the Sounder.

The Imager is an optical camera that measures the radiatedfrared and re ected visible
solar emissions from the earth's surface and atmosphere. Wihis data, it monitors cloud
coverage and surface temperature [46] with a spacial red@a of 1km. The Sounder, is a
sweeping high accuracy IR scanner that is capable of many bktsame readings as a balloon
born radiosondes. With the data it collects, it is capable ofecording the atmospheric
temperature, moisture and density pro le, surface and clalitop temperature and ozone
distribution [47]. The Sounder data is not directly used bytie Observatory in its raw form,
instead it is incorporated into the GDAS predictions which a& then used by the Observatory.

The Imager data, however serves as an important source foowtl coverage data.
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3.4.2 The Global Data Assimilation System

The Global Data Assimilation System is a weather forecastinmethod that combines
observations from a wide range of atmospheric monitoring @gment placed in space (in-
cluding GOES) and around the world with the most up-to-date amospheric and weather
forecasting models. By combining observation and forecagy, GDAS is able to provide
real-time accurate estimations of atmospheric pro les, caected by real measured values 4
times a day. This data is calculated on a 1Lat/Long grid covering the earth, and is made

available to the Observatory free of charge using the Reahte Environmental Applications
and Display sYstem (READY).
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Figure 3.12: GDAS Grid Points Near the Observatory. The grid pois (the Xs are spaced
every 1 of latitude and longitude at each degree [43].

As seen in Figure 3.12, the grid point selected for the Obseraeay's pro le measurements
is located at the north-east corner of the array. There is arsaumption that the atmospheric
pro le has reasonable horizontal uniformity over distance on the scale of the Observatory.
This means that atmospheric pro les calculated for the mad GDAS point should approx-

imate well the pro les over the whole array. By comparing GD& data to the data collected
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by the BLS radiosonde launches made at the array from 2005 t010, very good agreement
was found, vindicating the accuracy of the GDAS dataset and éhassumption of horizontal
uniformity. Furthermore, because the regular balloon lawhes could only provide a monthly
average for atmospheric pro les at the array, GDAS improvedie accuracy of reconstructions

at the array as it is sensitive to changes on the scale of a fewuns [43].
3.4.3 At Eye Atmospheric Monitoring Instruments
As seen in Figure 3.16 and Table 3.1, each Eye is equipped with mlevrange of atmo-

spheric monitoring tools.

Table 3.1: The distribution of atmospheric monitoring equpment at each Eye

Instrument Los Leones Los Morados Loma Amarilla Coihueco / HEAT
Lidar X X X X
Raman - - - X
Weather Station X X X X
IR Cloud Camera X X X X
APF - X - X
Optical Telescope X - - -

In order to monitor for the presence of clouds in each Eye's|e of view at any given
time, each Eye is equipped with a IR cloud camera and Lidar dtan. The IR camera scans
the full eld of view of each Eye every 15 minutes, while the diars monitor the height of
the clouds above the array at regular and frequent intervalBy combining the two readings,
the presence of clouds in any pixel's eld of view, as well avéd distance to that cloud
can be approximated. By comparing the cloud's calculated dation with the reconstructed
geometry of an observed shower, the probability that the sher passed through a cloud can
be reported [45].

The Raman Lidar located at Coihueco is capable of monitorinthe aerosol and vapor
content of the atmosphere in any direction. However, becaugedumps a large amount of
light into the atmosphere, all FDs observing in the directiorof the Raman must be shut

down for the duration of the measurement. This means that tki Raman is only used to
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make a quick measurement of the atmosphere after very endigshowers are observed. The
Optical Telescopes, called the F/(Ph)otometric Robotic Atnospheric Monitor (FRAM) and
the Horizontal Attenuation Monitor (HAM), measure the intensity of light from stars with
a known luminosity in order to calculate its attenuation dueto aerosols. By doing this they
serve a purpose similar to that of the Raman but with a lower accacy. The bene t to this
method is that it does not require the FD's to be shut down durig its measurements [48].
The Aerosol Phase Function monitor (APF) located at Coihueco ahLos Morados re
horizontal beams of light (330nm, 350nm and 390nm) acrossetreld of view of all the tele-
scopes in the Eye in order to measure the APF. The APF describdsetrate at which aerosols
scatter light in any given direction. This information is citical in correcting for multiple
scattering during FD measurement. The weather stations at el Eye simply record the tem-
perature, wind speed and direction, cloud height and pregtption rate. This information is

used to decide if the weather is safe for operating the delieaFD telescopes [45].

3.4.4 Aerosol Monitoring and the Laser Facilities

The single largest time dependent source of error for the FD @surement technique is
the aerosol content of the air in which the cosmic ray EAS evas. The aerosols in the air
do not change the nature of the particle interactions or theideposition of energy in the
atmosphere, but the presence of particulate matter in the mican strongly attenuate the
UV light the FD relies on for its observations. Because the FD use precise evaluation of
the light pro le of any given EAS in order to properly estimateits energy and composition,
changes in the strength of this attenuation cause changesagfual magnitude in the measured
shower parameters.

To properly account for this e ect, the aerosol content of tle air, personi ed by a quantity
called the Vertical Aerosol Optical Depth (VAOD), needs to beactively measured through-
out FD operation. This is dicult as the techniques for making this measurement that
are considered the standard in atmospheric physics are plyosuited to the needs of the

Observatory. They all either dump far too much light into theatmosphere to allow for use
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during FD operation, or are not sensitive enough for the needs the array. To solve these

problems, the bi-static method was developed.
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Figure 3.13: The Bi-static Aerosol Measurement Technique. Arsple illustration of the
Bi-static VAOD measurement technique [49].Ty 1 and Ty, , are the pre and post scattering
molecular transmission coe cients, whileT,; and Ta, are the aerosol transmission coe -
cients before and after scatteringSy » and S, are the scattering cross sections for molecular
and areosols respectively. ; is the angle the laser makes with horizontal and ; is the ob-
servation angle of the incoming light.

Shown in Figure 3.13, the bi-static method, so called becausé the separation of its
emission and measurement instrumentation, uses a distant UMser as a controlled light
source and the FD itself as the measurement instrumentatiorBy observing the intensity
of the laser light arriving at an Eye (Nops) at a given angle and then comparing it to
the expected intensity had the laser light traveled that pat through an atmosphere free
of aerosols and was only attenuated by molecular scatterindNyo ), the VAOD can be
calculated as

sin {sin » Nobs

VAOD = — .
sin {+sin » Nwmol

(3.1)

The quantity Ny can either be taken from laser measurements made on an extedyn
clear night with no measurable aerosols, or calculated viarailation. The VAOD can then
be used, assuming horizontal uniformity of aerosols and Wwaut accounting for multiple

scattering, to calculate the UV light transmission Ta) at any observation angle (ops) as

Ta=exp —— (3.2)



This transmission is then used to correct the observed UV liglpro les of cosmic ray air
showers made at times near the VAOD measurement.

This technique is particularly well-suited for cosmic ray leservatories for many reasons.
First, the magnitude and nature of the light in each laser shotlosely mirrors the actual UV
emission of cosmic rays. This means the light is ideal for neaement with the FDs and is
very telling of the atmosphere's e ect on EAS pro les. Secong because each separate laser
shot provides a strong measurement with a low signal to noisatio, relatively few of these
shots are needed to properly measure the VAOD. This means thihis measurement only
very slightly reduces the FD runtime €< 1%) and only for a few of its telescopes. Lastly,
the signals used for the VAOD measurement themselves are rexhely useful as a real world
control sample for a wide range of FD centric studies as theyewery well understood, very

regular and permeate the entire FD data set [49] [50] .

Figure 3.14: The Central Raman Laser Facility. A photo of the ®LF shortly after its
completion.

In order to make these bi-static measurements, the Pierre AagObservatory is equipped
with two high powered automated laser facilities, the Cenal Raman Laser Facility (CRLF)

and the eXtreme Laser Facility (XLF). The CRLF shown in Figure 3.2 was completed in
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May 2013 and can operate in either the bi-static FD calibratio mode or can steer its laser
to an internally housed Raman system capable of making an iedendent measurement of
the VAOD. It was built by Lawrence Wiencke, Carlos Medina and ryself to replace the
aging Central Laser facility (CLF) which operated from 2004 ntil its replacement. Shown
in Figure 3.15, the XLF was nished by our group in 2008, and seed as the model for
the CRLF. The construction, programming and upkeep of theseadilities, as well as the
processing of the data they collected, was a service resgbitisy of mine for both the Mines
group and the Pierre Auger collaboration and added valuablastrumentation experience to
my PhD. For a more detailed overview of the CRLF constructiorand my contributions to

it, see Appendix: A.

Figure 3.15: The Central Raman Laser Facility. A photo of the ®LF shortly after its
completion.

As seen in Figure 3.16, the laser facilities are separated bypapximately 10 km and are
placed symmetrically in the array, with each being roughly@km from three of the Eyes and
40 km from the fourth. Each laser facility consists of a fre@ncy-tripled YAG laser emitting
at a wavelength of 355nm capable of pulse energies up t@B. The speci cations of these

lasers were chosen to mimic the cosmic ray uorescence tradk the FD. These beams,
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red several hundred times during each night of FD activity, @n either be shot vertically
or steered to any trajectory. The primary purpose of each las facility is measurement
of the VAOD as explained above. However, these facilities dgkess for a wide range of

applications, and, particularly for this work, as an FD contol sample, can not be overstated.

FD Loma Amarilla:

Lidar
IR Camera
FD Coihueco: : ;
Lidar. APF Weather Station
IR Camera
Weather Station / \

/ I- N eXtreme Laser Facility

L]
Balloon e  Cenfral Raman Laser Faciity
Launch Weather Station

Station

FD Los Leones:
Lidar, Raman, HAM, FRAM
IR Camera
Weather Station

/

FD Los Morados:
/ Lidar, APF
IR Camera
Weather Station

Malarguex*

10 km

Figure 3.16: Map of Observatory Atmospheric Monitoring Insumentation[45].

Each facility consists of a laser house situated near a sistank used for hybrid shots
and for measuring the SD/FD timing o set. When the CRLF is in FD cdibration mode,
the optical setup of the two facilities is very similar. As carbe seen in Figure 3.17, the
rst piece of optics that the laser pulse enters is a 3x beam pander. This serves mainly to
further collimate the beam to ensure it stays compact, but ab widens the beam to lessen
the intensity of light to protect the optics. The beam is thensent through a 1% pick-o
optic, with a majority of the light passing through it to the ring optics. The picked o 1%
is sent to the tank ber channel. Here, another pick-o probe teers a small amount of the

beam to an energy probe providing real time energy informatn for each laser pulse. The
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rest of this beam is sent to the sister tank via a ber optic cale.

The component of the beam that continues to the ring opticss either allowed to prop-
agate to the vertical beam channel or de ected to steered dps via an optical switch. The
on table vertical and steered optics are identical, each caisting of a depolarizing Iter and
a steering mirror. The steering mirror is careful aligned t@end the beam vertically with
respect to gravity with greater than Q1 accuracy. Each beam then either passes to the roof

or is measured for calibration purposes.
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Figure 3.17: Optical Schematic of the Central Raman Laser Féity. This schematic also
accurately depicts the XLF facility if the Raman components i@ removed.

Both the CRLF and XLF are equipped with calibration systems cpable of measuring
both the energy and polarization of the laser. The energy datation system consists of
two probes, each with a di erent optimal energy range, moumd on computer controlled
precision movable stages. To sample the pulse energy, thelpe with the proper energy
range for the current laser energy setting is moved in-lineitlr the steered or vertical beam
path. The laser is then red several times and the intensity foeach shot, as well as the
average measured energy, is recorded. If the polarizatiohtbe laser is to be measured, a
linear beam splitter is moved into the beam path upstream ohe probe. The beam splitter
either passes or diverts light based on its orientation as wpared to the polarization of

the incoming light. To measure the polarization, the beam iged through the splitter and
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the intensity of the passed light is measured by the probe. Ehsplitter is rotated in 45
increments with a set of shots at each stop for a full rotatianif the measured energy is the
same for each position of the cube, then the beam is depoladz Any divergence from this
can be analyzed to determine the extent and direction of thaser's polarization.

If the laser is to be red into the sky for FD observation, it pases the calibration stages
and is sent to the roof. On the roof there are two hatches, onerfthe vertical beam and
one for the steered beam. The vertical hatch has no additionaptics allowing the beam to
pass vertically into the sky. The steered beam, however, ens the steering head which is
capable of sending the beam to any above horizon trajectorfaoth laser systems only re
at speci ¢ GPS nanoseconds@GP Sns) to eliminate real data contamination. The CLF res
at the 250 10°GP Snsfor laser only and 500 10°GP Sns for sister tank hybrid, while the
XLF res at 350 1(PGP Snsfor laser only and 700 10°GP Sns for sister tank hybrid. The
ring time (in GPS second and nanosecond), energy, and, ifestred, the ring trajectory are
all recorded for every red shot in the Laser station data le referred to as the Autologs.
Thus, with the Autologs in hand, the data generated by FD obseation of the laser can be

used as a control sample for a wide range of studies.
3.5 FD Reconstruction

Of central importance to this thesis is the reconstruction foan event's geometry and
timing from the signals recorded by the FD. In order to fully dscribe the geometry and
timing of any FD event, ve separate shower parameters need tbe calculated. These

parameters are:

( &; &) The polar variables that de ne the trajectory of the event'saxis of evolution, called

the shower axis §)).

(Xcore ;Ycore ) The x and y coordinates describing the location of the evest'axis at an
altitude level with the observing Eye. In reality any point ; the shower axis is su cient

to constrain it spacially.
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To The time the shower passed or would pass the point of closeppaoach to the Eye. This

is chosen out of convenience, any point of time on the showetisawould do.

A simultaneous ve parameter t is often too di cult to be pra ctical. In order to make the
calculation of these ve parameters easier, an FD reconstrtien is traditionally done in two

separate steps:

1. The determination of the plane in which the event had to ocr using only the geometry
of the FD pixels triggered during the event. This plane is cald the shower detector

plane (SDP).

2. The determination of the axis on which the core of showeraveled within the SDP,
called the shower axis. This is mainly done using the anguland timing data from
the FD pixels triggered during the event which was not used ding the determination

of the SDP.

By rst constraining the event to the SDP, the geometric recostruction is reduced from
a 3D problem to a 2D problem. This in turn reduces the parametecount from ve to
three. After this plane is found there are three methods thatan be used to constrain
the shower axis. The lowest quality method is called a Monolenr reconstruction and is
the reconstruction of an event from only the measurements ma by one Eye. The next
level in terms of quality is Hybrid reconstruction which usedoth the data from one eye
and the measurements of the event made by the SD. The highestatjty method is Stereo
reconstruction, which uses the simultaneously observati®s made of one event by two or more

separate Eyes.
3.5.1 The Reconstruction of the Shower Detector Plane

The SDP, illustrated in Figure 3.18(a), is simply the plane amtaining the shower axis
and the center of the observing Eye. The reconstruction of $Drelies on the geometry of

the triggered pixels in an event (shown in Figure 3.18(b)) andach pixel's total exposure.
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Figure 3.18: The Shower Detector Plane. The SDP constrainsehevent to a plane in
which it had to occur using only the geometry of the pixels tggered by the event. Though
constrained, there are many possible event geometries iret8DP (as shown by the multiple
axes in (a).

The SDP reconstruction, however, does not use every trigger pixel. Only pixels that pass
a lter meant to clean the pixel traces of any randomly triggeed pixels are considered for
the reconstruction. In order to be used, each selected pixehlled a SDP pixel, must meet

the following two requirements:

1. It must be within 4 pixels of another SDP pixel and the centid time of its ADC trace

must lay within 6 s of another SDP pixel's centroid time.

2. The SDP pixel must have a time ordering that correlates wht a physically realizable

event.

Once these requirements are met, a plane is t to the SDP pi@lpointing directions
(?). The geometry of the plane is speci ed by its normal vectom{(spp ). Since any plane
can have two normal vectorsttspp is de ned as the normal vector that when crossed with
the vector pointing vertically from the observing eye ), results in the horizontal vector

(A) pointing from the eye to the shower core. This means that th8DP will be identical for
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events that propagate downward like a shower event or upwatike a laser event.
The event SDP corresponds to the one plane who8epp is most perpendicular to all
of the SDP pixels'®t; vectors as weighted by their total exposure;. This plane is found by

- - - - 2
minimizing the value &, de ned as

X
éDP = (sop M) &, (3.3)
i

where i iterates through the SDP pixels. To nd the plane, the normalvector fspp is
tweaked until the minimum value of 2., is found. This method of tting, from here on
referred to as a 2 minimization by collaboration tradition, is in reality a weighted least-
square t. This general method of tting the observatory data to models is used throughout
O line and this research. Once the 2 t is complete, for a track length of 30 the resulting
SDP plane has been shown to be very accurate, with @8 uncertainty in the position of

SDP in the Eye and a @ uncertainty in its angle® [51].
3.5.2 Monocular Axis Reconstruction

As said earlier, by constraining the event to the SDP, the geaatric reconstruction is
essentially reduced from a 3D problem to a 2D problem. Thisdaces the number of param-
eters needed to fully describe the event from ve to threeTy is still needed, however the

geometry, as illustrated in Figure 3.19, can now be fully desiced by:

Rp The distance to the point of closest approach to the Eye. Theegtor between the Eye

and this point is always perpendicular to the shower axis.

o The angle in the SDP between the shower axis and the vectarwhich points horizontally

out from the Eye.

The process of nding these three parameters is referred tg ¢he axis reconstruction. If an

event is seen by at least one FD and passes the TLT trigger, itgia can be reconstructed

3These uncertainties are for an ideal case. In reality they vary with the nature of the pixel traces. The error
in the SDP is maximized when the event has a 30inclination in the Eye. This is because a 30 inclination
results in a single line of pixels being triggered, which in turn naximizes both uncertainties.
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monocularly. In essence, a monocular reconstruction is aomstruction performed with only

the data provided by the cameras in one Eye.

FD Core

Figure 3.19: The Geometry of a Monocular Event.

The rst step of a monocular tis to build a model of the event's geometry in order to
make a prediction of what the event's timing and signal willdok like in the Eye. Using the
parameters and geometry shown in Figure 3.19 the expected &nat the camera for thei™"

pixel that observed the event (") can be expressed as

R .
T Tptan ° L (3.4)

The variable ; is measured fromA and is just thei™ pixel's pointing direction, r;, projected
into the SDP plane. The constantc is of course the speed of light.

As shown in Figure 3.20, (3.4) is t to the data recorded by the akerving Eye via a ?
minimization. First, initial best guess values folRp,  and Ty are plugged into (3.4) along
with each pixel's ; to get at™® value. The dierence between each pixel's”” and the
centroid time of that pixel's ADC trace (t;) is then squared and weighted by the square of

the uncertainty of pixel's centroid timetf"". The weighted di erences for all the pixels are
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Figure 3.20: Monocular ? Fit to Laser Data.

then summed resulting in the FD only ? equation,

X _ expy2
2p = | % (3.5)

To nd the shower axis, the valuesRp, ( and T, are tweaked following the gradient of
the parameter space and the above process is repeated untietshower parameters that
minimize 2, are found.

The 2 method is powerful, but can only be as accurate as the data ypuovide it and as
correct as the model you are tting. If (3.4) correctly repraents the system, the values d&p,

o and T, that minimize the 2, value should represent the real parameters of the observed
event [52]. However, because of the relatively large numbér tied parameters compared
to the small set of available data, monocular reconstructis su er from a depth problem
not unlike the issue you encounter when observing things Witust one eye. Overcoming
this depth problem relies on the event having a very strong cwature in it timing data.
This means monocular reconstructions are fairly inaccuratin all but a few geometries and

extremely susceptible to event conditions.
3.5.3 Hybrid Reconstruction
As stated earlier, one of the most important aspects of the Rre Auger Observatory

is that it is a hybrid detector. This means it is capable of mesuring one event with both
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the FD and SD simultaneously. These hybrid events are usefueyond their capacity for
calibration of the SD. By taking advantage of the spacial andiming constraints that are
added to the event data through the signal in the SD, the recairuction of the location of the
shower can be decoupled from its trajectory. Because of th&hybrid reconstruction avoids
the pitfalls that plague a monocular reconstruction. The neresult, as seen in Figure 3.21,

is a far more accurate and robust geometric reconstructiolan what monocular can alone

provide.
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Figure 3.21: Hybrid Accuracy Improvement Over Monocular. Theddution errors (1 ) for an
event's in SDP geometry from both the Monocular (green) and Hbyid (blue) reconstructions.
The star in each ellipse represents the parameter values tmainimize the 2 tfor the event's
shower axis. The event was simulated with aRp of 11.5 km and a ¢ of 47 [53].

A hybrid reconstruction is simply the monocular reconstrumon with the added constraint
of the location and signal start time of the SD tank with the hghest signal- the hot tank.
This simple addition of an independent detection considdoly improves the geometric, as
compared to monocular only. The new information is incorpated into the process by

adding a term to the 2 t that aims to ensure that the reconstructed geometry agree with
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both the FD pixel data and the signal in the SD. The additional &rm, %, like FP, isthe
squared comparison of an expected time and the measured timeighted by the error in the

measurement. Speci cally %, takes the form

(tso_t59)°
g = 2 —Sbp, (3.6)
5o

wheretsp is the signal start time in the hot tank, thDp is the time the shower should reach the
tank as predicted by our geometric t, andtgl_., is the expected error in synchronization of
the FD and SD.td[_., is used because the error in the FD/SD synchronization is exgted
to be much larger than the uncertainty in the SD signal start ime. Adding (3.6) to (3.5)

results in a hybrid 2 function  given by

2 2
2= 2 4+ 2 :—(tSD tso +X ) 6) (3.7)
hy SD FD err 2 . (terr )2
tSp=Fp ' !

Figure 3.22: The Geometry of a Hybrid Event.

To actually improve the reconstruction accuracy and statitly, t needs to be calculated
using only our geometric parameterRp, o and Ty, the SDP and the known location of the

hot tank and Eyes. Figure 3.22 illustrates how this is done. Fst, two vectors are de ned:
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Yy sp, the vector that points from the eye to the hot tank, and r axis » the vector pointing
from the SD Core to the hot tank. The next step is to calculatefhe time that the shower
will reach the FD core {corerp ), represented by the green line in Figure 3.22. By starting at

the point of closest approach to the Eye and the time at that pat, To, teorerp IS de ned as

R
teorerp = To + TpCOt( 0)- (3.8)

From here, the time that it will take the shower to move from tke FD core to the SD core
(tcoresp ), represented by the length of purple line in Figure 3.22 ovex or

|
"I sp é
c .

tcoreSD -

(3.9)

teoresp IS Negative becaus& always points up by Pierre Auger Collaboration convention.
The last component that needs to be accounted for is the timewill take the curved shower
front to reach the hot tank (tsont ), represented in dark blue in Figure 3.22. Assuming a

general two parameter description of the wavefronts,n: can be described by

l. . l. .
aij I axis] + @) I axisJ?
tfront — 1] aX|sJ - 2J aX|sJ ; (3.10)

wherea; and a, are theoretical constants that describe the shape of the sher front. By

summing together these terms, the expected time at th€} is predicted by

R
tg)g) = T0+ ?pCOt( o)

! 8 I ; L 2
lsp + ai) I' axis | + ) I axis |

. - (3.11)

Like the monocular case, to nd the shower axis, the valueRp, o and T, are tweaked until
the shower parameters that minimize 7, are found.

Because a hybrid reconstruction only uses the location andysal timing of the station
with the largest signal (the hot tank). This means that all hyorid events, regardless of the
strength of the SD response, are treated the same by the hytbrieconstruction, and equally
improve upon monocular reconstruction. All hybrid events h@ever are not equal in quality

and usefulness. There are in fact two levels of hybrid events
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Simple Hybrid A simple hybrid event refers to any FD event with at least one stion

that passes both the SD T2 and FD T3 triggers.

Golden Hybrid A golden hybrid event are a subclassi cations of simple hylat. A golden
hybrid event is any FD event with a simultaneous SD event that @sses at minimum

the SD T4 and FD T3 triggers.

Though all hybrid events are reconstructed identically, bsause golden hybrid events fully
trigger both the SD and FD, their geometry and energy can be imgpendently reconstructed
with both the FD and SD. This property of golden hybrid events rakes them particularly

useful to the Observatory in several ways:

The highly accurate geometric hybrid reconstruction can besed to crosscheck the
SD's geometric and angular resolution; a step which is cratifor arrival direction

anisotropy studies.

As explained in Section 3.3, because the FD is able to make a nganodel independent
measurement of the event's energy, in golden hybrid eventiset energy reconstruction

of the FD can be calibrate the SD's energy reconstruction.

Because the FD is sensitive t& hax and therefore primary composition, golden hybrid
events that haveX . in the eld of view of their cameras can be used to search for

composition sensitive indicators in the SD.
3.5.4 Stereo Axis Reconstruction

Very rarely, one event is observed by two or more distantly parated Eyes simultaneously.
By using the information gathered by both Eyes to t a single ais, the quality of the
geometric reconstruction can be improved greatly. Unlike mmoacular events, the SDP isn't
t separately, instead both the pixel geometry and timing ae used from every Eye to nd

the shower axis. This results in the stereo reconstruction® t equation 2., taking the
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form

oo = 4 2 (3.12)

Stereo geor

2 is the term that focuses on making sure the reconstructed axagrees with each camera's
pixel timing pro le. Seo minimizes against the pixel geometry and is weighted by 4 te ect
the fact that the pixel geometry is much more reliable than th pixel timing. The timing
term, 2, is the same as the monocular? except with the added complexity of summing

over all the Eyes and therefore takes the form
!
X X (15 Texpf®)?

(TerrfY®)2 ’ (3.13)

2=
Eyes i
whereT™®, Texg™® and Terr™® are the same as the terms in (3.5), but with the additional
Eye index. The geometric term, Seo is functionally very similar to %5, however, as the
shower axis is expected to lay at di erent distances to eachyg, therefore, the pixel charge
a; is no longer a reliable weighting term. Ifs; were still used, a poorly measured pixel at a
close distance could be given more weight than a well-measdipixel at far distance messing
up the t. Instead, the angular uncertainty in the pointing direction of each pixel {jerr),

which for the Pierre Auger Observatory FD is a constant: 85, is used. 2 equations must

be dimensionless so the numerator of?

geo Must also be an angle. Therefore, the angular

di erence between betweers; andrtspp is used resulting in Seo equation of the form

!
X X (=2 arccost®® nEk))?

geo = E
Eyes | (*%err)?

, (3.14)

wheref™® andngZ, are the same as the terms in (3.3), but with the additional Eyéndex.
Instead of minimizing againstkRp, o and Ty for later conversion to the shower parameters
[ &; & Xcore; Yeore @nd To] like @ monocular reconstruction, the stereo reconstrucin directly
minimizes against these parameters with two small change#\s seen in Figure 3.23, the
core location Keore; Yeore) 1S replaced by (N1400; E1400) Which de ne location of the shower
core at an elevation of 1400m in UTM coordinates (Northing anddsting). The core is now

de ned in UTM because a universal coordinate system is needearelate the Eyes to each
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Shower Axis (S)
(93,93)

(N1400-E1400), i

Figure 3.23: The Geometry of the Multi-Eye Stereo MethodFD; is the lowest indexed
observing Eye so it is regarded aBye®. The SDP of each Eye is represented by the colored
portion. The white dots represent important geometric poits.

other. An elevation of 1400m is used because the average dieveof the SD is 1400m above
sea level. Also,Ty is replaced byT?, the time of closest approach for the lowest indexed
observing Eye (L =1, LM =2, LA = 3 and CO = 4), here on denoted asEye’. This
again is to accommodate the fact that there are now multiple ¥es, each of which would
have a dierent Top. Because the observations of all of the Eyes are from the saesent,
there is only one value for each of these parameters per showdsing the geometry shown
in Figure 3.23,Texd”® can be calculated as

RpEye a Eye Eye

Texg”® = ToY% + n -2 — (3.15)
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whereRpFYe, Eye and TOEye are all calculated for each Eye using the shower parameters (

&, N1aoo, E1a00 and T§). ¢ is calculated as
!
| !
‘HEe §
EYe = arccos +——o (3.16)
JH Evej
|
where H BYe is
|
HP®=FDGT PR (3.17)

where PEY® de ned as (NE°; EEXS; ZEY°) is the location of each Eye in UTM coordinates
and FDEYE is the location of the shower core at the same elevation as tiye in UTM

coordinates. FDEYS consists of the componentsXE)S; YEYE: ZEve) which are found via,

X&e = Ewo (1400 ZEf%) tan gsin g (3.18)
YEY® = Ny (1400 Z£¥) tan gcos g and (3.19)
Z&ye = Zey (3.20)

RpFYe is calculated as
|
RpEY® = jH E¥8j sin( 5. (3.21)
While T;”¢ is calculated as

Eye 0
Teve = 1o, re (Pro)

- (3.22)

WherePRp is the point of closest approach for the lowest indexed obserg eye andPF'fge, the

point of closest approach for the current observing eye. BDIPRp and nge are calculated

via
Pointz)® = PEY° + Rp™°(n5hy  9), (3.23)
using Eye = Eye® for the Pg, value. Finally, n 5}, is calculated as
!
| !
) H Eye
fstr =S 1 (3.24)
jHEYe]

again usingEye = Eye® when appropriate..
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The values for &, &, N1400, E1400 and T are then adjusted until a minimum value for
Ziereo 1S found. These values that minimize the %, function now correspond to the most
probable shower geometry and timing for the observed evenBecause in stereo both the
pixel geometry and timing pro le independently and fully castrain the geometry of the
event, stereo reconstructions have the highest accuracyasfy event reconstruction available

to the Pierre Auger Observatory.
3.6 The O line Framework

In large scale experiments, the job of coordinating thousda of detector responses, ac-
counting for hundreds of time dependent variables and tralading them all into useful and
interesting information about phenomena is always di cult Given the complexity of keeping
track of all this data, mistakes and therefore erroneous nidgs are common. Furthermore,
if analyses aren't standardized across a collaboration,ig di cult to talk about the results
of an experiment rather than just those analyses. Unfortunaty, attempts to standard-
ize an analysis often fail to provide the exibility and cusbmization necessary to facilitate
rather than inhibit science. To avoid these pitfalls and to ptimize productivity, the Pierre
Auger Collaboration invested in building a rigorous, robustnd fully customizable cosmic
ray analysis packageQ line

O line js simply a C++ framework built around open-source tool-set for the purpose
of facilitating the reconstruction or simulation of cosmicay events and other data at the
Pierre Auger Observatory. As is shown in Figure 3.24, there aréree main components to

O line | There are the analysis modules, event data structure and téetor description.

Analysis Modules
Analysis modules are the building blocks of a® lin€ analysis. A module is a subpro-
gram that deals with a speci c step in the overall cosmic rayralysis. Each module
is dedicated to a specic analysis task and is written and adimistered by an Auger

collaborator with a high level of expertise in that facet of he analysis. Each module
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Figure 3.24: TheO line Framework Structure. The core of the analysis, whether it be
a simulation or data reconstruction is handled by interchageable and compartmentalized
algorithms called modules. Each module simply reads dataofn variables in Event Data

structure and/or detector description, performs its analgis and then updates the information
in the Event Data structure for the next module [54].

Fluorescence Detector

Surface Detector

Atmosphere

only interacts with the detector description and event datastructure. This isolation
ensures each module is compatible with every other and thatanges or improvements
to one module do not necessitate changes in others. To build @l fO line analysis,
a user only needs to pick which modules are to be used and in wioader, called a
Module Sequence, and then specify the settings of each madui the user friendly
XML cards associated with each module or in a single le calletthe Bootstrap. The
O line program can then be compiled via a make le and is ready to anale the data
pointed to in the EventFileReader. This exible design ass@s that the analysis can
be quickly tailored to any collaborator's needs with littleor no need for the user to
directly interact with code. A set of standard modules and naule sequences are built
to deal with event simulation, reconstruction and analysisThis set of standard pro-
grams is called Observer and is often used unaltered by mosembers of the Pierre

Auger Collaboration for their cosmic ray studies.

Event Data Structure

The event data is a data structure containing a variable forach quantity that O
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line needs or is capable of lling. It has a eld for everything raging from raw detector
response, simulation parameters and atmospheric condit® to reconstructed shower
observables like energyX wax and event geometry. By separating the data storage
from the data processing and preallocating all the variabdethat could be used by
the modules, the job of making sure each module is interchaaple and can sitill
work as intended is made much simpler. In the case of real stevg; the event data
starts with just the detector response and is then lled withreconstructed data by
the proper modules. For simulation, the rst module used islaays an event builder,
which makes the event data class. A detector response is thiabricated and placed
in the structure. Finally, this the event data structure contins everything in it that
a real shower's data le would contain, along with the information of the simulation

parameters used to make that data.

Detector Description
The detector description is pretty self explanatory. It is nply a structure that ties
together all the various data sources needed to describe tlayout and nature of the
detector, conditions and environment at the Observatory ahthe functionality of the
instrumentation at the time an event is measured. This desi@tion can be real infor-
mation from the Observatory, simulated ideal or extreme catitions or a combination
of both. Handling the detector information in this way is verypowerful. By simply
changing the detector description and tweaking the modulgsntirely di erent obser-

vatories can be simulated and studied.

In addition to the overarching structure and framework,O lin€ also provides a robust
tool-set which greatly simpli es the process of analyzing servatory data and simulation

studies. Among the more useful tools included are:

The MySQL database handlers: As stated earlier, properly amanting for the time

dependent conditions of the atmosphere and the minute by mite status of each of the
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more than 10,000 separate pieces of instrumentation at theray is vitally important to
correctly interpreting any data. To facilitate this, O lin€ has included several high and
low level MySQL database handlers. These are extremely udeds they streamline the
process of querying and pulling data from the atmospheric drcalibration databases.
Without these handlers, accessing this data would be a very dlilt, error prone and

time consuming process.

The Geometry packages: In the process of making calculatgoat the array it is al-
most always necessary to carry out complex geometric calatibns in several di erent
coordinate systems. Because of the size of the array, and tmale of the phenomena
it seeks to observe, this is made extremely di cult. Descrilng phenomena across the
array and calculating its expected trajectory and timing indistantly separated instru-
mentation demands that factors like the exact curvature oftte Earth and its rotation
be accounted for precisely. To deal with thisD lin€ includes a novel geometry pack-
age which automatically accounts for these e ects simply tbugh coordinate system

de nition and reference frame tracking.

The Visualization and Plotting packages: It is often dicult t o interpret results sim-
ply through distributions of measured variables and theirreors. To address this,O
line includes a suite of visualization and plotting packages toefp present measure-

ments and reconstructions in a meaningful way.

O line also includes the full tool-set available through Cern's ROT analysis software
[55]. This facilitates Monte-Carlo simulation, data storge, tting and interpretation and

the importation and exportation of results from external aalysis [54].
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CHAPTER 4
EXOTIC SLOW EVENTS AND CANDIDATE PHENOMENA

The detectors of the Pierre Auger Observatory become fully eient around a primary
energy of 10®eV. This means that in order for the FD or SD to reliably record anyevent,
that event must deposit at least as much energy in the atmosphe as a EeV cosmic ray
shower. Currently, except for the as-of-yet unobserved Singelet, under the Standard Model
(SM), cosmic ray primary rest masses are, at maximum, restted to a couple hundred
GeV=@é. These two facts combined lead naturally to the expectatiothat all cosmic ray
events recorded by the Pierre Auger Observatory will be causby primary particles traveling
very close to the speed of light. This is simply justi ed thraigh relativistic imperative.

Assuming a cosmic ray of the minimum observable energy Bf,;,» = 10*8eV with a mass
of 200GeV =¢, which is well above the expected mass of any cosmic ray catate, relativity

states that

Eiota = m ¢ so for Auger (4.1)
Emin = 10%eV 200GeV=¢ ¢ and therefore (4.2)
5 1¢° . (4.3)

So, at the minimum detectable energy and using a mass far begothe expected mass of
a cosmic ray primary, the Lorentz factor of a Standard Modelasmic ray detected at the
Observatory must be at least 5 10°. A Lorentz factor of 5 1C° corresponds to a minimum
velocity of about 99.9999999999995% of c. This velocity isegter than the speed of light
in air and far too close to ¢ to matter in any analysis done at th Pierre Auger Observatory
[56].

Extremely massive macroscopic conglomerate objects likedimeteorites could circum-
vent this issue as objects with a high mass can have large Kioeenergy at low speeds.

Micrometeorites, in particular, can cause events that areright enough to be observed by
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the FD. However, due to their low density and high surface aredhe luminous portion of
their descent to the earth's surface is constrained to altides of 80 km or higher [57]. HEAT
is the only Eye that could realistically see these events. Hewer, even so, in order to pass
the SLT of the FD the event would have to traverse a minimum F (Sections 3.2 and 5) in
one of HEAT's cameras in a 20s time window. Assuming the very generous parametérs
of 80 km for the minimum distance to the event and a trajectoryhat is perpendicular to
the HEAT in its eld of view, then the minimum event velocity required is

_ 8km Tan(5:7)
Vmin - 205

4 10Pm=s; (4.4)

or 133% of the speed of light, clearly rendering observation likely.

Lastly, a large slow moving exotic primary could cause a measble EAS through en-
ergetic decay or by interacting strongly and breaking up, heever, the created shower will
still propagate at speeds very close to the speed of light. iBhis simply because though the
primary may have traveled slowly, the particles created intte decay need to be very energetic
in order to cause an observable particle cascade. This, iruth, applies to any EAS caused
by any primary. Causing an observable event through the pragtion of an EAS demands
a high kinetic energy for every particle participating in tre shower and therefore an EAS
will never be seen to evolve slowly. This means for a slow ewvém trigger the FD it must
generate light through a mechanism other than those availlbto the particle cascades in an
EAS.

These arguments forbid any already observed cosmic ray pany within the Standard
Model from being the source of a measurable subluminal showe his simple fact forms
the underlying motivation for a velocity based search in thdierre Auger Observatory's
cosmic ray data set. Essentially, because all known or expst cosmic ray primaries can be
neglected outright, any accurately detected and reconstrted subluminal cosmic ray event

would strongly point toward new physics. This begs the quasn: What qualities must an

480 km is much smaller than the actual minimum distance to the event as HRT's eld of view does not
reach vertical but only 60 above the horizon. A perpendicular trajectory maximizes the angular elocity
across the camera.
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object possess to create a slow evolving event to which theeRe Auger Observatory's FD

would be sensitive to?
4.1 Candidate Particle Characteristics

In order for a theoretical object or particle to be considetea candidate for a velocity

based search in the FD data, it must meet the following critea

1. It must either deposit signi cant amounts of energy in theatmosphere without relying
on it's kinetic energy to drive the creation of a hadronic pdicle cascade, emit a large
amount of its internal rest mass energy as it traverses the mbsphere through slow

decay, or somehow derive signi cant amounts of energy frorhé atmosphere itself.

This is absolutely necessary as otherwise there is no meaasteate UV light needed

for FD observation.

2. It must have an interaction mechanism that preserves thdrscture of the particle and

its ability to interact throughout the event.

This is required as the exotic primary must interact multipe times in order to have
an event that develops at net subluminal velocity. This is maly due to the fact that

all secondary particles and their o spring will likely travel at speeds very near to the
speed of light. This, in turn, means that if the subluminal pimary is destroyed or
becomes inert early in the event, the secondary particleslivonly be able to create a

particle shower that will evolve indistinguishably closed the speed of light.
3. It must interact in a way that either directly emits photons or diverts a signi cant
portion of the energy released in the event into the electraagnetic cascade.

Only the FD is able to directly observe the event's evolution elocity, meaning that
without direct photonic emission or an abundant electromaggtic shower producing

UV light, the FD will be blind to the event. The larger the percertage being directed
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into the electromagnetic cascade the better, as that meansone of the energy released

in the shower will be detectable by the FD, increasing the chams of observation.

4. It must be able to interact at a high rate as it traverses thetmosphere.

The interactions caused by the primary need to dominate thenergy release in the
shower as the FD will only be able to measure the net velocity tiie shower. This
is again because the secondary particles and their o springlisravel at speeds very
close to the speed of light, which in turn means that unless ¢hexotic primary causes
the bulk of the interactions in the shower, the event's meased evolution velocity will

be much closer to the speed of light then the speed of the exofirimary.

5. It must have a cross section large enough to create an evewith brightness at least
equal to that of a 1%V SM comic ray.
Without satisfying this requirement, it is likely that the event will not be recorded by
the FD.

6. It must have a plausible mechanism for acceleration to adrvable velocities.

Because of the maximum event duration limit on FD observatia) candidate particles
must be accelerated to at least a few % of the speed of light inder to have a chance
of being measured by the FD. This rules out the extremely heawjde of this spectrum

as there is no expectation of these objects reaching thesesgs.

7. Finally, there must be a reasonable theoretical expectati of a meaningful local ux.

Simply, if there is no reason to expect a measurable ux on thearth then there is

little reason to expect to see it.

These requirements severely reduce both the available irdetion mechanisms and the

list of possible particles, but literature does present sarviable candidates. These include
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high mass Strangelets[58] macroscopic dark matter [6F] Magnetic Monopoles and nally
Q-Balls [62]. The theory supporting slow, detectable Strayelets appeared too late for full
consideration here. Macroscopic dark matter does not haveckear acceleration mechanism
to reach the velocities necessary to clear the FD T2 trigger. ®&vthopoles were originally
considered as a strong candidate, however, the speci ¢ typpecessary to trigger a detectable
slow event are quite speculative and relatively unsuppouen literature. For these reasons
they are no longer considered a serious candidate, but ardlstovered in Appendix B. Q-
Balls, however, have been established for some time and weHll the criteria listed above

and are therefore given a general overview below.
4.1.1 Q-Balls

Though the LHC has begun to signi cantly constrain the availale versions of the min-
imally super-symmetric standard model (MSSM), it will not k& able to rule de nitively on
it due to the mass scale limitations of its accelerators andhé diversity of super-symmetric
(SUSY) theories [63]. It is therefore important to attempt to garch for phenomena predicted
by super-symmetry in order to limit regimes that are unavadble to current accelerators. To
this end, one of the most promising candidates for observati within the cosmic ray spec-
trum is the Q-Ball.

Super-symmetric extensions of the standard model, espdlgidSSM, predict the exis-
tence of a non-topological soliton with an unconstrained Iogon number, which has been

dubbed a Q-Ball [64], [65]. \(A) Q-ball is a coherent state o& complex scalar eld, whose

SStrangelets are well supported by theory and expected from the curmat understanding of QCD, however
their ability to cause low velocity showers as described in [58] igli cult to judge as solid energy deposit
models are not provided. Inferring from [59] and [60] the deposit mechdam would likely be a combination
of fusion, ssion and friction e ects. Strangelets are a viable candidite, but [58] appeared too late for in
depth treatment here.

5Macroscopic dark matter is a catch-all for heavy and, therefore, low nurber density dark matter candidates
that would likely deposit energy through a friction mechanism. Unfortunately, many macroscopic dark
matter candidates lack a strong acceleration mechanism and are expectéd propagate at galactic velocities
(10 2c). This largely rules out this thesis as a means for search as these ewswill be vetoed by the FD
T2 trigger. However, one could envision some possibly reaching higherelocities and therefore appearing
in the Observatory's data. Alternatively, these could be looked for,using the FD, by monitoring the count
rate of each PMT string of each telescope before T2 veto to look for evestthat ‘'march' across the Eye.
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existence and stability are due to the conservation of sombgal U(1) quantum number"[66],
and they should become absolutely stable when a certain barycount threshold is reached.
Additionally, according to most super-symmetric theoriesQ-balls should be produced in
large numbers during baryogenesis and, due to their inhetestability, should survive to this
day. These factors make Q-Balls an attractive candidate farold dark matter, and lead to
expectations of a non-trivial local ux [66], [67].

Unlike most dark matter candidates, Q-Balls are able to intexct strongly with matter,
but are still able to t the qualier 'Dark'. For any dark matt er candidate, integrated
over any given path through a region populated with baryonienatter, the net interaction
rate of that dark matter candidate (r,) and therefore its astrophysical brightness goes as
'y  Ngm dm,» Whereng, is the number density and 4, is the cross section. For any single
variety dark matter theory in general,ngm = ¢m=Mgm Where ( 4vn) IS the mass density of
dark matter which is constrained by astrophysical observain and My, is the mass of the
chosen candidate particle. This means that,/ ¢nw=Mum, leading to two possibilities for a

very low interaction rate and therefore a high "darkness' iastrophysical data:
Like WIMPs, 4, can be very low, meanindM4, can be low andng, can be high.

For a constantr,, ¢m can be large as long aM 4, grows at an equal or greater pace

forcing downngp,.

It is probable that upon creation during baryogenesis, mo$p-balls were initially highly
positively charged. These Super-symmetric Electrically arged Solitons (SECS) would be
accelerated in this very energetic epoch to high velocitieBuring this time, Q-Balls would
have high cross sections and energies meaning at high deasithey would be quite bright.
However Q-Balls have the interesting property of absorbingapticles of the opposite charge
and therefore, over time, will tend toward neutrality [67]. This is a relatively slow process in
interstellar media as the matter density is very low, and wihé the cross section for absorption

is proportional to the object's mass and initial charge, its still quite small. This cross section
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shrinks as the Q-Ball absorbs particles of opposite chargs the volumetric gains due to the
increased mass are outpaced by loss of net charge. Theseabje&ould continue to accelerate
stochastically, over time, at a rate dictated by their charg to mass ratio and the rate at
which they absorb either anti-protons or electrons until tiey either impede on the earth's
atmosphere or become charge neutral.

Once neutrality is reached, these Super-symmetric Eleatally Neutral Solitons (SENS),
would travel in a straight line, slowly losing their kineticenergy to the e ects of red-shifting
due to cosmic expansion. Upon becoming [68] SENS (this wouldppan quickly if a SECS
entered the atmosphere), there is no longer a Coulomb barripreventing protons from
accessing the internal structure of the Q-ball and its abtly to violate both baryon number
(B) and lepton number () conservation at low energies, instead preserving the queén
B L’. This leads to a Kusenko-Kuzmin-Shaposhnikov-Tinyakov (KST) proton decay of
the form Q+ p! Q+ e" + ©, with a cross-section proportional to the object's mass [p9
This is the primary process allowing for slow Q-Balls to gen&te measurable events at the
Pierre Auger Observatory.

There are two possible mechanisms for a Q-Ball to create aneav large enough to allow
for Auger FD observation. In the rst speculated mechanism, aidhter mass Q-Ball could
have a large enough initial velocity for the very small kinét energy transferred to the
secondary particles to be su cient to cause an EAS capable ofpsing the energy threshold
of the FD [70]. The second possible pathway for achieving detability, is for the Q-Ball
mass, and therefore its KKST cross-section, to be big enoughcause such a large number
of decays that the FD energy threshold is passed at any initialelocity [62]. The rst
mechanism requires extremely high velocities and there#ors not applicable to this work,

but is explored through simulation and applied to the PierreAuger FD dataset by Schuster

’Both baryon number and lepton number conservation are understood to bepossible under the Standard
Model in the form of sphalerons, but only at the near impossibly high tenperatures reached immediately
after the big bang [68], and have never been observed. The di erencbetween the baryon number and
lepton number, B L, is an alternative conserved quantity that appears in many grand uni ed theories
(Guts).
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in [70]. The second mechanism, however, would result in edgcthe type of signal this
search would be capable of isolating.

The ux limits set on the existence of Q-balls are so far maigllimited to regions of
low mass and high number density, or low mass and high velociand are often carried
out simultaneously with monopole searches or are a byproduaf proton decay signature
experiments [71]. The most stringent limits for SENS are AMANDA'dimit of  ggoc:L:

5 10 %cm 2?sr 's forM  10''GeV=@é and BAIKAL at comparable ux of  goc.L:

4 10 ¥cm 2sr 's tforM 5 10%GeV=¢@ [62]. These masses are far below where the
FD will become fully e cient. If the full FD aperture can be used much lower limits can be
placed although at much higher masses. The top end of the magsectrum is constrained
to very low uxes according to the relationshipngm = ¢m=Mam, &S is set by astrophysical

data.
4.1.2 CORSIKA Simulation of Q-Ball Showers

Q-Balls derive the high energies and interaction rate needidor a measurable shower

from proton decay catalyzation. There are two questions ofigh relevance to this work:

Given the relatively low energy of each proton decay and thelatively short attenu-
ation length of the emitted e"s and s, can a proton decay event trigger the Pierre

Auger Observatories detectors at all?

If it is possible, what Q-Ball cross sections and masses areeded to satisfy the FD's

and SD's triggering threshold?

To answer these questions simulation is necessary.
For high energy astroparticle physics 3D EAS simulation, espially within the Pierre
Auger collaboration, CORSIKA (COsmic Ray Simulations for KAsade) is used [72]. COR-

SIKA is a high energy EAS simulation software package that waagriginally developed to
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interpret the results of KASCADE?, but is now used for simulation extensively in nearly
all high energy astroparticle physics projects. CORSIKA &s a large number of particle
interaction simulators’® and has been shown, based on which sub-simulators are chogen
well predict interactions at an impressively wide range ofnergies, reaching down to the
energy range of the LHC and up to and exceeding UHECR energies. REIKA has become
a standard tool in high energy particle physics, being used cosmic ray observatories, high
energy collider experiments, as well as neutrino and dark m@r observatories. As of 2014,
it was currently being used to further physics in over 40 expienents world wide [73].
CORSIKA comes with a large and ever-expanding set of primaparticles and interaction
types which span a wide range of traditional and exotic paktles. The strongest subluminal
candidate, super-symmetric Q-Balls, did appear in this lighanks to the combined e orts of
Dr. Schuster and Dr. Pierog in [70] and were used as the basis $imulation. Unfortunately,
the Q-Ball description was for a speculated light, high vetaty Q-Ball with a heavy reliance
on large momentum transfer and, therefore, needed to be adeg to t the interaction
models described in [62]. This was done by removing momenturansfer in Q-Ball/proton
interactions and adjusting the mass Nlg) as well as the cross section () to re ect the
predicted values. For all simulations, the symmetry breakg parameter was set to TeV,
the value specied in [62]. The result was a Q-Ball shower sufation with no dependence
on initial energy or velocity. The resulting showers, an exaple of which can be seen in
Figure 4.1, grow in intensity as they push deeper in the atmobkpre, but shrink in radius.

Both of these features are well in-line with expectation%

8KASCADE was a high precision detector made to simultaneously measure t hadronic, muonic and elec-
tromagnetic components of showers in the 1  10'%eV range

9For very high energy interactions Corsika uses VENUS, QGSJET, DPMJET ard SIBYLL which use either
Gribov-Regge theory or a minijet model. Hadronic interactions at lowe energies are described either by
the GHEISHA module, by FLUKA, or by the UrQMD model. For a more thorough over view see [72].

10The intensity should grow proportionally with atmospheric depth as rate of proton decays depends only on
the rate at which the Q-Ball is presented with protons and therefore gows with atmospheric density. The
shower radius decreases with atmospheric depth because each protoacdy releases an identical amount of
energy meaning the attenuation length of the product particles is thesame in terms ofg=cn? statistically.
This, in turn, means the distance each daughter travels is inverdg proportional to atmospheric density.
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Figure 4.1: Corsika Simulation of Proton Decay Shower. The &ttromagnetic shower caused
by a 5 kB proton decay catalyzing Q-Ball with atmospheric dep increasing from @ cm 2
on left to 900y cm 2 on the right.

Because this type of shower consists of a very large numberusfique cascades at low
energies, the techniques and tools usually employed to sgegp the simulation process
could not be used. As a result of this, the computation time nessary for each individual
simulation grew proportionally with cross section and zeth angle. This motivated a choice
to simulate only vertical events as they represent shortepbssible path length to the ground.
Even with this choice, the simulations for a single shower d@he higher ¢ values took well
over a month of real world time to complete. Additionally, dueto the huge number of
interactions and particles that needed to be traced as the sWer moved deeper into the
atmosphere, the simulations were very CPU and memory intene, limiting the number of
simulations possible at a time, to one. This made it di cult to simulate more than a few
events. However, because each proton decay and its productsrbt e ect the interactions
of later decays, each decay can be treated as an independererg. This, combined with

the more than 10 separate decay events in each simulated shower, means thia¢ faw of
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large numbers applies well to each individual simulation. fAis results in almost no shower
to shower uctuations, meaning that simulations performedvith the same parameters will
be statistically identical to each other, which greatly linits the need for multiple simulations
with the same parameters.

In order to study at what cross section the FD and SD begin to rpsnd to a proton
decay shower, eight full simulations with cross sections rygng from 1000barn (1kb) to
417 10° barn (41:7mb) were run, taking a total of 167 days. The upper limit of this
simulation range represents a theoretical energy deposit 10'°eV. These simulations were
then imported into the O line detector simulations and thrown with random core locations
in front of Coihueco. The parameters of each simulation andh&ther they were detected
by the FD and SD can be seen in Table 4.1. The calculations to der these values were
obtained following the perscription laid out in [62]. The vlues predicted in Table 4.1 do
di er by about half an order of magnitude from those predictd in [62]. This is because
[62] allows for the decay of both neutrons and protons, whillhe CORSIKA simulations
were constrained to only proton decay and simulated the ergr released per nucleon. The
di erences, however, can be completely accounted for in calation and important results

for both proton only and proton/neutron decay are presented

Table 4.1: Q-Ball Simulation Parameters and Detectability

o (barn) | Mg (GeV c?) Theoretical Energy Loss FD Triggered? SD Triggered?
10kb 121 104 2.4 10%eV No No
50kb 1:35 10%® 1.2 10eV No No
1Mb 382 10 2.4 10'eV No Not Fully. Rarely 1
5Mb 427 1077 1.2 10%eV Rarely 3
10Mb 1:21 10% 2:4 10V Yes 3to 4
20Mb 342 108 4.8 10%eVv Yes 4
417Mb 1:.027 10%° 10%V Yes, Reliably 6 Tanks

From Table 4.1 it is clear that the simulations con rm that Q-Balls are able to trigger
both the FD and SD once their cross section exceeds a few millioarns. This means that

as long as a su ciently large Q-Ball enters the atmosphere wiin the Observatory's eld of
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view with a high enough velocity to pass the T2 trigger, they W be observed. According
to calculation, Q-Balls begin to successfully trigger the Flaround Egeposit  2E€V Which
agrees well with the cosmic ray trigger threshold ofEleV. The FD reliably triggers at
Edeposit > 5SEeV. With Mg set to ITeV, this gives the FD a minimum Q-Balls mass
sensitivity of Mg > 9:19 10?’GeV c 2. If one allows Q-Balls to catalyze the decay of both
protons and neutrons, the minimum mass sensitivity lowerotMq > 3:25 10?'GeV c 2%,

In Figure 4.2 and Figure 4.3, an example 4IMb event reconstructed by both the FD
and SD is shown. First, as seen in Figure 4.2(b) the event strdggnd cleanly triggered the
FD, and looks strikingly similar to a laser event. The timing gnature, Figure 4.2(c), was
also clean and well t by the standard hybrid timing equatiors represented by the red line.
As expected, the light pro le of the shower, Figure 4.2(d), degts from the Gaisser-Hillas
shape expected in cosmic rays showers, shown for a real FD éwerrigure 3.10. This large
di erence in prole provides a means of potentially identifing Q-Balls in slow candidate
events, or possibly another avenue to search for these pal#is all together.

From Table 4.1 and Figure 4.3(a) it is obvious that Q-Balls see to have an easier time
fully triggering the SD than the FD and will do so at lower crosssections and masses.
Figure 4.3(b) shows Q-Balls have LDFs not dissimilar from thesexpected from cosmic
rays. This is important for this work, as it means that Hybrid detections are a possible
search avenue for Q-Balls. Also, very interestingly, as carelseen in Figure 4.3(c), by the
a disagreement between the green line and the data, Q-Ballosters do not trigger stations
with a timing structure that matches what is predicted from acosmic ray event. The shape
of the SD timing, where the far tanks are triggered much latethan is expected, can be
understood through the fact that the proton decay products lahave the same energy and,
therefore, will have very similar attenuation lengths at sme atmospheric density. This has

the e ect of creating a sphere with a small xed radius, meamig the farthest tanks only

1This is only at the lowest measurable cross section. Sensitivity athe S=eV range, corresponding to
Mg > 3:63 10?%GeV c 2 for proton only and Mg > 1:28 10?GeV c 2 for both proton and neutron
decay, is more realistic.
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trigger from the decays occurring as the Q-Ball approachebke level of the tanks. The size

of this e ect will grow more pronounced as the Q-Ball slows,ufther di erentiating them

from the background of cosmic ray events. The velocity dep@ent timing signature of Q-Ball

is explored more fully in Section 7.1.
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Figure 4.3: Simulated SD Response to a @b Q-Ball.

If the strong di erences between the SD timing pro le of cosic rays and Q-Balls can be

con rmed by a dedicated study with more in-depth simulation these drastic di erences in

SD timing open up the possibility of systematically searchg for Q-Balls and like candidates

in the SD. These di erences should be even clearer if discimation between electromagnetic

and hadronic components becomes possible. Because Q-Balyger the SD fully at smaller
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values of o and therefore have sensitivity to lighter masses, they aressitive to a wider
parameter space than the FD. Additionally, slow events will nobe rejected due to the T2
trigger, meaning that the search could potentially extend awn to the galactic velocity range
of 1 10 2c. However the e ect of the SD's T4 physics trigger needs to bevaestigated
to verify that slow events will not be cut by the timing restrictions.

According to the simulation results, when the Q-Ball's enesgdeposit reaches EeV the
SD will almost certainly reliably trigger anywhere in the aray. For Q-Balls that trigger only
proton decay, EeV corresponds toMq > 4 10?’GeV c?, if both proton and neutron
decay is allowed that mass lowers t¥o > 1:15 10°P’GeV c 2. Because at these masses
the full SD is available to observe Q-Balls, a search lookirfgr a Q-Ball in the SD would
have a huge exposure. This, in turn, means very stringent lita could be placed on their
ux. Because of these factors, further Q-Ball simulationsieuld be performed and the SD

should be used to search for these objects in the future.
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CHAPTER 5
THE VELOCITY SENSITIVITY OF THE PIERRE AUGER OBSERVATORY

Of central importance to the search for slow events at the Riee Auger Observatory is
the veri cation that the FD instrumentation is capable of making this measurement. As
shown in Section 3.5, the reconstruction techniques empény by the Observatory all rely
on the assumption that showers travel imperceptibly closetthe speed of light in one way
or another. This is mainly because it very much simpli es therocess of reconstructing
the trajectory of a fast moving, dim and distant object by renaving a parameter from the
propagation equations. By introducing the event velocity \{), the number of independent
parameters that need to be calculated to describe the evestraised from ve to six, greatly
increasing the burden on the data. Of these six parameter$e geometric parameters (s ,

axis» Xcore @nd Yeore) @and timing parameter (To) are already reconstructed, as explained
in Section 3.5. A reconstruction of the velocity requires gh resolution measurements of
the location and timing of several points during an event'swlution in the atmosphere. In
order to ascertain whether the FD is capable of these measuremts two questions must be

answered:

1. How does the FD T2 minimum timing trigger a ect the sensitivty of the Observatory

as the velocity decreases?

2. Given the 100ns time resolution and 15 angular resolution of the FD's cameras, with

what accuracy and precision can the FD reconstruct the Veldg?
5.1 Simple Velocity Dependent Propagation Model with a Known Geometr y

In order to test the velocity resolution of the Pierre Auger FDthe geometric and velocity
reconstructions must be separated. This can be done if theageetric shower parameters

are xed to their correct values in order to dedicate all of arevent's timing information to
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the reconstruction of the velocity. For this to be done, a sapie of events whose geometry
and location are well known are needed. This need could beisad through simulations,
however they would be unable to say anything about the real wid performance of the FD.
Furthermore, because the alignment and response of each B change over time, the
sample of events should ideally cover all Eyes and periodskid operation. As explained in

Section 3.4.4, the atmospheric laser facilities providegtisuch a sample.

Figure 5.1: The Geometry of a Monocular Event.

To reconstruct the velocity, the same methods that were outled in Section 3.5 are
used. The shower propagation equations, however, need toditered in order to re ect the
variable event velocity. The rst step to doing this is to sejprate out the timing of the laser's
movement ({aser ), blue in Figure 5.1, from the timing of the scattered light {scater ), red in
Figure 5.1. Using Figure 5.1, the distance the laser travel® (;ser) from the point of Rp to
the point of observation Pops) IS

Rp

tan( o i)’ 1)

Daser =

81



while the distance the scattered laser light travelsQ{scatter ) from Pops to the Eye is clearly
Rp
sin( o i)

By dividing (5.1) and (5.2) by their propagation velocities a free velocity,V, for D aser

Dscatter = (5.2)

and the speed of light in air,Cy , for Dscarer , We get a close approximation of the expected

time each segment will take to travel resulting in

_ Rp
tLaser = Vtan( o i)’ (5.3)
and
Rp
t = . . 54
Scatter Cai sm( o i) ( )

These two equations now generally describe the expected img of an up-going event in an
observing Eye, but in the Laser's time-frame. In order to traslate the timing to the Eye's
time-frame, these equations need to include a referencemaand time on the shower axis,
To. Since the laser propagates upward, it reach&gs after To. Therefore,t aser Needs to be
added to To. From the point Pops the scattered laser light now propagates to the detector,
SOtscaer @lSO Needs to be added. S§* for a laser event with a free velocity is de ned as

Rp Rp

1:_exp — TO + tScatter + t!_aser = TO + : + .
' ! ' Gir SIN( 0 i) Vvtan( o i)

(5.5)

5.2 Velocity Sensitivity Range

The velocity sensitivity range is limited only at low velodies by the T2 condition of
triggering at least 4 pixels in one of the required geometsan a time window of 20s . As
can be seen in Figure 5.2, because the shower's light only reéal trigger a portion of the
rst and last of the four pixel group, conservatively the minmum angle that one of these
geometries can have is 5:7 which in turn translates to a minimum detectable angular
velocity of ;' 0:285 s 1.

Figure 5.3(a) and Figure 5.3(b) show the sensitivity of the FD foa wide range of velocities

and geometries. The observed angular range is always assdne be the 57 window
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Figure 5.2: The Minimum Detectable Angle due to the T2 FD Trigger This is the most
compact T2 geometry and therefore this represents the minum angular length an event
needs to pass in the required 28 window.

surrounding the region of maximum sensitivity and (5.5) is sed to calculate the angular
velocity across the Eye.

Figure 5.3(a) and Figure 5.3(b) show that Auger should have setigity to a wide range
of event velocities. The fact that the sensitivity seems tox¢éend all the way down to 1%
of c is quite promising. As expected, the velocity sensitivity naghly follows the form of
(5.5), being approximately proportional to the velocity ¥) and inversely proportional to
the distance to the event, which means that as the velocity &n event drops so too does
the e ective aperture of the Observatory. Both Figure 5.3(a)and Figure 5.3(b), however,
display some interesting behavior with respect to,.

Clearly something is going on at very high values of,. This feature of the velocity
sensitivity can be pretty easily understood geometricallyLooking at Figure 5.4, it is clear
I, <1, <13 meaning the observed track lengths for each axis get small®s  increases.
Because the angular velocity at the Eye is roughly proporti@l to the observed track length,
this means the FD has an enhanced velocity sensitivity ag climbs. Theoretically as o
nears 180 the FD becomes sensitive to events at almost any Velocity, hewer, the e ective
aperture at this extreme limit quickly approaches zero. As, decrease and events become

more vertical, this enhanced sensitivity vanishes.
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Pierre Auger FD Velocity Senstivity from 100% to 5% of C
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Figure 5.3: Pierre Auger Velocity Sensitivity due to the T2 FD Tigger: the shower ge-
ometries and velocities that are capable of passing the ting requirement set by the FD
T2 57 in 20s window. The largeX in (a) denotes the geometry of the simulations in
Figure 5.6.
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Figure 5.4: Velocity Sensitivity for Events with o > 90. The purple and orange lines
indicate the top and bottom of the 57 viewing window. |; 3 are the projected length of
the viewing window of each shower axis.

For events with o < 90, calculating the angular velocity at the Eye is somewhat mer
complicated. Clearly, according to Figure 5.4, as the axis isclined away from the detector
the observed track length is increased, meaning the obseaivangular velocity at the Eye
should decrease as, decreases. However, because an event can travel at speeddssino
the light emitted from its interactions in the atmosphere, ér certain geometries the light
emitted at each point on the event's axis can arrive at the Eyat similar times. Figure 5.5,
illustrates this clearly using an event with a low ¢ traveling at c. As the event moves down
the red axis it crosses the purple line at timél; where it emits light that will follow the
purple line to the Eye. The event continues moving down the relihe at a speed ofc and
eventually crosses the orange line at a timB, where it emits light that will follow the orange
line to the Eye. At this time the light emitted at T, has traveled down the purple line to
the point indicated asT,. From here, both the light following the purple line and the ight
following the orange line travel to the detector atc. As shown in the enlarged square in
Figure 5.5, after timeT, the path length for the light following the purple line and tre light
following the orange line dier only by the length pan Which is quite small. This means
that though the event traveled a long time between observatns at the purple line and the
orange line, the light emitted atT, and T, will arrive at the Eye within  ,.»=cof each other,

greatly increasing the apparent angular velocity at the Eyewhich in turn, greatly enhances
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Figure 5.5: Velocity Sensitivity for Events with o < 90 . For this illustration the event
following the red line is moving atc. The purple and orange lines indicate the top and
bottom of the 5.7 viewing window. Where indicated,T; and T, are the emission times at
the top and bottom of the viewing window. ,un represents the di erence in path length
between the observations at the top and bottom of the viewingiindow.

the velocity sensitivity of the FD.

As velocity drops the ability for events to keep up with the entied light decreases,
gradually weakening the strength of the e ect. Because of i sensitivity is maximized
for the widest range of velocities around a o of 45 as this represents balance a point
between minimizing the observed axis length and still takop advantage of the catch up
e ect. Eventually as the speed the decreases, the increasethe observed axis length of
any geometry inclined away from the Eye outweighs any benedained by the event moving
toward the Eye. This means the increase in velocity sensiify seen around 45 should vanish
at low velocities. Additionally, because it is impossible t@mbserve an event at a ; angle
greater than the event's ¢ no event with a o < 5:7 can ever be observed.

In order to quickly investigate how well the actual velocitysensitivity range of the FD
matches the predictions of Figure 5.3(a) and Figure 5.3(b), yoslow event simulations were
created using theO line standard laser simulation modules. To do this, throughouthese
modules the propagation speed of the laser was changed frota a velocity ranging from 95%
of cto 45% ofc. Using these altered modules, a simulated sample of 700 slasdr events red

vertically from the CLF with varying energies was generatedt each velocity. The detector
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response of the Coihueco detector was then simulated and #went was reconstructed using

(5.5) and the FixedGeometryVelocityFinder module describeth the next section. The

results of these toy simulations and reconstructions are @hn in Figure 5.6.

1000

Toy Simulation of Slowed Laser Events
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Figure 5.6: Simulated Speeds at 30,000 Meters. Simulated slow laser events every 5% of c.
The simulations start at 95% ofc and decrease to 45% af As expected from Figure 5.3(a),
the events at 45% ofc and 50% ofc failed FD detection as they were too slow to trigger
enough pixels. Events at 55% of often passed the T2 selection criteria due to triggering
just over the required number of pixels.

There are a few interesting things that present themselves iFigure 5.6. First, the
sensitivity predicted in Figure 5.3(a) seems to be accurateThe simulations at 45% and
50% ofc failed to be detected by the observatory due to the T2 triggerThe simulations at
55% ofc were often detected, but only 222 out of 700 events were sussfally reconstructed.
Investigation of this revealed that the majority of the misgg events were simulated with
low energy and failed reconstruction due to weak signals ihé top and bottom pixels. This
lead to large errors in the SDP reconstruction which causeté later reconstruction steps to
fail entirely. The short tracks and weak signals in the top ash bottom pixels continued to be

a problem in the higher velocity samples and occasionallysed SDP errors large enough
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to cause the event to fail in either the geometry or velocityeconstructions, though with
decreasing regularity.

There also seems to be a small problem with reconstructioncacacy at slow velocities.
It is unclear if this is the fault of the short and weak tracksthe errors in SDP reconstruction,
the toy simulations or the method. If this e ect is real and caries to the reconstruction of
real events it shouldn't pose a large problem simply becausi®e reconstruction seems to
err toward slower rather than faster speeds. This would havihe e ect of pushing truly
slow events further fromc increasing their isolation from the normal cosmic ray evest
Clearly, this would complicate any energy or mass calculatis for observed exotic events,
but these calculations are beyond the intent of simply ideifying possible candidates. It is
therefore clear that in the event of a positive identi cation of a strong candidate, further
study would be required. In any case, the Observatory and theore of the method are
capable of detecting, reconstructing and identifying evés down to a few % ofc with a

reasonable degree of con dence.
5.3 Atmospheric Corrections to the Velocity Dependent Propagation Mo del

Equation (5.5) represents a relatively simple and generakg velocity propagation model
for the FD laser events in an atmosphere with a constant index cefraction ny, and speed
Cair - However, the optical properties of the earth's atmospherghile fairly uniform horizon-
tally, vary widely over large distances especially as altitle increases. As the height above
the ground increases there is a signi cant change in air detyswhich directly a ects the
atmosphere's index of refraction. To accurately predict # timing and trajectory of light
traveling through this atmospheric gradient, the density po le needs to be tracked and its
e ects accounted for. Luckily, this work has already been d@ by Daniel Kumpel in [51].
The index of refraction (1) as a function of the height f), the air density at the Eye ( o)
and the air density at altitude ( (h)) is given by (2.4) in [74] as

n(hy=1+0 000283 (5.6)
0
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The height dependent density pro le of the atmosphere is weapproximated by an expo-

nential of the form

— h h=g;
hy= 2 i 5.7
(h) q—e (5.7)

wherely and ¢ are values given by one of four regions: O tokin, 4 to 10 km, 10 to 40
km and 40 to 100km. The U.S. standard atmosphere values fdy and ¢ can be found in
Table 5.1. For the reconstructions of real events, the GDAS thbases are used to provide

the actual values measured at the time and location of the ave

Table 5.1: The Parameters of the U.S. Standard Atmosphere

Layer (j) | Altitude (h) B [g=cnf] ¢ [cm]

1 Oto4 km  1222.6562 994186.38
2 4to 10 km 11449069 878153.55
3 10to 40 km 1305.5948 636143.04
4 40 to 100 km 540.1778 772170.16

By combining (5.6) and (5.7) the height dependent index of feaction n(h) can be cal-

culated as

n(h)=1+

0:00028%) _ |
— Bena (5.8)

0G

the form of which, by region, can be seen in Figure 5.7.
This varying index of refraction e ects the propagation andiiming of light as it travels

through the atmosphere and can change the observations of event in two ways:

1. Decreasing the propagation velocity of scattered light

This e ect is fairly straightforward to understand. Basicdly, the light given o at any
point of observation on the shower axis will travel a di ereh path to the detector.
Because of this, as the light travels to the detector it will perience a unique pro le of
indices of refraction giving each path a unique average indef refraction and therefore,
e ective speed. Since each observed point on the shower tés/to the detector with a

di erent speed, the timing of the event subtly changes as thsignal moves across the
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Figure 5.7: Index of refraction as a function of altitude. Thdour atmosphere layers are
shown. The U.S. standard atmosphere was used [51].

Eye. Because of this, at the lowest observed angles in the Fght traveling to the
detector arrives 20ns later than it would have had it traveled the same distance on

a path observed at higher angles.

2. Bending the path of scattered light

This e ect is due to Fermat's principle which states that wha light moves from a
region with a low index of refraction to a region with a highepne, it is refracted to a
steeper angle. As seen in Figure 5.8, because the index of &foen increases as light
propagates downward through the atmosphere it continuouslbends to steeper and
steeper angles. The di erence in path length due to the incased length of this curved
trajectory is negligible, only amounting to a worse case timg di erence across the
Eye of < 0:03ns. However, because the light arrives at the detector at an inohtion
greater than it would had it traveled a straight line, this e ect can cause ; to be
overestimated by up to 005. This is considerable as at high observation angles a
di erence of 005 at a distance of 30km results in the telescope observing the axis

almost 35 meters lower than the light's arrival direction wald suggest, meaning light
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reaches the detector 10Mhs faster than it should. As Keri Kuhn showed in [75], this

e ect can increase the observed velocity up to 0:4% ofc at large distances.

observed
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direct trajectory
emitted direction .
real trajectory Lo h

Height

----- observed direction

real
emission
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Figure 5.8: Bending of observed light on path to Eye[51].

To accurately reconstruct the velocity, the e ects of a heigt dependent index of refrac-
tion, n(h), need to be accounted for. Unfortunately, the bending e eds extremely di cult
to correct as it a ects the t of both the SDP and geometry. In ader to account for it, the
geometry would have to be reconstructed so that the SDP can bead, which would require
the geometry to be re t again, requiring the SDP to be tweakedesulting in a recursive pro-
cess. Because of this, corrections were never implementato iO lin€ . Attempting to work
in a correction for this e ect, while also tting the shower elocity, was deemed impractical,
but should be addressed at some point by the collaboration.

Because this phenomena is unaccounted for, a noticeable & should be expected in
both the laser and shower distributions. First, because lasevents in this section have
nearly the same geometry, the bending e ect should a ect thra very similarly. This in turn
could lead to a systematic shift in the mean reconstructed lity of laser shots of up to

0:4% of c at distance. Shower events, however, have a widely varying € geometries
meaning the e ect should also vary. The e ect should drive ta reconstruction in the same
direction leading to a smaller increase in the mean reconstted velocity. More importantly,

because di erent geometries will result in di erent o sets up to a  0:4% increase in the
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RMS values of shower distributions should also be expected.

The correction to the light propagation velocity is also comlicated, but correctable by
simply changing thet™ calculations. The full correction is thoroughly outlined m [51]
and will therefore not be covered here. The end result is theplacement ofcy, in (5.5)
with the e ective velocity due to the average index of refraon for the path scattered
light takes coming from each observed point on the shower’. These corrections use the
regularly updated, location speci ¢ atmospheric GDAS proés made available ir0 line
This correction is applied to all real event reconstructios throughout the rest of this thesis.
At this point, the propagation equation takes the form

Rp N Rp
dsin( o i) vtan( o i)

By tting this equation to the FD data, all of the shower parameers including velocity could

P = To+

(5.9)

be reconstructed. However, because there are more paramegttdran the data can provide
a t for, this monocular velocity reconstruction would be widly inaccurate and would say
little about the velocity resolution of the FD. To x this, the geometric reconstruction needs
to be separated from the velocity reconstruction. The nexttgp is therefore to de ne the
SDP and geometric parametersRp and g, using the known position and ring trajectory
of the vertical laser shots.

Because the Pierre Auger Observatory is so large, the lasecifdies and the Eye's are
separated by distances ranging from 29 to 42 km. At this scalke curvature of the earth
has a signi cant e ect on the relative trajectories of everd. As illustrated in Figure 5.9, this
can be approximately corrected by taking into account the arage radius of curvature of

the earth at the location array REc. Using this correction, o for a vertical event is

= =2 2arcsinfE—1, 5.10
0 I REC] ( )

while Rp is calculated as
Rp:(REC + AIt,:D)Sin[ ot :2], (511)
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Figure 5.9: The Geometry of a Vertical Laser Event: the di erace in vertical due to the
curvature of the earth is illustrated by the arrows that lay perpendicular to the ground at
both the Eye and laser facility.

where DyTy is the at UTM distance between the points, andAltgp is the Altitude of
the Eye. The SDP calculation is simple. Each laser facilitg' vertical beam is known to
be aligned to within Q1 of gravitational vertical as measured at each facility. Thefore,
assuming that the vector representing vertical at the Eyesna the laser facilities both point
back toward the center of the earth, the vertical vectors attte laser facility and Eye together
de ne a perfectly vertical plane, the SDP. After taking into acount all of these corrections

the nal xed geometry laser model takes the form

(REc + Egp)sin[=2 2arcsin P—Zggﬂ 1+ =2]
tiexp =T+ — — i — c
Gsin(=2 2arcsingr] )
(REc + Epp)sin[=2  2arcsin ]+ =2]
+
vtan(=2 2arcsinfBrt] )

To be clear, Figure 5.9 and therefore Equations (5.10) and (8.) are only used for

(5.12)

illustration and the SDP is not perfectly vertical. While (512) is certainly better than the

model with no corrections, it fails to account for the fact tiat the radius of curvature at
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any point on the earth has directional dependence. This is ba&use the earth is not a sphere
but an ellipsoid. Generally, the curvature in the East West blection is less severe than
the North South curvature. Accounting for this directly in the model is impractical as the
equations involved are extremely complex and would cause18) to dramatically increase in
size. Instead, the e ect of earth's true shape is addressedsoftware by using the coordinate
system and geometry packages 6f line . Basically, this is done by de ning a vector at each
laser facility that is aligned with local gravitational vettical and then translating that vector
to each observing Eye's coordinate system using the WGS84aygtational reference ellipsoid.

The SDP is then de ned as

fsop = S A, (5.13)
while ¢ is now

o = arccosS A, (5.14)
and nally Rpis

Rp:!jHjsin 0- (5.15)

At this point the only unknown parameters areV and To. These are tted using the
2 minimization technique outlined in Section 3.5. Speci c& the monocular ? function,
(3.5), is used wheret™ is calculated through Equations (5.9), (5.13), (5.14) and5(15).
During the 2 minimization, calculation of the errors on the parametersrad their cross
correlation are all done using Cern's Root analysis framevkp speci cally the Minuit tting
packages outlined in [76]. This method, called the xed geagtry velocity reconstruction, was
implemented in anO line reconstruction module, the FixedGeometryVelocityFinder. e
FixedGeometryVelocityFinder uses theD line standard monocular reconstruction module,
the FdAxisFinderOG, as a framework, and adheres t® lineé and Pierre Auger standard
practices. As seen in Figure 5.10, this module was then placedtlae end of the standard

Observer Monocular reconstruction to make sure the event dawas correctly prepared.
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<moduleControl=
<loop numTimes="unbounded" save="yes"=

=module> EventFileReader0G =</module=>
<module> EventChecker0G </module=
<module> EventPicker </module=>
<module> FdCalibrator0G </module= Observer Standard
=module> FdPulseFinderoG =</module>
<module> PixelSelectoroG </module=
=module> FASDPFinder0G =</module>
<module> FdAxisFinder0G </module=

<module> FixedGeometryVelocityFinder <,’modu1e>Ve]ocil:y Reconstructor

</loop=
</moduleControl=

Figure 5.10: The Fixed Geometry Velocity Reconstruction Moda Sequence: this is the
module sequence used to reconstruct the velocity of vertidaser events. The rst part is
exactly the Auger standard monocular reconstruction, excépor the module EventPicker
which selects only vertical laser events using their GPS mg time recorded in the auto-log
les produced by both laser facilities. The FixedGeometryMecityFinder then constrains
the geometry to the known values to reconstruct the event watity.

5.4 Laser Distributions and Interpretation

The FixedGeometryVelocityFinder was used to reconstruct atif FD measured CLF and
XLF laser shots red from January 2007 through December 2013. hE GPS ring time
recorded in the auto-log les from each laser facility was esl to select only vertical laser
shots. The atmospheric aerosol database, the IR camera an®ES cloud databases were
used to select only events measured during clear, cloudlgssiods. The results of this
analysis are the distributions shown in Figure 5.11(a) for # CLF and Figure 5.11(b) for
the XLF.

Because each distribution represents a sample of measurataeof essentially the same
event over and over again, they are all fairly normal. Surmsingly, however, each Eye seems
to have a similar yet di erent response. First, and most notieably, the centroid of each
distribution does not lay at the expected value o, . This shows that the method is either

misrepresenting the geometry of the laser events or does ratount for some e ect inherent
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CLF Laser Velocities
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Figure 5.11: Reconstructed Real Laser Velocities: the reatructed velocity of vertical laser
shots recorded from the CLF and XLF from 2007 through 2013. Onlaser shots red during
non-hazy and cloudless periods are used. For all plots in shsection, Blue is Los Leones,
Green is Los Morados, Orange is Loma Amarilla and Red is Coiluge
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to either the Eyes themselves and/or the atmosphere, or pdsie there are unknown problems
with the standard O line modules upstream of the FixedGeometryVelocityFinder or in
O line detector description.

For the CLF, both Coihueco and Loma Amarilla are particularly nteresting as their
o sets are substantially larger than those of Los Leones andos Morados. Additionally,
Loma Amarilla's distribution is much wider than that of the other Eyes, though this is to
be expected as it is much farther from the CLF and therefore ¢hlaser light will be much
dimmer and noisier in the camera. For the XLF, both Loma Amarillaand Coihueco again
have a large o set, but both are less severe than they were fibre CLF. Now Los Leones, as
is expected due to its distance from the XLF, has a distributionvidth similar to that seen
for Loma Amarilla in the CLF plots. It is interesting to note that, as predicted by the light
bending e ect, Loma Amarilla sees the 1km closer XLF to be 0:3% ofc slower than the
CLF, while Los Leones sees the kfh closer CLF to be the same 0:3% ofc slower than the
XLF. As can been seen in Figure 3.1, the CLF and XLF are aligned fronmé point of view
of both Los Leones and Loma Amarilla, so closely so that the sarpixel track is triggered
in Los Leones. This isolates the increased distance as alljkeause for the 0:3% ofc shift
between both laser facilities.

By far, the most worrying possible cause for the o sets to beuted out is problems with
the velocity reconstruction method. The easiest way to denwolve the real world e ects of
the atmosphere and detector from errors in the software is ®mulate a sample of events
with an ideal atmosphere and detector response. This was aowlished through the use of
the laser simulation software already built intoD line . These simulations are widely trusted
by the collaboration and have been used to carry out multiplstudies on the FDs over the
years. The simulation sample generated for this researchedsa simple atmosphere with no
clouds, areosols and constant index of refraction of 1. 80R&er shots were simulated with
a perfectly vertical trajectory for both the CLF and XLF and were reconstructed using the

vacuum propagation model (5.5). The resulting velocity digbution for the CLF can be
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seen in Figure 5.12(a) and the XLF in Figure 5.12(b).

Clearly, many of the e ects seen in Figure 5.11(a) and Figure BEl(b) are no longer
present. Additionally, with an overall maximum spread of thesimulated CLF centroids of
only 0:1% compared to 1:5% for real data and 0:03% as compared to 1:4% for
the XLF, the agreement between Eyes is an order of magnitude &t However, there
is stilla  0:4% from c o set seen by all Eyes for both laser facilities. This agreesnt
in velocity for all Eyes, for both laser facilities, rules ougeometric e ects in the velocity
reconstruction method as a probable cause for the o sets sem Figure 5.11 and strongly
indicates that these o sets are due to the atmosphere and uoceounted for detector e ects
or misalignments.

The geometry used in the FixedGeometryVelocityFinder recotrsictions has been veri ed
by checking the simulation data les to ensure that the geontey used by the FixedGeome-
tryVelocityFinder and the simulations are in agreement. Withthe geometry ruled out, there
is still the possibility of errors in the velocity dependentpropagation model, the FixedGe-
ometryVelocityFinder data preparation and tting algorith ms, or that O lin€ itself has a
problem either in the simulations, detector description oreconstruction modules. Errors in
any of these places would likely create similar o sets in theean reconstructed velocity for
all Eyes. This is because the velocity is the only free paratee in the FixedGeometryVe-
locityFinder reconstruction, meaning the 2 t process must try to account for any errors in
the data or propagation model by changing the velocity awaydm the expected answer of
C.

One way to check to see whether the FixedGeometryVelocityFied or O lin€ jtself is
responsible for the o sets in the mean reconstructed veldyi is to remove the FixedGe-
ometryVelocityFinder from the equation entirely and insted look at how well the O
line standard Observer reconstruction reproduces the simulateyeometry. If the geomet-
ric reconstructions for all of the Eyes agree with each othevithin reasonable expectations

for each of the two laser facilities, then the FixedGeometny@locityFinder and not the O
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Simulated CLF Laser Velocities
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Figure 5.12: Reconstructed Simulated Laser Velocities: tmeconstructed velocity of roughly
32,000 simulated laser vertical shots. An ideal atmospheraddetector were used for both
simulation and reconstruction.
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line software is responsible for the o sets. To this end, the stalard Observer geometric
reconstruction was performed on the simulation sample. Thesulting distributions for the
geometry produced by each of the Eyes are shown in Figure 5.13e average values for the

reconstructed core locations and axis geometries are showrilable 5.2.

Table 5.2: The Average Observer Reconstructed Simulated Cldnd XLF Geometries.

Laser/Eye | Zenith (deg) Azimuth (deg) UTM N Error (m) UTM E Error (m)
CLF LL 0:194 0:069 617 662 63 548 107 234
CLFLM | 0473 0083 374 875 499 43 1205 920
CLF LA 0:612 0:170 119 721 2483 2104 7.6 626
CLF CO | 0:398 0:048 164 379 396 499 320 650
XLF LL 0:551 0:087 139 635 2953 1556 0:90 673
XLF LM 0:191 0049 067 253 35 281 477 607
XLF LA 0:454 0:16 102 749 60 2177 934 543
XLF CO 0:503 0:10 152 17 1100 190 2016 67:1S

The values in Figure 5.13 and Table 5.2 are presented in the sanuniversal reference
frame, and clearly show that each Eye's reconstructions sgmatically do not agree with
each other. To be certain, error is expected in these reconsttions, because they were
carried out monocularly without any SD information to suppément the FD data. However,
these are simulations and therefore represent an ideal caarthermore, the angular uncer-
tainty which is reserved to account for various atmospherie ects and timing uncertainties
should not really apply here. Even if these errors did applyhey should contribute randomly
and therefore increase the width of distributions but not gjni cantly shift the mean. The
o sets seen in Figure 5.13(a), Figure 5.13(b), Figure 5.13(chd Figure 5.13(d) are system-
atic, which points to a consistent problem either in the simiations or the O line detector
description.

The disagreement between the geometric reconstructions thie Eyes shows that it is
likely that there are problems in O line upstream of the FixedGeometryVelocityFinder.
This doesn't mean that there are not still errors in the veloty dependent propagation

model or tting procedure. Testing for these possibilitiess still achievable with this simu-
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SimulatedNC LF Axes Reconstructed Simulated CLF Core Locations
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Figure 5.13: Observer Reconstructed Simulated Laser Geomes: the Auger Standard
reconstruction for simulated perfectly vertical laser she from both facilities. In (a) and (c)

the average reconstructed axis from each Eye is displayediwerrors. The radial coordinate
represents the Zenith angle and the polar coordinate is the #auth, as indexed from north.
The squares represent the angular location of each Eye. Bdth) and (d) show the average
reconstructed UTM core locations from each Eye. The center d¢ifie plot represents the
actual location of each laser facility as measured in a GPSrsay
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lation sample in spite of the possibl® line problems. Because the error, whatever it may
be, has the e ect of shifting the geometry of the simulated ewnts for each Eye, if that shift
is accounted for in the FixedGeometryVelocityFinder, then,fiboth propagation model and
tting procedure are sound, the reconstructed velocity disibution for the simulated lasers
should now be centered at. This in turn, would show that the error is indeed upstream
from the FixedGeometryVelocityFinder. To do this, the corretCLF and XLF location and
ring geometries were replaced with the average values shown Table 5.2 in the FixedGe-
ometryVelocityFinder. The module was then run again to recatruct the simulated laser
velocities at these new geometries resulting in the distutions for the CLF shown in Fig-
ure 5.14(a) and the XLF in Figure 5.14(b).

The velocity distributions in Figure 5.14(a) and Figure 5.14§) very clearly sit at the
expected value oft. Furthermore, and importantly so, the RMS for all Eyes for bth lasers
are nearly identical to the RMSs produced for the unchangedegmetries. This means that
though the mean shifts, the precision of the velocity recotraction is unchanged and trust-
able in spite of the problem detected wittO line . Hence, though the FixedGeometryVeloc-
ityFinder is a ected by the apparent O lin€ problem, the important result quantifying the
resolution of the method with simulations remains valid. Nown order to see if the Fixed-
GeometryVelocityFinder is likewise stable and sound for reatmospheres and the actual
detectors, the geometry o set study should be carried out othe real data.

As expected, the results are substantially more noisy for redata as compared to the
simulated data set. Both Figure 5.15(b) and Figure 5.15(d) skosystematic o sets from the
CLF location, but to what degree they are meaningful is di cut to tell. Loma Amarilla mis-
reconstructs the CLF location by 1.4 km and Los Leones missige XLF by a full kilometer,
but with a mean error of 4.6 km and 3.8 km its hard to trust thoseaumbers. All other Eyes,
excluding Los Morados' reconstruction of the CLF, do see laggcore position errors than in
the simulations, but again have error bars that make intergtation di cult. The angular

axis reconstruction o sets seen in Figure 5.15(a) and Figure25(c) are a little easier to
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Simulated CLF Laser Velocities With Geometry Change
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Figure 5.14: Simulated Laser Velocities Reconstructed at Gbrver Geometries: the recon-
structed velocities for simulated laser shots when the geetry for each Eye is changed in
the reconstruction to mirror the geometry reconstructed byDbserver.
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Figure 5.15: Observer Reconstructed Laser Geometries: thegu Standard reconstruction
for all vertical laser shots red from both facilities from January 2007 through December
2013 during clear cloudless nights. In (a) and (c) the averageconstructed axis from each
Eye is displayed with errors. The radial coordinate represts the Zenith angle and the polar
coordinate is the Azimuth, as indexed from north. In (b) and (4l the average reconstructed
UTM core locations from each Eye are seen. The center of (b) a(d) represents the actual
location of each laser facility as measured in a GPS survey.
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judge. Each Eye has an o set from vertical exceeding its emdars with the exception of
Loma Amarilla for the CLF and Los Leones for the XLF, which have hge error bars and

miss vertical by 146 and 199 respectively.

Table 5.3: The Average Observer Reconstructed Real CLF and XLGeometries.

Laser/Eye | Zenith (deg) Azimuth (deg) UTM N Error (m) UTM E Error (m)
CLF LL 0:610 0:482 130 664 3930 34651 1211 14676
CLF LM | 0:207 0:473 100 7:72 472 23646 573 47775
CLF LA 1:.985 2:47 1779 733 13897 4682 1813 11532
CLF CO | 0:208 0:528 565 38 2513 33312 3462 43477
XLF LL 1:360 2:38 404 663 10722 36166 3942 13208
XLF LM 0:632 05 132 255 1547 19013 2112 41247
XLF LA 0:407 0:481 423 74 3606 50294 499 1264
XLF CO 1:145 0775 1119 174 2189 16948 5827 59437

Table 5.3 contains the exact values for the geometric recéngction errors. It shows that
there are large geometric o sets, but these are de nitely nudled by the greatly increased
uncertainties. These uncertainties show the e ects of a regariable atmosphere, changes in
the alignment and strength of the laser facilities and the eoplexity and uncertainty involved
in correctly quantifying the real detector response, and artherefore more in line with what
the quoted uncertainties are meant to deal with. Even with tese uncertainties, the geomet-
ric o sets greatly exceed those seen in the simulations swggging that there may be more
than just the possibleO line jssues amiss in these real world Observer reconstructiori®
investigate whether or not these average values can be tredf{ and to see if the FixedGeom-
etryVelocityFinder is handling the data correctly, again tle FixedGeometryVelocityFinder
was altered to replace correct CLF and XLF location and ring gometries with the average
values shown in Table 5.3. If the velocity reconstruction tarns a mean value oft then the
FixedGeometryVelocityFinder is not the source of the issuesd the geometric o sets seen
in Table 5.3 can be trusted to be representative of the data ispite of their large error bars.

Again with the exception of LA for the CLF and LL for the XLF, the two farthest

measurements, overall the geometry change worked on the Iréata as well as it did in
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CLF Laser Velocities
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Figure 5.16: Real Laser Velocities Reconstructed at Obsereometries: the reconstructed
velocities for real laser shots red from 2007 through 2013hen the geometry for each Eye
is changed in the reconstruction to mirror the geometry prasted by Observer.
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simulations. This strongly suggests thaD line and detector e ects are mostly responsible
for the o sets observed in the original laser velocity plotsThe remaining o set of 0:5%
of C seen for Loma Amarilla in Figure 5.16(a) and 0:3% of C seen for Los Leones in
Figure 5.16(b) are probably due a combination of e ects. Obwusly the large uncertainties
in their geometric reconstruction values make it unlikelyhat the absolutely correct values for
the geometric o set were used in this geometry change. Sedogiven the size of the increase
and the fact that Los Leones' average moved fromto 100:3% of c when the geometry was
changed suggests that the unaccounted for light bending eedescribed in, Figure 5.8 is
largely responsible for the remaining o sets.

Due to the shear size and complexity of the array and the codsed to interpret the data
from it, it is extremely di cult to discern the exact causes d the o sets. This study, does

however, provide good hints that the following may be what igoing on:

The Eye's mirrors or cameras or the laser facilities may be saligned, or there is an
Eye dependent timing issue that is speci c to the pixel geonées triggered by vertical

events.

The fact that the reconstructions of simulations did not diplay the o sets seen in
the real data suggests that the real world instrumentationsi not quite accurately
represented in theO line detector description. This could be in the form of laser
facility, camera or mirror misalignments, or by a mishandtig of the pixel geometries
and responses in vertical events. This idea is reinforced siudies done later on stereo

and hybrid lasers in 6.4 and 7.4.
Somewhere in the core @ line (probably the detector description) or the simulations,
there is a problem that causes the event timing to be miscalieted by up to 0:4%.

This is evident given the fact that all Eyes saw nearly the saenvelocity of 1004%
of ¢ while duplicating the exact geometry thrown by the simulatns. This is further

reinforced by the widely varying results of the observer gewtric reconstruction of
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simulated data as well as the results of the stereo reconsttions of lasers done in

Section 6.4

The light bending e ect described in [51] causes the apparegvent velocity to increase

by 0:3% to 05% ofc when distances increase from 30 to 40n.

This is strongly supported given that in Los Leones and Loma Amidla the CLF and
XLF trigger nearly identical lines of pixels, yet in Figure 5.1(a) and Figure 5.11(b)
both Eyes see a common increase in velocity when the recoaostions of the closer
laser facilities are compared to those that are farther awaylhe residual o sets seen
in Figure 5.16(a) and Figure 5.16(b) seem to conrm this. It is pssible that this
is instead due to the CLF pointing toward Los Leones, and the XLpointing toward

Loma Amarilla, but this is unlikely given the frequent recalbration of the laser facilities.
5.5 The FD Velocity Sensitivity and Resolution

This chapter was intended to simply examine the maximum vetdity sensitivity and ac-
curacy of the FD in order to set expectations for, and motivatethe more complex shower
sensitive methods to come. Clearly the process of settingalistic expectations for these
aspects of a velocity based exotics search are more complbart originally anticipated.
However because the basis of the velocity method requires r@drdinary accuracy and pro-
vides a clear indication of divergence from the correct rdsupotential problems within the
Observatories instrumentation and the analysis softwarédnait sat unrecognized for years were
highlighted. This alone is a signi cant result of the methodand shows that the xed geom-
etry velocity reconstruction holds promise as a means of teg) the behavior and stability
of the instrumentation as well as the accuracy dd line 's data preparation and reconstruc-
tion. It is unfortunate that due to the complexity of the problem, the exact causes for the
observed o sets could not be found. It is important to rememeér that this laser study is not
the primary focus of the research and should not be advancetthe expense of the original

goal of searching for evidence of exotic phenomena in themasray spectrum.
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By developing a simple propagation model in Section 5.1 anding it to test the T2
acceptance at the full range of event geometries in SectiorR 5t was de nitively shown
that the FD is capable of measuring showers at a wide range oflagties. The results of
the slowed laser simulations in Figure 5.6 show that the preded velocity sensitivity does
accurately re ect what the simulated detector is capable adeeing, and that the FD and the
velocity dependent propagation model is capable of corrgctrecognizing and reconstructing
the evolution velocity of slow-moving events. This clearlgtates that the foundation of the
velocity based search is sound.

Section 5.3 took the simple velocity dependent model from @®n 5.1 and added in the
corrections for the atmosphere and the earth's curvature #t will be necessary later in the
exotic candidate searches. This more complete model wasritepplied to vertical laser data
in order to ascertain the resolution and accuracy of the veddy reconstruction method for
real world events traveling at the speed of light, as this iofmation is critical to setting
guality cuts and search criteria in later studies. Things tls point on became somewhat less
straight forward as o sets from the correct result were obseed and the velocity dependent
propagation model needed to be ruled out as a cause. By inugating the response of
the FixedGeometryVelocityFinder to both simulations and relbdata and verifying that the
method correctly reproduces the speed of light when the e eis accounted for prior to the
velocity reconstruction, the general integrity of the metbd was validated.

In the end, the important questions to be answered are: on aege, with what accuracy
and resolution can the FDs and the velocity reconstruction niieods measure the speed of
an observed event; and is it su cient to carry out a search foexotic slow moving events?
Indeed, each Eye showed a distinctly di erent response to ¢hlaser light and this e ect could
potentially carry forward to the reconstruction of showers However, when this o set was
corrected, the form of the distributions remained stable oan Eye by Eye basis. This means
that as long as candidate selection is based o the form of thgarent distribution and is

carried out on an Eye by Eye basis whenever possible, then thesets will have no e ect
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on the viability of a search. Likewise, with distribution urcertainties of less than  0:84%
of c and maximum centroid o sets no larger than 1:25% ofc it is clear that the FDs are
sensitive to velocity and can reliably produce stable satbnsistent distributions with low
error. Furthermore, it is not clear that these o sets will cary to non-vertical geometries
and may only apply to the very small portion of showers that a nearly vertical. These
possibilities are investigated using lasers red at variedeometries further on with methods
capable of handling non-vertical events and the e ects ardaewn to vanish. Regardless, the
laser studies show that selection of outlying events based their relative position in the
distribution as a whole is valid within a conservative veldty resolution of P 0:842 +1:2%

1:5% of c.
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CHAPTER 6
VELOCITY RECONSTRUCTION: STEREO OBSERVATIONS

It is clear that in order to accurately reconstruct the veloity of a cosmic ray event, the
location and geometry of the event's shower axis needs to bery well constrained by the
data. As explained in 3.5.4, stereo observations provide theost data on a single event
out of all observation types possible at the Observatory. Bause any stereo observation
includes data from multiple angles, simply by cross correglag the SDPs the event geometry
is already constrained to a very narrow region. Adding the tilng information from each
Eye constrains the possible event geometry even further. iBrmakes stereo observations and
the stereo event dataset, a very natural place to begin recstructing the velocity of cosmic

ray events.
6.1 The Stereo Velocity Reconstruction

Out of design, the stereo velocity reconstruction adheres &losely as possible to the
Pierre Auger Observatory standard stereo reconstruction plained in 3.5.4. The principal
changes to the overall method come in the form of altering th&andard stereo propagation
model, (3.15), to include a free velocity parameter, the ataspheric corrections outlined in
Section 5.1 and a minor correction aimed at accounting for ¢h uorescence emission time.

First, the geometric timing model needs to be changed in twogdes. Primarily, like the
model developed in Section 5.1, the shower timing needs todeparated into the component
that describes the evolution of the showert§,,wer) @and that which describes the propagation
of the uoresced light to the detector (fuoresce ). HOWever, because we are now looking
at showers that propagate downwardtsnower IS Subtracted from Ty as, using the geometry
shown in Figure 6.1, the observed point on the shower occurrkdfore the shower passeék,

and therefore occurred, earlier thaid,. With these changes to (3.15) the velocity dependent
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Figure 6.1: The Geometry of the Stereo Method with Free Veldgi Like the standard case,
FD, is the lowest indexed observing Eye so it is regarded Bye®. The SDP of each Eye is
represented by the colored portion. The white dots represemmportant geometric points.
The blue and dark green lines represent the shower propagatitime for Eyes 1 and 2. The
red and purple lines represent the uoresced light propagann time.

equation takes the form

Rp Rp

Car SN( o i) Vtan( o ) ©1)

Eye - —
t; Yexp= To+ truoresce  tshower = To+

Using Figure 6.1 and placing this new separated model in to (3)lthe stereo propagation
model takes the form,

RpEye RpEye
carsin( o %) vtan( " %)

where again equations (3.16) to (3.24) are used to n,, o and T, for each Eye using only

t¥%exp= T’ + (6.2)

the shower parameters, but now withv added (g, &, N1400, E1400, Tdand V). Because the
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shower now travels at a spee¥ instead of a setc, (3.22) needs to be changed to the form

Eye Eye®
-I-(;Eye — T00+ I:)Rp V(PRp )

(6.3)

Next, the e ects of the atmosphere need to be added to the modeAgain the bending
e ects outlined in Section 5.1 will not be accounted for dueat the shear di culty of the

corrections, however, the altitude dependent slowing e & of n(h) will again be added to

‘Eye

(6.2) by including the e ective speed of light for each pixe{c, Eye

). The expression fot;”"~exp
now has the form

RpEye RpEye

Eye — Eye

t— exp= Ty + %Eye sin( Eye Eye) + v Eye Eye). (6.4)
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Figure 6.2: The Height Dependence of Nitrogen Emission Lifetem: the emission lifetime
of atmospheric Nitrogen has dependences on temperature anggsure which vary strongly
with height. The thin lines represent the calculated heightlependent lifetimes ((h)) of the
major spectral components of Nitrogen uorescence. The botdd line shows the spectrally
weighted average [51].

The last correction to the model stems from the fact that theitation and de-excitation
of Nitrogen in the atmosphere by charged particles is non-itataneous. As shown by
Kumpel in [51], typical Nitrogen emission lifetimes ((h)) are small, 40ns, but as can be

seen in Figure 6.2, drop signi cantly as the altitude decreas due to quenching e ects. This
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speed-up in the emission time as the events move to lower tltie increases the angular
velocity of the event across the camera meaning the event agrs to move faster than it
does. To account for the emission lifetime and its variatignthe lifetime at the observed

point on the shower for each pixel () needs to be added to (6.4), altering its form to

RpEye RpEye
Eye — Eye .
WTORT T e et 59 van(pe oo 0 O

where ; is calculated using the height of thé" pixel's observation on the shower axis, the at-
mospheric pro le provided by GDAS and models predicting theraission time and quenching
e ect at di erent temperatures and pressures. This lifetine calculation is performed by an
O line function using the test geometry of the event, the time it oagred and the location
of each observing Eye.

At this point (6.5) is tto the t¥® and ° values recorded by the event using a?
minimization. The addition of the velocity to the stereo moel does not change the 3,
functions and therefore they are used unaltered in the sterevelocity reconstruction. To
refresh, by combining (3.12), (3.13) and (3.14) we get thelfgeneral stereo 2 t equation

which takes the form

! !
;XX @ Texg)? X X (=2 arccost?® nghr))?

= +4
Stereo Eyeyo Eye 2
Eyes i (Terry™) Eyes | (r7"err)

(6.6)

6.2 StereoVelocityFinder Module

As shown in Section 5.1, when performing a velocity reconsttion it is dicult to
account for the intricacies of the detector and the data it deects. Because of this, it is
di cult to know whether the results of a velocity reconstruction are truly representative of
the data or are tainted by the implementation of the reconstiction itself. It is therefore
important to build the software in a way that lends as much créibility to it as possible. It
was therefore decided that theD line standard stereo reconstruction would be adhered to

as closely as possible to ensure that the velocity reconattion reproduces the results of the
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standard module when the velocity is reconstructed to be

<moduleControl=
<loop numTimes="unbounded" pushEventToStack="yes">

=module> EventFileReader0G </module=>

<module> FdEventSelectorkG </module=

=module> EventCheckeroG =/module=

=module> FdCalibrator0G </module=

<module> FdPulseFinderQG </module= Observer Standard
<module> PixelSelector0G </module>

<module> FdSDPFinder0G </module=

<module> FdAxisFinderQG </module=

<module> StereoGeometryFinder0G </module=

<module> StereoVelocityFinder </module=> > Velocjty Reconstructor

=/loop>
</moduleControl=

Figure 6.3: The Stereo Velocity Reconstruction Module Sequee: The module sequence used
to reconstruct the velocity of stereo measured events. Thest part is exactly the Auger
standard stereo geometry reconstruction. The StereoVelty-inder performs the velocity
reconstruction using the results of the preceding modules.

In Auger O line | the standard stereo reconstruction is carried out by a modi called
the StereoGeometryFinderOG, which sits toward the end of th@bserver stereo reconstruc-
tion module sequence just before the light pro le reconstation and data writing modules.
Figure 6.3 shows the Observer standard module sequence miany pro le reconstruction
modules as they are unneeded for this analysis. After this stdard stereo reconstruction, the
velocity reconstruction module is run so that it can use thetandard reconstruction results
as a rst guess. Neglecting the stereo hybrid functions whichre unused in this research,

the StereoGeometryFinderOG module can be considered to cisth®f two parts:

Data Collection
In data collection the event data and parameters needed foné stereo reconstruction
are grabbed from the event data structure. The data used is hthe raw event data,
but the data that has been prepared by the modules that come foge it in the module

sequence. The main purposes of this part of the module is to Wgrthat the event
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meets the minimum requirements necessary for stereo redoastion, to grab the event

data to be t and to give the geometric reconstruction valuegor an initial guess.

Geometric Reconstruction
The geometric reconstruction is the portion of the module @t ts the stereo propaga-
tion module to the event data being handed to it by data colldon. This part of the
module is split into two sub functions: one that sets up the 2 t method, tolerances
and parameters called FindAxis, and one that calculates the? value of each iteration

of the t called the MinuitFitFunction.

To build the stereo velocity reconstruction module, here oreferred to as the StereoVeloci-
tyFinder, the StereoGeometryFinderOG module was used as a gtag point. Much of the
data loading, preparation and tting procedures were usederbatim, but in order to accu-
rately tthe shower velocity, changes to both the MinuitFitFunction and FindAxis functions
were needed. The MinuitFitFunction was altered to incorpor the changes outlined in Sec-
tion 6.1. The FindAxis function was changed to add the velocityas a free parameter and
to tweak the 2 t setup to address the possibility of runaway ts due to the destabilization
caused by adding velocity as a parameter. At the end of the mok&, a new function was
added to calculate and externally store a wide range of valikes in a ROOT TTree structure

for subsequent analysis.
6.3 Velocity Sensitivity Range

As seen in Figure 6.4(a) and Figure 6.4(b), by geometric necdgsiat least one Eye
must have an Eye to core distancel{gye2corerp ) greater than or equal to half the distance
between it and the other triggered Eye Dgye2eye). This means that at absolute minimum,
in stereo events, one Eye must be hagyeocorerp  20:3km, or half the distance between
CO and LA, the two closest Eyes. Because an event can only be m@ad in stereo if both
Eyes are capable of observing it, the geometry of both obsamy Eyes needs to be weighed

simultaneously while calculating the stereo velocity setigity. Since it is impossible for
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(a) The Distance Between Eyes (b) The Minimum Stereo Event Geometries

(c) The Maximum Velocity Sensitivity for Stereo Events

Figure 6.4: Stereo Velocity Sensitivity: the minimum distane and geometry a stereo event
can have to maximize velocity sensitivity occurs for a vextal event with origin halfway
between the two observing Eyes. The gray portion in (c) is Issthan half the distance
between CO to LA, the minimum Eye to FD core distance for a steregvent and therefore is
forbidden. The area inside the curve in (c) represents thegi®n where the  of both Eyes
can be the same due to the FD core not laying directly betweendlobserving Eyes. Outside
this curve, o1+ o2+ ocurve 360 due to the requirements of tetrahedral geometries

resulting in the features seen.
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both Eyes to haveDegyescorerp < 20:3, stereo is simply not sensitive to events with these

geometries giving rise to the grayed-out portion of Figure 4(c).

Figure 6.5: Intersection Angles of a Stereo Event.

The velocity sensitivity with respect to o is more complicated. When two Eyes observe
the same axis, each Eye's SDP and the plane on the ground candpproximated to form
the corner of a tetrahedron, as shown in Figure 6.5. By geomietmecessity, the sum of the
interior angles of a tetrahedron must be less than or equal 850 . This requirement restricts
the possible o angles of the two observing Eyes based on the angle at whicleithhorizontal
vectors intersect (4). As seen in Figure 6.5, in order for both Eyes to share the sameg,
each Eye's o can not exceed 180 =2 or be smaller than y=2. For any triangle with

n 60, the smallest possible  for the shortest leg lengths occurs in isosceles triangles.

For an isosceles triangle with a base of lengeye2eye, the angle of the point () in terms

of Ieg length (DEyeZCoreFD) is

. D
4 = 2arcsin ——ye2EYe (6.7)
2D Eye2CoreFD

Therefore, the maximum exibility in ¢ for the minimum Degyeocorerp OCCUrS When the

core=p Sits equidistant from the two observing Eyes. Outside of teicurve any gains in o
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exibility are greatly o set by the larger distance to the core-p. Therefore, the maximum

shared o value ( {&%,.q) IS restricted to

. D : D
arcsin - Ye2Eye max . 180 arcsin ——e¥&e (6.8)
2D
Eye2CoreFD Eye2CoreFD

giving rise to the black curve seen in Figure 6.4(c). Inside i curve both Eyes can share
the same o and Deyescorerp Values. Therefore, because the velocity sensitivity is miax
mized when both Eyes have a common geometry, the velocity séivity within this curve

is identical to that seen in Section 5.2. Outside this curvegeometries must still obey the
relationship 4 ot o2 360, meaning that as one Eye's o value ( §*) becomes larger

or smaller than the limits of 73%,.4, the o range available to the other Eye is limited to
Chio 2 gohared 0 (6.9)
for &> [& .4 and
Chio 2 gghared 0 (6.10)

for § < O&%.eq- This means that in these geometries, stereo is only senadito veloci-
ties that are simultaneously measurable on both sides of thcurve, giving rise to the odd
structure seen at large ( values in Figure 6.4(c). With these e ects taken into accountthe

stereo method is found to be sensitive to events with veloigs no slower than 40% ofc.
6.4 Laser Distributions and Interpretation

In order to briey see how the e ects observed in Section 5.4pply to stereo velocity
reconstructions, the sample of laser events that are inclad in the Observatory's stereo
event data stream were reconstructed. These laser shots aied at a speci ¢ GPSns that
is di erent from the calibration shots analyzed in Section 3 and are measured like cosmic
ray events, allowing for CDAS to cross correlate the observahs from many Eyes. This in
turn allows them to be measured and reconstructed as steregeats. Additionally, as seen
in Figure 6.6(a), this laser event set includes both verticadnd inclined events, providing a

means to investigate whether the errors of Section 5.4 arestécted to just vertical events or
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could possibly extend to every measured event. Applying théeseo reconstruction technique,
as well as the quality cuts described in the next section, n@ss in the distributions seen in
Figure 6.6(b).

The distributions in Figure 6.6(b) show two behaviors worth commenting on:

Stereo reconstructions of vertical laser events red fromdth the CLF and XLF see a
centroid o set that is similar to the o set seen for the simuhted laser events in Section
5.4. This conrms that there are problems somewhere in the an of O line event
reconstructions or in the detector description. The fact tat the o set of the vertical
events resembles the results of the simulations more clgs#éian the distributions of
real laser events, suggests that the individual issues withe Eyes canceled out while

the problems inO line did not.

Stereo reconstructions of inclined events do not display igho set.

This shows that the problem in the earlier laser studies areon ned only to vertical
events. This is good news for a velocity-based search as, lojics angle, vertical events
represent a very small portion of the FD's exposure. This in tm means that the vast

majority of reconstructed shower events will not be strongla ected by the o sets.
6.5 Data, Cuts and Final Distributions

At this point, the stereo method was used to reconstruct everstereo event measured
at the Observatory from January 2007 through December 2013stdting in the distribution
seen in Figure 6.7. The full 2007-2013 reconstructed stere@iet set consists of 42043 events
out of which a full 38882 are GPSns veri ed laser shots like tise that were analyzed in
the preceding section. 1275 of the remaining 3161 events &vseen to have started at the
ground and propagated upward into the atmosphere. The vastajority of these "up-going’
events have a FD core co-located with a laser facility pointgnto laser events that were red
outside their proper GPSns time window. The rest of these eaws are strongly bunched in

time and are the result of one of the many FD calibration studeedone at the Observatory
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(a) Laser trajectories

(b) Vertical and inclined laser velocities

Figure 6.6: Stereo Velocity Reconstructions of Vertical anthclined Lasers: (a) shows the
trajectories of laser events red from January 2007 through &ember 2013. The events at
adis = 180 with the widespread in s are the vertical events red at the array. The
curved set of events are red at various astronomic objectd apeci ¢ times each night and
therefore show the paths these object trace around the skyesvthe course of many years.
The clumps of events are red at speci c geometries that haveeen requested for calibration
studies. (b) shows the velocity reconstruction of these lasevents split into vertical (red)

and inclined (green).
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Figure 6.7: All Reconstructed Stereo Event Velocities: The laxity of the 42043 recon-
structed stereo events measured between January 2007 and émel of December 2013.

using a mobile laser. Once these are removed, only 1886 stesgents remain representing
the reconstructed sample of shower events. This low numbsraxpected due to the stringent
requirements needed to trigger more than one Eye. The rectmsted velocity distribution
of these 1886 events can be seen in Figure 6.8.

Clearly, given the extremely strong peak at the expected v ofc, the stereo method is
capable of accurately reconstructing the velocity for a walrange of cosmic event strengths
and geometries. The skewness of 1.5 seems promising as it indicates that the slow tail
is signi cantly larger than the fast tail, however with a kurtosis of 104 the tails are far
too strong to simply pull slow events as candidates. Furtherore, there are events that were
reconstructed well below the theoretical minimum detectde velocity of 36% ofc and many
events with velocities far above, indicating that something may be amiss. These features

of the distribution suggest the need for strong and targetequality cuts.
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Figure 6.8: All Reconstructed Stereo Shower Velocities: Thed plot of the velocities of
the 1886 reconstructed down going events measured betweenuly 2007 and the end of
December 2013.

6.5.1 Quality Cuts

The already delicate process of choosing and implementingadjty cuts for events mea-
sured at the Pierre Auger Observatory is made quite a bit morei dult in the case of an
exotics search. This is mainly because few of the Collabarat's standard quality cuts can
be used without potentially cutting out the very same exoticevents we are searching for.
Speci cally, the following types of cuts can not be implemeaad without biasing the end

result:

Direct or indirect cuts on velocity
Obviously by directly cutting on velocity the distribution is being tailored to some
desired result. As tempting as it is, the faster-than-light eents can not be thrown
out simply due to the fact that they are non-physical. Nothingabout the model
or method breaks down at these velocities, so even though yhenay be non-valid
physically they are still perfectly allowed in the reconstiction. This restriction also

extends to removing events based on the theoretical maximusensitivity as compared

123



to the reconstructed geometry. The fact that it was observedoes call into question the
accuracy of the velocity reconstruction, however the evembay still have propagated

slowly, just not as slowly as measured.

Direct or indirect cuts on the events light pro le

Cuts

Because, at its core, the search is looking for events that wd be dissimilar from stan-
dard cosmic ray events, any requirement that uses the measdrpro le risks removing

the exotic events we are looking for. This forbids the use ohy shower parameters
calculated from the prole in cuts. Energy cuts are disalloed, as the only require-
ment that can be set on the energy of a potentially exotic evers the already stringent
requirement that it be energetic enough to trigger the arrayX nhax cuts, X a1 and

Xmax €ld of view cuts of course can not be used as it is unclear winetr an exotic
shower would have peak deposit at all. Certainly in the casd Q-Balls there would

be noX . Cuts based on undesirable features of the pro le, such agde gaps or
peaks, are also disallowed as we can not be sure that thesduess are not simply due

to an exotic event's interactions.

using the standard Observer reconstruction

In the event of a slow exotic event, any reconstruction donessuming the event moved
at cwould produce incorrect results. This means comparing théasdard reconstructed
FD or SD geometry to the velocity reconstruction is forbidden However, because a
real slow event would be badly reconstructed by Observer, maparing the quality of
the velocity reconstruction to the standard one would poterally indicate whether an

event's exotic velocity is reliable.

In addition to these restrictions on what cuts can be used, is obvious that given the

relatively low number of stereo events available the e cacyof the cut must by weighed

against the number of events removed from the data set. With #se requirements in mind

the following cuts were selected:
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Table 6.1: Stereo Quality Cuts.

Quality Cut Showers After Cut % Showers Cut
All Stereo Shower Events 1886
IR Camera Cloudy Pixels =0 1675 112%
GOES on Axis Cloud Probability 20% 1298 225%
Verr  0:675% ofc 1226 56%

2.3 1125 82%
All Cuts 1125 403%

Cloud Cuts

For velocity measurements, out of all possible atmosphegonditions, clouds above the
Observatory represent the largest threat to the data qualt and therefore reconstruc-
tion accuracy. If an event strikes a cloud then a large degred multiple scattering
occurs rendering the validity of any light propagation modedescribed in this work
invalid. Because the light can, and will, take a meanderinggth through the cloud,
and will only begin traveling toward the Eye uninterrupted when it exits the cloud,
the timing structure of the light arriving at the camera is nolonger representative of
the event's progress through the atmosphere. Because theing of the event is now
dependent on the shape of the cloud, it can trick the velocityeconstruction into re-
porting the event to either travel faster or slower than the etual event's speed. If the
light reaches the face of the cloud at distant locations atmilar times, the event will
appear to be moving very fast. Conversely, if the light takemore time to reach the
cloud face as altitude increases, the apparent event veliycwill be slowed. Because
of this, any event whose measurement may have been interfiéreith by a cloud must
be cut from the dataset. To insure these events have been rerad, the following

requirements have been imposed on the data.

IR Camera data must show there are no clouds either on or obsing the recon-

structed axis for any of the FD pixels that observe the event.
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GOES cloud measurements must exist and indicate that the poability of the

event's axis intersecting a cloud is 20% or less.

As can be seen in Table 6.1 and Figure 6.9 the IR cut reduced theosler event set
to 1675 events representing a 1A% cull of the data, while the GOES cut reduced it
to 1298 events, removing an additional 22% of the data. The GOES cut could have
been more stringent by demanding a probability of 0% at the sb of an additional
25% of the data. However because the more accurate IR camerasinalready show
that there are no clouds in the eld of view of the camera, placg a lower cut on the

less reliable satellite measurements was deemed not wortfe tdata loss.

Velocity Error Cut ~ The minuit minimizer used to t the model to the data calculates
the optimum values of the t parameters by comparing how the 2 value changes as
each parameter is varied. This means that the maximum accuwa of a t parameter
determined by how strongly the 2 value depends on that parameter. This maximum
accuracy is reported for each parameter through its recomgttion error. By cutting
on this error value the theoretical accuracy of velocity remstruction can be e ectively
set. To cut events with high velocity error {/ ) while minimizing the loss of data, the
location of the velocity error cut is set at the 98 percentile removing approximately

the worst 5% of events.
Verr  0:675% ofc

This Ve cut demands a resolution less than half the stated3% of c accuracy found
in Chapter 5, and for most datasets would be far too stringent However, because
stereo reconstruction very strongly constrains the geomwgtof the event, V is also
highly constrained in the reconstruction process leadingtvery low estimates ofVe,
by minuit. If the cut was placed at 15% ofc as the laser studies suggest it should be,

the cut would be completely ine ective. Because of these facs, the cut position was
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selected statistically. As can be seen in Table 6.1 and Figuré@6the velocity error cut

reduced the shower event set to 1226 events representing:@% cull of the data.

Reduced Time t 2 Cut The timet 2 value is representative of how well the propa-
gation model matches the data with the minimized parametersThe reduced time t
2 value ( 2)is 2=NDoF where NDoF is the number of degrees of freedom and
is equal to the number of data points minus the number of t paameters. There-
fore, a demand placed on 2 is a demand on how well the model matches each data
point on average, normalized by the strength of the measuremt. This of course is
an important quantity to limit as a reconstruction can not betrusted if it results in
parameters that fail to match the observed data. The upper hmd on the allowed 2
is di cult to set non-arbitrarily, however, by following th e guidelines laid out in [77],
acutof 2 3 was used as it theoretically corresponds to a good t, yet iour case

minimizes the number of events removed from the nal dataset

-N
w

Theoretically, if the data has been t perfectly, the averag o set of the model from
each data point should be equal to the average error of the datresulting in an 2
close to 1. Of course thé&DoF is smaller than the number of data points, the error
is never perfectly estimated and a model is, in all but a smatiumber of cases, a best
approximation. This means that 2 is very seldom close to 1. As can be seen in
Table 6.1 and Figure 6.9 the reduced time t 2 cut removed 82% of the data, lowering

the stereo shower event count to 1125.

The above cuts represent the minimum requirements a stereweat must satisfy for
con dence in the velocity reconstruction. As Table 6.1 state combined, these cuts remove
40:3% of the stereo shower events. This is, of course, a large geetage when the data
set is as small as this one is at the beginning, however any etgethat do not meet the

above selection criteria simply could not be trusted. Figuré.9 clearly shows that as each
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Figure 6.9: Stereo Quality Cut Velocities: A log plot showinghe e ect of each of the stereo
quality cuts. Each colored event either shows that the evemtas removed in the next applied
quality cut, or in the case of the dark blue nal event set, whith events survived all quality
cuts.

of these cuts are imposed on the data, the tail events are gkl removed while the core
of the distribution remains intact. This is ideal and speakdo the quality of the stereo

reconstruction.
6.5.2 Final Stereo Distribution

Shown in Figure 6.10, after the quality cuts are applied, thenal velocity distribution for
stereo shower events is quite narrow. So narrow in fact, thdthas no events that are either
slower than  97% ofc or faster than 104% ofc, largely ruling out the possibility of slow
exotic showers, at least in the stereo data set. The distrition however does have at least
one slow event that is distinct from the parent distributionthat may be a potential candidate.
Surprisingly, it also seems to have two or three fast outlisrthat may qualify as candidate
events of interest. However, clearly the distribution, whé more normal than the uncut

distributions, is still very tail heavy calling into question the signi cance of these events.
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Figure 6.10: Final Stereo Shower Velocities: The nal velogitdistribution of all stereo
shower events that passed the quality cuts. No surviving evisnappeared with a velocity
less than 97% ofc or faster than 104% ofc. This largely rules out the existence of slow
events in the stereo data set.

Also, curiously, with a skewness of 0:94, the distribution is decidedly asymmetric with
the faster-than-light side showing an excess. These factquoint to a small but meaningful
inherent error rate in the reconstruction that may be di erent for the left and right sides of

the distribution. This possibility will be examined and acounted for in Chapter 8, Candidate

Selection and Analysis.
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CHAPTER 7
VELOCITY RECONSTRUCTION: HYBRID OBSERVATIONS

While the stereo measurement and reconstruction leveragdsetmost constraining set
of observations available at the array, the dataset is sombéat sparsely populated due to
the very speci c conditions that a shower must meet in ordera be recorded in stereo.
Furthermore, as explained in Section 6.3, because each séovg observed by two eyes, it
has a reduced velocity sensitivity range. Hybrid events hower, are plentiful. Additionally,
because the SD covers the entire land mass under the FD's apeet, there is no minimum
distance at which the events may occur and therefore no cuton the velocity sensitivity.

This gain in event count and sensitivity, however, comes at l@ss in the constraints on
the event geometry. With the addition of the tank position andiming to the FD data there
is exactly enough constraints to t the 6 shower parameters §; «; Xcore; Ycore; To and V)
in any geometry. However, this relies on the pixel timing hamg good curvature, which
means that the Hybrid t can be sensitive to small sources of wertainty in observation.
This is especially true for events that arrive at geometrietiited away from the detector, as
these geometries minimize the curvature available to the .tWith these factors in mind, the

velocity dependent hybrid model was developed as follows.
7.1 \Velocity Dependent Hybrid Reconstruction

Like Stereo, the design of the hybrid velocity reconstruatin closely follows the design
and implementation of the O line standard reconstruction outlined in Section 3.5.3. The
principal changes to the overall method are the alterationféhe FD propagation model, (3.4)
to add in the velocity as a free parameter and account for theraospheric e ects outlined
in Section 5.3 resulting in (5.9). Then, like the stereo casthe uorescence emission time

shown in Figure 6.2 needed to be accounted for. With these chasg ™", the expected time
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of observation for a pixel with observation angle ;, becomes,
Rp Rp L
gsin(o ) vtan( o ) "

Where cf is the speed of light corrected by the e ective index of refaion for the light

t-eXp = To +

(7.1)

observed by thei!" pixel and ; is the average uorescence emission time for Nitrogen at the

height of thei™ pixel's observation on the shower axis in the conditions repted by GDAS.

Figure 7.1: The Geometry of a Hybrid Event: The propagation offte event core is shown
in bright blue. The propagation of uorescence light is showin red. Green indicates the
propagation of the event from the point of closest approactotthe FD core. Purple indicates
the event moving from the FD core to the SD core which sits levelith the Pampas. The

curved dark blue line is representative of the shower frontnd the dark red line extending

from the end of shower axis to the shower front curve is progarnal to the time the event's

shower front would take to reach the tank.

In addition to the changes that had to be made to the FD model, # SD timing model,
(3.11) also needs to be changed to include a free velocitye@ily, as seen in Figure 7.1, both
tcorerp @nd teoresp represent the propagation of the event's core and therefoneed to have

a free velocity assigned to them. The time it takes the evenbtmove from the the point of
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closest approach to the FD corétcorerp IS NOW

R
tecorekp = To + Vp cot ( 0); (7.2)

while the time di erence between the FD and SD corégesp, IS NOW

fsp 8
tcoresp = Sli/ . (73)

Again teresp IS Negative because the shower axi$) always points up by collaboration
convention, while Eye is always above the Hot Tank so the component of §sp) is always
negative, this results in the dot product returning a negatie length which needs to be

corrected.

(a) EAS Shower Front (b) Proton Decay Shower Front

(c) Variable Velocity Shower Front

Figure 7.2: Shower Front Possibilities.

The question of what if any changes the showerfront timef,; ) Nneeds is a somewhat

more di cult question. There are three possibilities:
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EAS Shower Front
Figure 7.2(a) shows the shower front for a cosmic ray showen this case the front is
physically represented by particles propagating at sourced from interactions farther
up the shower axis earlier in the shower. The equation for thieme lag due to the

shower front of this type is

l. . l. .
aij I axis] + @) I axis )
tfrontCR — 1) I axis | - 2) I axis | ’ (7.4)

wherea; and a, are empirically de ned constants that describe the shape tfie shower

front.

Proton Decay Shower Front
Figure 7.2(b) shows an approximation of the shower front detahat would be caused
by a proton decay shower. In this case, the particles that mekup the shower front
would be directly sourced from the exotic parent particle. Aexplained in Section 4.1.2,
all of the decay product particles produced in this type of ent have the same relatively
low energy and therefore, a very similar short attenuatiorehgth. This results in the
event being well described by a sphere, with a radius equaltfte average attenuation
length of the decay products at that height's atmospheric desity r (h).ve, Of energetic
particles traveling radially outwards at the speed of lightrepresented by the dark blue

vectors in Figure 7.2(b). This results in a travel time from tle decay point {p gecay) Of

r(h
tpdecay = ( gave. (7.5)

Since the proton decay that created the particles that rst eached the Hot Tank
occurred above the SD core, the time back to that pointt{,.x) needs to be subtracted
from teoresp. This time, represented by the dark red line in Figure 7.2(b)si described
by

0 S 1

Mgt S, (92,
PET TV T ()ave r(h)Z,e

(7.6)
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By subtracting tpack from tpgecay We nd the total time the proton decay shower front

takes to travel from the SD core to the triggered tanktsontecay , t0 b€

0 s 1

r(Mave  r(Nave g 5 1 jf2+ (+ 5)%a
C \Y r(h)ave I’(h—)gwe

(7.7)

tfrontbecay =

As expected, this function essentially describes a tight sphical wave front which,
depending on velocity and geometry, may arrive at the trigged tank before the event

reaches the SD core.

Variable Velocity Shower Front
Figure 7.2(c) shows the third option of having a traditional Bower front of the form
described in (7.4), but with a net subluminal travel velocy. Basically, instead of
invoking a realistic picture of a front caused by a build up gparticles traveling at light
speed sourced from earlier interactions in the shower, it @mply assumed that the
whole shower front holds a traditional form but travels at thke event velocityV. This

front would therefore arrive at the triggered tank at a timetonsiow » predicted by

l. . l. .
_ Al r axis) * @) T axis)?

tfrontSIow - Vv ) (78)

again wherea; and a, are empirically de ned constants that describe the shape of
the shower front. To be clear, this is an approximation only rad does not accurately

represent shower physics at velocities far from

Certainly, the EAS shower front shown in Figure 7.2(a) with theéiming predicted by (7.4)
is the correct model for the vast majority of cosmic ray eveat This model however, will
fail badly when confronted with an exotic shower as there isonexibility to t slow events.
The proton decay model shown in Figure 7.2(b) with the timing pedicted by (7.7), seems
to be the logical choice given that proton decay is the stroegt candidate interaction for
observable slow events. This is certainly true, however, agyhlighted in Figure 4.3(c), this

model's timing structure represents a strict departure fnm the expected timing signature of
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an EAS even when the event velocity is equal ta This means that while it may do a good
job of describing any true candidate events, it will badly reresent the timing of the vast
mayjority of the events in the sample.

The variable velocity shower front model, shown in Figure 7(2), however, attempts to
strike a balance between the EAS and proton decay model. Firshe predicted tank timing
described by (7.8), scales well with velocity, clearly reding to (7.4), the EAS model, at the
speed of light. This means that the vast majority of events, hich indeed are cosmic ray
events and therefore do travel at and generate EAS, will be accurately represented by this
model. Second, as the velocity slows, the (7.8) predicts thtae arrival time at the tank will
grow, leading to much later than expected arrival times at ta triggered tanks. While this
doesn't exactly match the simulations of Section 4.1.2 and (7), it doesn't completely miss
them either. Because the variable velocity shower front metlaccurately describes cosmic
ray events atc and does a decent job on slow events, this model is on averalge best choice
overall for the hybrid velocity reconstruction.

Adding (7.8) to (7.2) and (7.3) we nd the velocity dependent gpected event time at

the hot tank, (tsp) to be

| l. . l. .
" TI'sp é + ai) I' axis | + ag)r axis]2
\/ \/ '

Rp

g9 = To+ < cot( o) (7.9)

(7.9) and (7.1) are then t to the FD and SD data using the hybrid 2 t equation (3.7),
derived in Section 3.5.3. To refresh, the hybrid? t equation simultaneously compares the
times predicted by both the FD and SD models using a set of shawgarameters, to the

observed time in instrumentation and takes the form

2 _ 2, o2 X G ) (o tD)°
SD erry2 2
i (t| ) terr
SD=FD

The velocity, event time and geometry that minimize the ﬁy value represent the best set of

reconstructed parameters possible with this method.
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7.2 HybridVelocityFinder Module

Like the stereo velocity reconstruction module, the SterdelocityFinder, the hybrid ve-
locity reconstruction module, the HybridVelocityFinder, isstrongly based o of the O
line standard hybrid geometry reconstruction module, the HybriGeometryFinderWG. The
HybridGeometryFinderWG module, like the StereoGeometryFinerOG, uses the reconstruc-
tions performed by earlier modules as a rst guess to its oweconstruction. It then improves
upon these ts by adding the SD information to the event data ¢ provide additional con-
straints to the system. This means SD data preparation modes$ need to be run before the
hybrid reconstruction in addition to the FD modules that wereused in the Stereo and Fixed
geometry cases. Figure 7.3 shows the Observer standard hglshower reconstruction up to

the pro le reconstruction which is unneeded for this analys.

Figure 7.3: The Hybrid Velocity Reconstruction Module Sequee: The module sequence
used to reconstruct the velocity of hybrid events. The rst @rt is exactly the Auger standard
stereo geometry reconstruction. The HybridVelocityFinder prforms the velocity reconstruc-
tion using the results of the preceding modules.
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Most of the HybridGeometryFinderWG data loading, handling ad processing was used
unchanged in the HybridVelocityFinder, while major changes eve made to the functions
that calculate the geometric rst guess, prepare the Minuitminimization, and the form of
the Minuit t function itself. The functions used to make a r st guess for the t were
replaced with a function that loads the standard hybrid recostruction performed by earlier
modules. The function that prepares and runs the Minuit minmnization was rewritten to
accommodate an additional variable, have increased sensty and to carefully check that
the reconstruction was successful. The Minuit t function,the function that calculates the
expected times and the 2 values to be minimized, was rewritten to incorporate the maa
changes described in Section 7.1 and given the capabilityre€onstructing in an ideal or real
atmosphere. At the end of the module, a new function was addéd pull and store all of

the results and Observatory data needed for later in-depthnalysis.
7.3 Velocity Sensitivity Range

The calculation of velocity sensitivity for the hybrid method is substantially easier than
it is for the stereo case. This is mainly because only one Eyeused at a time and therefore
the geometry of each event, in terms of the velocity sensitiy, is simply the reconstructed
geometry itself. This means the results of Section 5.2 can bsed almost unchanged. The
only di erences are the loss of sensitivity to events closehan 3km to the Eye due to a
cut that removes very close events, and the removal of any et® with , 15, due to
the combined requirements of each event having a minimum argr length in the camera

top
i

bottom) of at least 15 and the removal of any events with a , less than highest
observation angle (itop). The purpose of these cuts will be explained below in Seatid@.5.
As can be seen in Figure 7.4(a), these changes to the allowedngewies do very little
to limit the overall hybrid velocity sensitivity. Furtherm ore, as can be seen in Figure 7.4(b),
because hybrid events can be as close dg18 the hybrid method has good sensitivity to
very low velocity events. Disregarding geometries with ag 170 which have a vanishing

exposure, the hybrid method has sensitivity to events mouvinat 4:5% ofc and above.
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(a) Hybrid Velocity Sensitivity 100% to 5% of C

(b) Hybrid Velocity Sensitivity 10% to 1% of C

Figure 7.4: Hybrid Velocity Sensitivity due to the T2 FD Trigger. the shower geometries
and velocities that are capable of passing the timing reqeiment set by the FD T2 6:75
in 20s window. The gray regions represent areas forbidden by quglcuts.
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7.4 Laser Distributions and Interpretation

Like in the stereo case, in order to briey see how the e ectsbserved in Section 5.4
apply to hybrid velocity reconstructions, the sample of laexy events that are included in the
Observatory's hybrid data stream were reconstructed. Agajrthese laser shots are red at
a speci c GPSns that is di erent from the calibration shots analyzed in Section 5.4 and are
measured like cosmic ray events, allowing for CDAS to crossi@ate the observations from
the FD and SD. For these shots, a portion of the laser light of eld shot is sent to the SD
station that is co-located with each laser facility so thattiis triggered in conjunction with the
FD. This triggered station then acts as the hot tank in a hybridreconstruction. As shown
in Figure 7.6(a), just as in the stereo case, this laser evergtsncludes both vertical and
inclined events. These events therefore provide a means tvastigate how the errors seen
in Section 5.4 a ect hybrid reconstruction and whether or nothese e ects are restricted to
just vertical events or extend to every measured event. Applyg the hybrid reconstruction
technique, as well as the quality cuts described in the nex¢stion, results in the distributions
seen in Figure 7.5 and Figure 7.6(b).

Clearly, Figure 7.5(a) and Figure 7.5(b) show that many of the ects seen in Section 5.4
carry through to hybrid reconstructions. LA for the CLF and LL for the XLF have too few
events to comment on. However, the other Eyes match up very welith the o sets seen
in Section 5.4, at least for the CLF. The fact that hybrid recostruction sees these o sets
and stereo reconstruction does not is because hybrid rectvastion only uses one eye at a
time while stereo reconstruction uses several. This sugtgethat the common velocity that
both stereo reconstruction and the laser simulation recotnactions of Section 5.4 see is an
average o set that is inherent toO lin€ and not to the method or to the detectors. The
o sets seen in both hybrid and the xed geometry analysis ofeal lasers must then be due
to the addition of the individual Eye e ects to the O lin€ errors. What causes these errors
is still uncertain. From the stereo reconstruction of inchied lasers, it is clear that theO

line problem is restricted to only vertical events. A similar stdy should be done to see if
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(a) Hybrid Velocity of Vertical CLF Shots

(b) Hybrid Velocity of Vertical XLF Shots

Figure 7.5: Hybrid Velocity of Vertical Laser Events: (a) show the reconstructed velocities
of all vertical hybrid CLF laser events red from January 200through December 2013 after
quality cuts by Eye. (b) shows the reconstructed velocitiesf all vertical hybrid XLF laser
events red from January 2007 through December 2013 after dlitg cuts by Eye.
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the individual Eye o sets carry to inclined events or are rdsicted to vertical only.

Figure 7.6(b) shows that each of the Eyes behave similarly wihéclined shots are recon-
structed. Additionally, the strongly peaked distribution does not look like a sum of similar
Gaussians suggesting that the o sets aren't simply being avaged out. This indicates that,
like the O line errors for the stereo case, the individual Eye o sets vanisithen the velocity
reconstruction is applied to events with widely varying geuoetries. This again means that
because vertical geometries represent a tiny fraction oferall FD exposure by solid angle,
the vast majority of shower events will be una ected by thessystematic o sets. Because
of this, as long as events closer than a few percent ofare not considered as potential
candidates, a hybrid based velocity search of shower evemian be carried forward with

con dence.

7.5 Data, Cuts and Final Distributions

The Hybrid method was used to reconstruct every hybrid event easured at the Obser-
vatory from January 2007 through December 2013, resulting ithe decidedly non-normal
distribution shown in Figure 7.7. Out of the full 2007-2013 Hyrid event set, 691019 events
were successfully reconstructed. Of these 691019 even829b4 are veri ed laser shots that
were analyzed in the preceding section. 1368 of the remaiif58065 events were also seen
as upgoing but were outside the laser time windows. Unsurpngly, all of these events were
collocated with a laser facility, struck clouds or were at vg extreme geometries. Once these
upgoing events are removed, there are a full 556697 hybriceats remaining which represent
the sample of hybrid shower events that were successfullycoamstructed. The fact that this
number greatly exceeds the stereo event count is unsurpngias the full FD aperture is
available and the energy required to trigger a hybrid evensian order of magnitude lower
than what is needed to trigger a stereo event. The reconstiied velocity distribution of
these 556697 events can be seen in Figure 7.8.

The distribution of velocities seen in Figure 7.8, with its vy strong peak centered atc

and massive tails, is quite interesting. One troublesomedfeire is the large and unphysical
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(a) Hybrid laser trajectories

(b) Inclined hybrid laser velocities

Figure 7.6: Stereo Velocity Reconstructions of Vertical anthclined Lasers: (a) shows the
trajectories of laser events red from January 2007 through &ember 2013. The events at
axis = 180 with the wide spread in . are the vertical events red at the array. The
curved set of events are red at various astronomic objectd apeci c times each night and
therefore show the paths these object trace around the skyesthe course of many years.
The clumps of events are red at speci ¢ geometries that haveeen requested for calibration

studies. (b) shows the hybrid velocity reconstruction of tl inclined laser events by Eye.
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Figure 7.7: All Reconstructed Hybrid Event Velocities: The velcity of the 691019 recon-
structed hybrid events measured between January 2007 and teed of December 2013.

faster-than-light tail. While the count of events in this tail is surprising, the extent of it is
less so, simply because by de nition, the velocity is unabk® be slower than not moving,
but there is no such, non-relativistic constraint on the uppr end of velocities. Perhaps in
the future the propagation models could somehow be changexfrotect Lorentz invariance,
however this was not attempted in this work. These large ta| especially the faster than
light tail, indicate that there is an instability in the reconstruction for some event type or
condition at the array. This is not unexpected, as the hybricevent set varies wildly in data
quality and signal strength, especially compared to stergteaving no choice but to employ
stringent quality cuts aimed at limiting the hybrid data set to only events whose velocity

reconstruction can be trusted as accurate.
7.5.1 Quality Cuts

Again, because of the exotic nature of the targeted phenomeribe restrictions on what
cuts could be used with the stereo data also apply to hybrid. Maely the inability to cut on

velocity, energy, pro le and the theoretical sensitivity d the FD. Now that the SD response
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Figure 7.8: All Reconstructed Hybrid Shower Velocities: The tpplot of the velocities of the
556697 reconstructed hybrid shower events measured betwdanuary 2007 and the end of
December 2013.

is a factor in the reconstruction, additional restrictionson what SD speci ¢ cuts can be used

come into play. The following list contains the SD cuts that ee speci cally forbidden.

Cuts on the strength of the SD response
Though Q-Balls were shown in Section 4.1.2 to reliably triggg several stations at the
energy range the FD is sensitive to, the search is not limitedtonly these potential
candidates. Because of this, we can not demand a minimum Spense or humber
of triggered tanks without potentially eliminating exotic events. Therefore, cuts on
triggered station count, LDF, energy or hot tank signal stregth can not be used

directly.

Cuts on the timing of the SD response
In Section 4.1.2 the SD timing pro le of Q-Balls was clearlyl®wn to strongly depart
from the standard SD timing prole. This alone forbids the ugs of the SD timing

signature from multiple tanks in cuts.
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Cuts using the SD geometry reconstruction
When available, it would be tempting to use the SD calculatedepmetry to judge
whether the geometric reconstruction from the hybrid methd, and therefore the mea-
sured velocity, make sense. This however would rely on the EDand timing pro le
to calculate the SD core and event arrival direction. As both fothese are already

forbidden above, using the geometry reconstruction is alsxplicitly forbidden.

These rules combine to restrict the SD information availablto use in both the reconstruction
and the quality cuts to simply the hot tank location, timing and status.

Unlike the stereo case, the hybrid shower data does not su eom low statistics. This is
indeed fortunate, as Figure 7.8 de nitely illustrates the ned for extensive cuts if candidates
are going to be selected with any con dence. To this end, theedi erent sets of cuts are
applied to the data, each focused on di erent areas of evenuiglity and designed to guarantee
that only trustworthy events make it to the nal data set. However, some cuts were far too
strict at their theoretically de ned location and were tuned to minimize the number of events
removed from data set while maintaining the intent of the cut The rst set of cuts, data
quality cuts, is directed at ensuring that the data recordedrom each event can be trusted

to be accurate and representative of the measured event.

Table 7.1: Hybrid Data Quality Cuts

Quality Cut Showers After Cut % Showers Cut
All Hybrid Shower Events 556697 -na-
V AOD(3km) 0:.03 405683 271%
Has IR Data or GOES Cloud Probability = 0% 384414 2%
GOES on Axis Cloud Probability 40% 306359 2%
IR Camera Cloudy Pixels =0 287443 61%
lHot Tank Crown Count = 6 214459 251%
Jrspj 3km 187585 15%
Events With Good Data 187585 66%

Aerosol Cuts

High aerosol content in the atmosphere signi cantly incre&s scattering of the light
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propagating from the event. This leads to increased multiplscattering and decreased
light intensity at the camera. These factors directly deci&se the signal to noise ratio
and signi cantly increases the timing uncertainty of each pel. Additionally, the
aerosol pro le is not uniform across altitudes leading to ae ect that varies strongly
with altitude, which can be particularly problematic for a \elocity reconstruction. Due
to these factors, events measured during atmosphericallyzy periods should not be
used in a velocity-based search. According to [78], atmospbe are considered to have

above average levels of aerosols if the VAOD aki® exceeds 0:03.
V AOD(3km) 0:03

As seen in Table 7.1 and Figure 7.9, this cut is fairly stringentreducing the event

count from 556697 to 405807- a 2IR% reduction of the data.

Cloud Cuts
Like in the stereo case, clouds can easily trick the velocitgconstruction into falsely
reconstructing slow or fast events. Therefore, any event whe measurement may have
been interfered with by a cloud must be cut from the dataset. Aditionally, because
the hybrid dataset is well populated, stricter requiremerst than those leveled against
the stereo data can be used here. Events are required to halRdamera and lidar or
GOES data, and when the IR camera data is not present GOES mustport a zero
probability of the event having a cloud on the events axis. lthere is IR data, GOES
must report a 40% or less probability of clouds and the IR came must show that

none of the event's pixels observe a cloud up to or on the evesnaxis.

Has IR Data or GOES Cloud Probability = 0%
GOES on Axis Cloud Probability 40%

IR Camera Cloudy Pixels =0
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The GOES probability could be set to a lower value, howeverhts deeply cuts into
the data. This is not an issue, as this high probability is ol allowed when the more
reliable IR camera sees no clouds that could interfere withé event observation. As it
stands these cuts reduce the event count from 405683 to 28F4rkepresenting a 29%

reduction of the data

SD Functionality Cuts
The hybrid reconstruction depends strongly on the fact thathe tank with the hot
tank is in fact the closest tank to where the event struck thergund. This can only
be assured when the hot tank is fully surrounded by functiong SD stations. If this is
not the case, one of the absent tanks could in fact be closertte event core than the
reported hot tank. Due to the SD geometry, every station thatdoes not lay on the edge
of the array has six stations surrounding it. These six stains are called the station's
crown and the number of these stations that are reported to Hally functioning at the
time of the event observation is the station's crown count. ¢t an event to be trusted,

its crown must be full, giving it a crown count equal to six.
Hot Tank Crown Count = 6

This cut is again fairly stringent. It removes all events wilh a hot tank on the edge
of the array or near gaps in the array. Additionally SD statios do occasionally go
o ine for extended periods of time mostly due to hardware fdure. As can be seen in
Table 7.1 and Figure 7.9 this cut reduces the event count fronB2443 to 214459- a

25.4% reduction of the data.

Random Hybrid Trigger Cut As explained in Section 3.1 the SD passes the T2 trigger
at a rate greater than 20Hz. The FD has a slower trigger rate, however, as the distance
between the event and the observing Eye decreases, the FD bees much easier to
trigger. Hence, the majority of FD events are triggered by lowrergy showers very

close to the Eye. Occasionally one of these low energy shawvetll occur when the
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SD randomly triggers, leading to a false hybrid event. Of cose these erroneously
detected events can not be trusted to be reconstructed withaaccurate velocity and
should be removed from the event set. The only way to do this thiout risk of letting
one of these events through is to simply cut all events that oar very close to the Eye.
To this end, any event whose hot tank is closer thankdn from the Eye is removed

from the dataset.
jl r SDj 3km

3km was chosen, as it roughly corresponds to the rst two lines atations in front of
the Eye. The rst line of stations is already cut by the crown ount cut, meaning this
cut removes few additional tanks. It is true that this cut wil remove a number of viable
and real low energy hybrid events, however, because the areanediately around the
each Eye represents a tiny fraction of the Observatory's afiare, the removal of these
events is far outweighed by the removal of random coinciden@vents. As seen in
Table 7.1 and Figure 7.9, this cut reduces the event count fror214459 to 187585-

representing a 15% reduction of the data.

After data quality cuts, the observations of each event can beonsidered trustworthy and
representative of the witnessed event, this however comesaacost of 663% of the hybrid
shower data. Furthermore, as can be seen in the dark blue dibution of Figure 7.9, though
the tails are reduced, there is still far too much noise for odidate selection to be possible.
This is because, though the data can now be trusted, the fullent measurement may not
be su cient to accurately reconstruct the velocity. To address this, a second round of cuts
aimed at ensuring that the full event measurement is of higmeugh quality to enable velocity

reconstruction is implemented. These measurement qualityts are de ned as follows.

Angular Length of Observation Cut
In order to accurately measure the velocity, enough of the eltion of event needs

to be seen in the detector to reduce the uncertainty in the t. This is because as
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Figure 7.9: The E ects of the Hybrid Data Speci ¢ Quality Cuts as described in the text.

Table 7.2: Hybrid Measurement Quality Cuts

Quality Cut Showers After Cut % Showers Cut
Events With Good Data 187565 -na-
P bottom 15 166139 144%
0:5 P potomy=N L 1:25 91565 429%
If Ntelescopes = 2 then SDP 80 or gpp 100 85238 9%
Well Measured Events 85238 546%

the length of the track shortens, the constraint on the t faraway from the data is
reduced. This is seen frequently in physics and is given largmounts of attention in
the context of determining the spectral content of oscillamg data. This quality of the
data was not a concern in stereo due to the simple fact that dastereo event was
observed multiple times by spatially separated detectordVith stereo, the geometry is
almost completely determined by the pixel geometries; leiag nearly all of the timing
information for the velocity t. This luxury is not availabl e to hybrid data as the
SD signal only constrains the geometry and timing at a singleoint, making both the
angular and velocity reconstructions the responsibility fothe pixel timing data. This

is only possible if the event observation has enough angulangth to provide a good
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measure of the timing pro le's curvature.

Setting a theoretically determined minimum length is di cult due to a strong reliance
on the event's location and geometry. Because of this, seakdi erent cuts were tried
looking for a balance between the e cacy of the cut and how deé it cut the data.
Of the cuts tried, events seemed to be well constrained whenleast half the camera,
or 15, observed the event. Results did improve at high arc lengthBowever, above

this limit data began to be cut very deeply.

top bottom

This cut is fairly relaxed and could be much tighter, howeveras will be seen later,
the sum total of the quality cuts leveled against the hybrid dta do remove a large
percentage of events. Additionally, other later cuts on reostruction quality directly

mitigate the e ects of any events that pass this cut and stillhave too short of tracks
to su ciently constrain the data. As can be seen in Table 7.2 ath Figure 7.10 this cut

reduces the event count from 187565 to 166139 a4% reduction of the datd?.

Shower Track Density Cut
Occasionally, recorded events can have gaps in their pixeatk. These gaps are usually
due to a weak event or the presence of a cloud between the evant the Eye. Gaps
in the data increase uncertainty in the velocity reconstruton and should be removed.
The angular pixel density of the shower track (yac ) is calculated as yae = ([
FOttom):Npix. For an unbroken shower track, the minimum possiblegac is L5 per

pixel, occurring when the event has an SDP inclined at 6@r 120 and is therefore

aligned with camera's pixel arrangement. In this geometryhe uncertainty in the

21n conjunction with the angular length cut an additional requirement was leveled against the data that
demanded that the reconstructed  was less than the highest angular observation imp. This cut was
made because it is physically impossible to observe an event at an anglégher than its inclination angle.
This is simply because at this point the vector representing the vew of the pixel is parallel to the shower
axis and therefore they never intersect. This cut only removed onevent that appeared to be a 'cluster
event' that made it past the TLT FD trigger. The fact that no quality eve nts had impossible o values

lends con dence to the accuracy of the geometric reconstruction of theelocity dependent hybrid method.
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SDP is maximized, which in turn increases the uncertainty itboth the geometric and
velocity reconstructions. ldeally for velocity reconstration the pixel track should be
2 pixels wide leading to a 45k Of 1 per pixel. This cut is too stringent, however, so

the cut was placed at 125 per pixel, half way between minimum and ideal value.

Though the cloud cuts are stringent, they can not possibly reove all cloudy events
from the data set. Also, as explained in Section 3.2, the FD oganally records
direct hits to the camera, instrumentation noise or bright lackground uctuations
that cause large events with random time ordering. These uslter events' can last
for extended periods of time and do sometimes occur in congiion with a legitimate
hybrid event. Because of their large and temporally unorded signals, these events, like
cloud events, can cause erroneous velocity measurementd also need to be removed.
Both the cluster and cloud events appear as groups of pixelsat are triggered in track
geometries, and therefore have a large number of triggeretkgds as compared to the
events angular length. Due to these characteristics, bothuster and cloud events can
be removed by cutting on the bottom end of the angular pixel desity. By requiring
a gack Of at least Q5 per pixel, most clouds and clusters can be removed while ktil

allowing events that are three pixels wide to be passed.

0.5 ([ potomy=N 125

As seen in Table 7.2 and Figure 7.10, this cut, while less striewgf than the ideal
placement, still represents a signi cant cut on the data regcing the event count from

166139 to 91565, a 49% reduction of the data.

Telescope Interface Cut
If an event travels along the interface between two adjacem¢lescopes in an Eye, the
signal will jump back and forth between the two. Because theetescopes are not
perfectly synchronized with each other this can lead to theirhing pro le spreading

out. This in turn will increase the uncertainty of the velocty reconstruction requiring
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the removal of these events. For the purposes of this cut, the events are identi ed by

having nearly vertical SDPs (within 10) while appearing in two telescopes.
If Ntelescopes =2then gspp 80 or gspp 100

This cut reduces the event count from 91565 to 85238- cuttir§j9% of the data.

Figure 7.10: The E ects of the Hybrid Measurement Speci c Qudly Cuts as described in
the text.

Figure 7.10 shows that the tails have been signi cantly reded by the measurement
guality cuts, however though a further 546% of the data has been removed, the tails still
remain far too large for candidate selection. With the data ah measurement quality cuts
already applied, the only set of cuts left are those that dictly weigh how well the tted

parameters match the data. These reconstruction quality ¢si are de ned as follows:

Fit Quality Cuts
As was stated in the description of the stereo cuts, one of thee&t metrics for how
well the tted parameters match the data is the reduced ? value. The cut on the

reduced hybrid timet 2 ( §, = §=NDoFy) will ensure that the reconstructed
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Table 7.3: Reconstruction Quality Cuts

Quality Cut Showers After Cut % Showers Cut
Well Measured Events 85251 -na-
ﬁy 3 84925 038%
75< %5, 3 77282 9N0%
Corerperr =Deyetocore  10% 76959 ™2%
serSIN ¢ 4 71241 74%
8orr 3.6 67404 54%
Jraxis) 1km 63744 %
Verr  1:5% ofc 30404 52%
Well Reconstructed Events 30404 643%

parameters match the event data. As in the stereo case, the ugpimit for ﬁy is set

at 3 following the guidelines laid out in [77].

2
hy 3

From the data shown in Table 7.3, it is clear that the precedm cuts did prepare the
data well for reconstruction as the §, cut only removed 0638% of the data lowering

the event count from 85251 to 84925.

For hybrid reconstruction, a cut on the reduced SDP 2 value ( 25 = 2pp =NDOFspp)
is also needed as the quality of the SDP t largely dictates # quality of the veloc-
ity t. This is because any error in the SDP plane would served increase the track
length while having little e ect on the event timing. This would lead to an increase
in the event's reconstructed velocity. However, a cut on 2, is not as simple as a
cut on ﬁy. Depending on the width of the shower in the Eye, the optimalalue of
2op Will change. This is because the pointing directions of theyels are static and
can never perfectly match the tted SDP. As an event track getsvider, the average
distance of each pixel from the SDP increases, therefore?y, is dependent not only
on the nal value of the SDP, but also on the width of the event tack. Following this

logic, if the 2,5 is too low, then it is likely that there was an error as only an\ent

consisting of a single pixel track can have a very small 25, . Though these events
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do minimize %5, quite well, they also maximize the SDP uncertainty so these ust

be cut as well. To address both these concerns,2,, is constrained on both sides.
The low end cut is placed at 88 which is slightly more than half the width of a single
pixel, while the high end cut is placed at three allowing 3-gel-wide showers through,
but removes bad ts as well as any clusters or cloudy eventsahsurvived the previous

cuts.

2
hy 3

The majority of the data cut was removed by the top end of the dusuggesting that
the pixel density cut did its job well. The application of these cuts removed 9% of the

remaining data taking the event count from 84925 to 77282.

Geometric Reconstruction Error Cuts

One of the key determinates of how well the reconstruction ¢fie propagation speed
can be trusted, is the level to which the geometric reconstction can be trusted. Like
the velocity error in stereo, each reconstructed geometrgarameter is reported with
an associated error. This error is a measure of how strongliget 2 function varied

with regard to that parameter near its minimized values. If he ? function does not
vary strongly with changes in a variable, then the level of cainty in the end value of

the variable is greatly reduced. So, because changes in getisndirectly change the
velocity, it is important to only look at events whose geomeic reconstruction can be
trusted. Essentially, the geometric reconstruction errois broken into two components:

the error in the core location, and the error in the axis trajetory.

The rst cut applied restricts the maximum allowable error n the core position as a
percentage of the event's distance from the detector. It isitas a percentage because
if the event is very close to the Eye, small changes in the Idzn of the core can have
a huge impact on the velocity, meaning that lower errors haviarger e ects on the

velocity. The converse of this is true for distant events. Té speci c applied cut is
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fairly liberal allowing an error of up to 10% of distance fronthe event.
Corerperr =Deyertocore  10%

This demand on the data removes only 323 of the worst event@wlering the event

count from 77282 to 76959.

The second cut applied restricts the angular error on the axireconstruction. When
cutting on polar angles it is important to remember that if the zenith angle is near
vertical then very large changes in azimuthal angle will oplhave a small e ect on the
overall direction of the vector. This means that a cut on the azmuthal error should
have zenith angle dependence. This was done by multiplyinge azimuthal error by
the sine of the zenith angle which is a good metric of how strgly the azimuthal error
can e ect the overall direction of the axis. The speci c lockon of both of these cuts
was made by looking at the distribution of the angular error ad then cutting where
the main body of the histogram gave out to the tails. The azinthal error was very
tightly bunched up to a value of 4 with a large tail after, while the zenith error had

a smaller tails starting around 36 .

sin 8 4

Serr

3.6

Serr

These cuts removed A% and 54% of the data respectively, reducing the dataset from
76959 to 67404 events. As can be seen in Figure 7.11, after thgeemetric cuts
the tails are greatly reduced, with the furthest out event apearing at 160% ofc as

compared to almost 430% before the cuts.

FD Core Hot Tank Agreement Cuts
Between the crown cut and theCoregper the closest tank to the event core should be
the selected hot tank. Because the SD array is arranged in &Hm triangular grid,

the furthest any point in the SD array can be from a tank is 866m. This leads to
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an expectation of the FD core always being within 8@6 of the triggered hot tank.
In reality, it is not quite so simple as this as the hot tank iswith some complicated
exceptions, the tank that is closest to the axis at any pointni the shower. This leads
to Hot Tanks that are a little more distant than the maximum 866n distance from a
tank when the event is severely inclined and lands just righh the array. To allow
for these rare special cases, while still assuring that onfgconstructions with decent
FD and SD agreement are allowed into the nal data set, any evenwith the FD core
further away than 1Ikm from the hot tank are removed from the data set. Recalling
that !j I axis ] 1S the vector pointing from the core on the ground to the hot tak, the

cut is:
| .
| I ais] 1km

This cut removes 3660 events from the data set, lowering theemt count from 67404

to 63744 events, a 3% reduction.

Velocity Error Cut
The last cut on the data is the cut that sets the maximum allowe reconstruction error
on the velocity. With this cut, assuming that the data presengd to the reconstruction
is of a high quality and suitable for a velocity measurementhe velocity resolution
of the hybrid method is set. Choosing the location of the cuteeds to be done with
external consideration as it, to a large degree, determind® width of the cosmic ray
parent distribution against which any potential candidate will be weighed. Because
the hybrid distribution still contains a good number of evets as compared to the stereo

distribution, the cut location of 1:5% of ¢c suggested by the laser studies was used.
Verr  1:5% ofc

This limit does cut deeply into the remaining event set, remong 523% of the data,

however, as seen by the dark blue distribution with the whiteutline in Figure 7.11 the
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e ect of this cut is impressive. After application of this cutthe core of the distribution

remains intact, however the tails and shoulders of the dishution are largely removed
leaving a small number of distinct outliers. The cut does coenat a considerable price,
however, as event count now stands at 30404 events as comgare 63744 before the
cut. In the future, perhaps this cut can be relaxed to searchorff events farther and

farther from c.

Figure 7.11: The E ects of the Hybrid Reconstruction Speci ¢ Qality Cuts: .

Comparing the before and after e ects of the cut set in Figure.I2, the result is striking.
The distribution has narrowed to a massive degree, lowerirtge skew and kurtosis by an
order of magnitude. This, unfortunately, comes at an orderfanagnitude loss of data. Most
of this data was removed due to atmospheric conditions, hover it is still a considerable
amount of data loss. In the future these cuts should be readsbsed to see if an equally

e ective but more forgiving set can be implemented.

7.5.2 Final Hybrid Distributions

Shown in Figure 7.13, after the quality cuts are applied, thenal velocity distribution for

hybrid shower events is quite narrow for each Eye. Each Eyesaldisplays a strikingly similar
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Figure 7.12: The E ects of the Hybrid Quality Cut Sets: The reslts of each set of quality
cuts.

distribution with some de nite left-right asymmetry. This suggests that there is indeed an
underlying parent distribution and that di erent errors push the velocity slower or faster.
These factors point to a small inherent error rate in the recwstruction that is di erent for
the left and right sides of the distribution. By using this eror rate to quantify the rarity
of any outlier events, it should be possible to statisticall decide which, if any, outliers are
promising as candidates. Exactly this will be done in Chapte8, Candidate Selection and

Analysis.
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(a) Los Leones (b) Los Morados

(c) Loma Amarilla (d) Coihueco

Figure 7.13: Final Hybrid Shower Velocities.
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CHAPTER 8
CANDIDATE SELECTION AND ANALYSIS

The purpose of candidate selection is to determine which,ahy, of the velocity outliers
present in the nal stereo or hybrid distributions are signicant and can be considered poten-
tial candidates. Given the sizable tails in the uncut stereand hybrid shower distributions
shown in Figure 6.8 and Figure 7.8, both methods are capable abgducing false positives.
The quality cuts imposed on both datasets are aimed at elimmting all possible false posi-
tives, however they will not do so perfectly. The fact that tle velocity reconstruction and
quality cuts are imperfect is clear in both Figure 6.10 and Fige 7.13. Given that the
vast majority of the events in both the stereo and hybrid samps are assuredly cosmic rays
and therefore do propagate at, if the reconstruction method was perfect, the distributios
shown in Figure 6.10 and Figure 7.13 should be delta functiondowever, clearly this is not
the case as both stereo and hybrid instead display parent ttibutions with a substantial
width. Because of this, the possiblity of false positives [@esent and a selection criteria in
addition to the velocity, needs to be employed; the t improement ratio.

The t improvement ratio is a measure that compares how welllte data from each even
was represented by the reconstruction with a free velocitysacompared to the standard
reconstruction performed atc and is de ned as 2= 2. The basic idea for using this as
a means of validating candidates is that if an event truly prpagated at a velocity faster
or slower than the speed of light then the data from that evenshould be much better
represented by a model using that velocity than the standardropagation model with the
event velocity xed to c. This has to be done carefully, simply due to the fact that theelocity
dependent model has one more parameter than the standard s®n. This means that the
model is more exible and can therefore always represent tliata better. This is somewhat

compensated for by using the reduced? values instead of the raw 2 values. Because the
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reduced 2 value is dened as 2 = 2=NDoF where NDoF, the number of degrees of
freedom, is equal to the number of data points minus the numbef t parameters, meaning
that for a reconstruction atc, 2 should always be slightly larger than 2 as in nearly
every caseNDoF, = NDoF. 1. This however, is not enough to completely compensate
for the increase in the exibility of the model, meaning thata parent improvement ratio
distribution consisting only of cosmic ray events should bexpected to have a tail extending
to high values.

In order for an event to be considered as an exotic candidateneeds to have both an
outlying velocity and be t signi cantly better with the reconstructed velocity. However,
simply cross referencing outliers in both distributions wad not provide fair selection. If
an event is a very signi cant velocity outlier, but is not amang the furthest outliers in the
t improvement distribution, it should still be able to be selected if the combination of its
velocity o set and improvement ratio is far above what is expcted. To do this, the metric
against which an event will be judged as a candidate is chosenbe its velocity o set times
its improvement ratio to produce a value here on called the ent "exoticness".

The basic method to be employed in this section is as followsEirst, because both
Figure 6.10 and Figure 7.13 show that the left and right sides dfie distributions reliably
display di erent behaviors, the left and right sides of the tributions need to be treated
separately. To do this, the nal velocity distributions are split at their mode. The mode
is used instead ot, or the centroid, as the distributions are asymmetric and rtacentered
exactly at c. Each side's parent distribution will be t with a normalizable function with
the goal of accurately describing the error rate. The sameqxess will be carried out on the
improvement ratio to nd a normalizable function that closdy describes its behavior as well.
These tted functions will not be used directly, but will instead be used to build a function
to describe the exoticness of each event set.

From here, the left and right sides of the velocity distribuion will be combined with

the t improvement values on an event-by-event basis to caldate the exoticness of each
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event. This combined distribution will then be t using the combination of the velocity
and improvement functions. This function is then normalize to form a probability density
function (PDF) that estimates the chance of nding some levebdf exoticness given the error
rate of parent distribution. From here, the exoticness vakl of each event will be compared to
the probability of that value being due to random chance givethe number of independent
events in the dataset. If an event is found to display an exatness value with a less than
3 10 7 (5 ) probability of occurring in a dataset of sizeNgyents , then it will be selected as
an exotic candidate.

This method relies on the assumption that if candidates arergsent in the dataset,
they are small in number compared to the number of cosmic raywents and therefore ts
to the parent distributions are representative of the errorate of the method and are not
signi cantly a ected by the presence of any exotic candidats. This is not, however, true
for stereo given that the stereo dataset only contains 112%ents. Once split, each side of
the distribution will have around 600 or less events, meargna t to the distribution could
easily be changed by outliers. Therefore, in stereo, 5% oftimost outlying events, roughly
corresponding to 2, will be excluded from the t. Given the number of events in tle hybrid
distribution, the ts to the split datasets should be swayedittle by the presence of outliers.
To be safe, the outliers will be removed before tting, howear removing 5% of the data cuts
quite deeply into the distributions. Therefore, the cut on he hybrid data is placed a 3,

keeping 997% of events.
8.1 Stereo Event Selection and Candidates

The rst step is to split the velocity at the mode and t both sides. Because these velocity
distributions are strongly peaked near the mode, small chgas in the mode's location can
cause the number of events on either side of it to vary to a laggdegree. Additionally,
because with binned data the location of the mode is dependem the binning, calculating
its position in a velocity distribution takes a little forethought. To combat these e ects, the

mode of the velocity distribution was found with histogramssplit into 1000, 2000, 4000 and
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Figure 8.1: Stereo Final Distribution with Mode.

6000 bins. These mode values were then averaged to get a ®aldlue. The placement of
this calculated mode can be seen superimposed on the velpait Figure 8.1.

The data was then split at this value resulting in a slow{ < mode) and fast (V > mode)
data set. The absolute value of the velocity o set from the mde was then placed into
histograms,Offset = mode V in Figure 8.2(a) andOffset = V. modein Figure 8.2(b).
These histograms were then t with a variety of normalizabldunctions until a good match

was found. In the end an exponential function of the form
y = Exp[Constant + Slope X] (8.1)

was shown to describe both sides of the data well. This funati was then t to the distri-
bution using Root's standard ? tting routine. The resulting ts were shown to very well
match the o set data returning 2 = 1:1 for the slow side and 2 = 1:0 for the fast side.
The tted curves and t values can be seen in Figure 8.2(a) and fgure 8.2(b).

The next step was to quantify the behavior of the improvementatio for values above 1.
This was somewhat more di cult as the log plot of the distribuion is concave up. First,
tting with an exponential was attempted, but was found to severely underestimate the tails.
Then ChiSq distributions with 1 or 2 degrees of freedom, f(k = 1) and 2?(k = 2)) were

tried, only to have both underestimate the peak and overestiate the tails. Then, because
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(a) Stereo Velocity: Slow Side (b) Stereo Velocity: Fast Side

Figure 8.2: Stereo Slow and Fast Velocities.

the improvement ratio is the ratio of a 5 parameter ChiSq pogation over a 6 parameter
ChiSq population, a t was attempted with the function 2(k = 5)= 2(k = 6) which failed
describe the body of the distribution and overestimated ittails [79]. Eventually, the Pareto
distribution which has found use describing forest res, Bse-Einstein condensates and the
distribution of wealth in America was tried as it splits the béavior of the exponential and
ChiSq functions and was found to work well. The scalable Pdoedistribution has the form

( [O]xkx’

p= x([1]+1)
0 X  Xm

Xm (8.2)

where [0] is a scaling factor to t a non-normalized distribtion, X, is the value below which
the distribution drops o (1 in our case) and [1] a curvature arameter. Because Root had
di culty tting this distribution when it was o set from 0, o ne was subtracted from the
improvement value to bring the left side of the distributionto zero, to compensate in the
Pareto distribution x ! x + 1. In the end the Pareto described the improvement ratio
distributions well, with the t returning 2=1:25. The tted curve and values can be seen

in Figure 8.3.
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Figure 8.3: Stereo Fit Improvement Ratio.

With the form of both the split velocity and the improvement raio understood, tting
on the exoticness of the slow and fast event sets can begin.€eTInst step is to combine the

velocity o set with the improvement ratio on an event by evehbasis. For slow events

Exoticnesssiow = (Mmode V) 2= 2 (8.3)
while for fast events
Exoticnessgast = (V. mode 2= 2 (8.4)

Next, the exponential function was combined with Pareto distbution. After the constant
in the exponential was combined with the scaling factor of #hPareto, the resulting function

took the form

e[2]x

y= [O]W- (8.5)

Because of the relatively small sample size of the stereo @aainy outliers in the exoticness

distribution could easily a ect the t and pull the selection limits farther out. To address
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(a) Stereo Exoticness: Slow Side

(b) Stereo Exoticness: Fast Side

Figure 8.4: Stereo Exoticness: (a) shows the histogram andfdr events with a reconstructed
velocity below the mode. The full event set is shown in grey,hite the blue histogram shows
events within 2 of the mode. (b) is for events with a reconstructed velocityleove the mode.
In this case the red histogram shows events within 2of the mode. In both gures the red
and blue curves are the same. The blue corresponds to the beasbf the blue histogram
while the red corresponds to the best t of the red histogram.
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this possibility, only the closest 95% of the data, represeng the events within 2 of the
null result were considered as part of the parent distributin of cosmic rays. The idea being
that since all of these events are cosmic rays that propagdtat c, then the form of the
distribution is directly indicative of the stereo method'serror rate. Following this logic, the
furthest 5% of events were removed and (8.5) was t to the exiohess data. The resulting t
described the data well on both sides returning 2 = 1:20 on the slow side and 2 =1:17
on the fast side. Neither an exponential or Pareto alone fadtenearly as well with the
exponential ignoring the tails and the Pareto hugely overémating them. The tted curves
and values can be seen in Figure 8.4(a) and Figure 8.4(b) alonghathe parent distributions

(the colored histogram) and the close outliers.

Figure 8.5: Stereo Candidate Selection.

By comparing the tted curves for the slow side (blue) to the dst side (red) in Fig-
ure 8.4(a) and Figure 8.4(b), the asymmetry of the parent disbutions becomes clear. The
stereo method does seem to have a signi cantly higher erraate for the unphysical speeds

abovec than below it. This means that for a faster than light candidée to be considered
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that it will need to surpass a proportionally higher exoticess limit. To set this limit, rstthe
combined function was numerically normalized to form a prability density function. Then
the 5 exoticness limit which corresponded to 3 10 "=Ngven: Was calculated via numerical
integration, nding that an event with an exoticness exceedg 5.75 for slow events and 21.44
for fast events would be considered a statistically meanifuy candidate. Setting (8.3) and
(8.4) equal to the limit value resulted in the red hyperbolicurves seen superimposed on the
2D density plot of each event's reconstructed velocity ananiprovement ratio in Figure 8.5.
Any event in the region outside of these curves would be a ®xotic candidate.

It is clearly visible in Figure 8.5 that no stereo event exceed the candidate selection
criteria, meaning no stereo events are considered con dgnexotic. There are however the
two events circled in Figure 8.6 which are rather close. Becsia small future change in the
t of the distribution or quality cuts very well may push these events into the selected region,
some highlights and interpretation of these events will beingn here. Their full standard
and velocity based reconstructions, as well as plots of thé&bserver reconstruction can be

found in Appendix D.

Figure 8.6: Stereo Candidate Selection: the listed FD Eventseaidenti ed by Eye Number
: Run Number : Event Number.
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The more extreme outlier, event 1:4271:4093-2:3569:42&yd#:Run#.Event#), shown
in Figure 8.7(a), was reconstructed 5.75 times better with aelocity of 103849% ofc than
it was at c. This event displays a few qualities that may be responsibfer its odd velocity
reconstruction. First, as seen in Figure 8.7(b), which showdé intersection of the Los
Leones' SDP (blue lines) with Los Morados' SDP (pink linesthe event landed directly in
between Los Leones and Los Morados with a nearly vertical tain each Eye, meaning that
the SDPs from each Eye are almost coplanar. Because any axithim this shared plane will
t the pixel geometry of both Eyes, this event geometry e ecively nulli es the ability for

the stereo method to leverage the SDP information to consirathe axis.

(a) Event Overview (b) Top Down Core View

(c) Pixel Track Los Morados (d) Pixel Track Los Leones

Figure 8.7: Stereo Near Candidate Event 1:4271:4093-2:33@%3.
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Because crossing the SDPs is of no help in this event, the pikening from the two Eyes
is all that is available to reconstruct both the event geomey and the velocity. This is a
signi cant problem because while the observation from Los dados, seen in Figure 8.7(c)
is quite strong, the observation from Los Leones, seen in Frgu8.7(d), is not. In a stereo
event with two distinct and widely separated vantages, thisvould be less of an issue as
long as both Eye's were able to constrain their SDPs. In thisase however, the weakness of
the Los Leones measurement does little to supplement the nseeement from Los Morados
and this event practically becomes a monocular reconstrich. Lastly, both pixel traces
occupy a telescope to telescope interface further incraagiuncertainty in the event timing.
To check the validity of the stereo velocity reconstructionthe Hybrid method was applied
to the Los Morados data, which disagreed with the stereo rdsunding an event velocity
of 97:4% ofc. Because of weakness of the stereo measurement and the girdisagreement
between the stereo and hybrid methods, no con dence can batédo the reconstruction of
event 1:4271:4093-2:3569:4243's velocity.

The slow outlier, event 1:4317:4374-2:3611:4340, shownHigure 8.8(a), was recon-
structed 1.75 times better with a velocity of 9715% ofc than it was at c. First, looking at
Figure 8.8(b), we can see that in this case the event occurre@lo axis and that the SDPs
from each Eye are distinct. Given that the SDPs from both Eyeare reliable, the event axis
should be fairly well constrained. Neither of the observatis from the Eyes are particularly
strong however. The observation from Los Morados, seen in kig 8.8(c) is spread out and
weak, but has good length. The observation from Los Leonegges in Figure 8.8(d), is a bit
stronger perhaps, but is short and in a geometry that makes $Dtting di cult. Because
the quality of the individual Eye observations is pretty poo, the minimum number of pixels
required for hybrid reconstruction had to be lowered for diter Eye to reconstruct this event.
When this was done Los Morados returned a hybrid velocity of 98%% ofc and Los Leones
found an obviously erroneous velocity of 1958% ofc. These reconstructions are very spread

out and really aren't much help. Additionally, due to the low qality of the two individual
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(a) Event Overview (b) Top Down Core View

(c) Pixel Track Los Morados (d) Pixel Track Los Leones

Figure 8.8: Stereo Near Candidate Event 1:4317:4374-2:3@BX0.
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events, the results of these hybrid velocity reconstructis can't be lent much con dence
anyway. Nothing about this event speci cally invalidates tle reconstruction, but there is
nothing to indicate it is trustworthy either. In any case, the event 1:4271:4093-2:3569:4243
was not selected as an candidate and given its nature, theseno visible reason to elevate it

to that status.

8.2 Hybrid Event Selection and Candidates

Figure 8.9: Hybrid Final Distribution with Mode.

Hybrid candidate selection follows the same course as stecamdidate selection. Though
candidate selection was performed independently for eachies because of the sheer number of
plots presenting each separately would involve, the proses demonstrated and illustrated
with the data from all Eyes simultaneously. For the individal plots, ts and selection
criteria, see Appendix C. Like stereo, the rst step of hybridcandidate selection is to split
the velocity at the mode. This, again, is done by nding the mde for velocity histograms
with 1000, 2000, 4000 and 6000 bins and then averaging eacbuteto get a stable value
for the mode. The placement of this calculated mode can be segiperimposed on the full

hybrid velocity distribution in Figure 8.9.
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(a) Hybrid Velocity: Slow Side (b) Hybrid Velocity: Fast Side

Figure 8.10: Hybrid Slow and Fast Velocities.

The hybrid data was then split at this value resulting in a slav and fast data set. The
velocity o set from the mode was then placed into histogramsOffset = mode V in
Figure 8.10(a) andOffset = V  mode in Figure 8.10(b) and t with (8.1), the same
exponential function used in stereo. Root was again used tbthe data to the distributions
via its standard ? tting routine. The resulting ts returned 2 = 1:16 for the slow side
and 2 =1:34 for the fast side of the full distribution, and can be seeniFigure 8.10(a) and
Figure 8.10(b). The tand 2 values for the individual Eyes can be found in Table 8.1. Both
the ts for the whole dataset and the individual Eyes show thaan exponential describes
the velocity data rather well, though perhaps not quite as weas in the stereo case.

The next step was to check that the improvement ratio was stilwell described by (8.2),
the Pareto function. A Root t was performed on the improvemaet ratio histogram for all
hybrid data resulting in the curve and values seen in Figure BL. Clearly with 2 = 3:7,
the Pareto distribution does not describe the hybrid improgment ratio as well as it did for

the stereo data. It did however continue to perform better thn both a standard exponential
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Figure 8.11: Hybrid Fit Improvement Ratio.

and any combination of ChiSq distributions and was therefer still chosen as the function
that best represents the data. The t and 2 values for the individual Eyes can be found
in Table 8.1'2 and generally show that the Pareto works better on the indidual Eyes than

it does for the distribution of all events.

Because the functions used in the stereo candidate selectgenerally still work well for
the hybrid data, the same combined function (8.5), was agaimsed on the hybrid data. The
notable di erence between the two selections is that in thetrid case 997% of the data,
or 3 , was kept and only G3% of the data was cut out of the t as outliers. This change
from 2 to 3 is due to the large increase in the event count and the fact thaelecting only
events within 2 , deeply cut the parent distribution. The results of tting (8.5) to the slow
exoticness distribution are shown in Figure 8.12(a), whiléhe fast t, curves and values can

be seen in Figure 8.12(Db).

3The parameters [0], [1] and [2] are those that appear in (8.5).
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(a) Hybrid Exoticness: Slow Side

(b) Hybrid Exoticness: Fast Side

Figure 8.12: Hybrid Exoticness.
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Table 8.1: Hybrid Distribution Fits

Distribution \ 2 [0] [1] [2] Selection Limit
Los Leones

Velocity Slow 0.88 5.97 -1.332

Velocity Fast 1.38 6.194 -1.806

Improvement Ratio | 1.83 740.6 11.71

Exoticness Slow 0.85 436.7 -0.1676 -0.907 22.76
Exoticness Fast 1.08 5249 -0.1364 -1.324 15.75
Los Morados

Velocity Slow 0.80 6.467 -1.328

Velocity Fast 0.94 6.281 -1.805

Improvement Ratio | 3.07 1064 12.38

Exoticness Slow 1.136 715.6 -0.166 -0.939 22.68
Exoticness Fast 1.00 665.6 0.430 -1.033 18.75
Loma Amarilla

Velocity Slow 1.83 6.461 -1.246

Velocity Fast 1.42 6.535 -1.724

Improvement Ratio | 3.19 1125 10.28

Exoticness Slow 1.54 788.9 0.519 -0.547 34.9
Exoticness Fast 1.24 818.2 0.898 -0.710 25.5
Coihueco

Velocity Slow 1.09 6.345 -1.398

Velocity Fast 1.08 6.367 -1.76

Improvement Ratio| 3.50 8814 11.11

Exoticness Slow 1.152 6729 0.359 0.748 26.17
Exoticness Fast 0.944 665.9 0.532 -0.932 20.53

Again by comparing the tted curves for the slow side (blue) tothe fast side (red)
in Figure 8.12(a) and Figure 8.12(b) an asymmetry in the distbutions, most notably a
preference for slow events, becomes clear. Following thengsaprocedure as in the stereo
case, the tted functions were normalized forming a probalily density function. This full
procedure was carried out separately for each Eye and the tality, values, and the nal
selection criteria for each are listed in Table 8.1, while threlated plots can be seen in
Appendix D. The di erences between the Eyes are clearly vidiin Table 8.1. Most obvious
is Loma Amarilla's continued poor performance as comparea the other Eyes, meaning

only very exotic events can be considered as candidates irattdetector. Los Leones and
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Los Morados have the most stable results, with fairly narrowdistributions and solid ts,
while Coihueco has a somewhat extended slow tail.

Again, from here, if an event was found to display an exoticnevalue with a less than
3 10 7 probability of occurring in a dataset of sizeNgyents , then it is selected as an exotic
candidate. The location of each selection limit was found thugh the numerical integration
of each distribution looking for the exoticness value whetbe area at and beyond that point
was less than or equal to 3 10 "=Nevens. The position of this selection limit, as compared
to the value of an event's velocity and improvement ratio, iglustrated by the red hyperbolic
curves seen in Figure 8.13 and Figure 8.14. Each red curve regenmats (8.3) or (8.4) set equal
to the appropriate limit value.

Figure 8.13(a), Figure 8.13(b) and Figure 8.14(b) show that noybrid event observed by
Los Leones, Los Morados or Coihueco during the analyzed datariod can be con dently
selected as a candidate. Furthermore, there are no events fbhese Eyes that were nearly
selected as there where in the stereo distributions. ThispWever, is not the case for Loma
Amarilla. In the top left corner of Figure 8.14(a) the very exot event 3:1015:3694 is visible.
This event, with a reconstructed speed of 723% ofc was reconstructed 3.19 times better
at 72:83% ofc than it was at c leading to an exoticness value of 86.74. For the slow side of
Loma Amarilla, the probability of an event like this being dueto random error in a sample
of 5234 events is 42 10 '8 or approximately 1 in 472000000000000000.

An observation like that of event 3:1015:3694 is exactly whalhis research was designed
to nd and separate from the cosmic ray data. Though a velogit of 7283% ofc is much
larger than the expected velocity range for Q-Balls and othesimilar candidates, this re-
construction is clearly well outside what is currently desibable in particle astrophysics.
Figure 8.15(a) clearly shows that the FD data quality of this eent should be more than
su cient. Figure 8.15(b), a plot comparing the hot tank distance to event duration, clearly
shows that this event took much longer to evolve than any otlhesvent with a hot tank at

a similar distance. This is signi cant, as both the Hot tank toEye distance and event du-
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(a) Los Leones

(b) Los Morados

Figure 8.13: Hybrid Candidate Selection LL and LM: The colore@ortion shows the density
of the events. The red hyperbolic curves show the exotic setien limits. No exotic events
were found in either LL or LM data.
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(a) Loma Amarilla

(b) Coihueco

Figure 8.14: Hybrid Candidate Selection LA and CO: The coloreplortion shows the density
of the events. The red hyperbolic curves show the exotic seien limits. The black star in
(a) shows a selected LA exotic event. No exotics were found imet CO data.
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(a) Exotic Event 3:1015:3694 Pixel Trace (b) Eye to Hot Tank Distance

Figure 8.15: Hybrid Exotic Trace and Timing: (a) shows that theevent 3:1015:3694 was
well measured by the FD. (b) shows a density plot of the event dation (the time dif-
ference between when the rst and last event pixels were tggred) as compared to the
distance between the event's hot tank and the triggered Eyd&.he black star indicates event
3:1015:3694.

ration are measured directly by the detector and not recongtcted. Since these metrics are
independent from the velocity reconstruction, they reinfice con dence of the exotic event
speed.

Though this event 3:1015:3694 looks singularly exotic frothe perspective of the hybrid
data stream, as Figure 8.16 shows, there is a simple reason ttoe reconstructed exotic
velocity if the full response of the SD is considered. Figurel®(a) shows the geometric result
of the velocity reconstruction of event 3:1015:3694 if theDSstation that recorded the highest
signal during the event is used as the hot tank. Using this st@in for the reconstruction
resulted in the event being measured to have a speed of83% ofc. Figure 8.16(b) shows
the geometric result of the velocity reconstruction of evéi3:1015:3694 if the SD station with
the highest signal within the independently triggered SD @nt is used instead as the hot
tank. By moving the hot tank to this location the velocity remnstruction returned a speed
of 999006% ofc.

Basically, during event 3:1015:3694 a tank that was geomietilly disassociated with the
shower core had the highest signal and therefore, the assuiop of the hot tank being the

station nearest to the core was not valid. This was not accoted for in cuts or during the
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(a) 3:1015:3694 Hot Tank Reconstruction (b) Event 3:1015:3694 Reconstruction with Hottest
Tank in SD Event

Figure 8.16: Hybrid Exotic Cause: (a) shows the event reconstition using SD station
1108, the station with the highest signal during the event, sathe hot tank. (b) shows the
event reconstruction using SD station 1360, the station witthe highest signal within the
independently triggered SD event, as the hot tank.

reconstruction simply because an event of this type shoulcebmpossibly rare. In this case
station 1108 had a signal of 34.7 VEM, which is roughly equiveit to the signal that would
be produced when 35 vertically inclined muons passed dirlscthrough the center of the
tank. A signal of this size is more than an order of magnitudebave what is expected due
to random uctuations or low energy showers and can not be @bsexplained. Furthermore,
this large signal occurred within a few 108 of the FD measurement, in line with the SDP
and was able to be t with a high degree of con dence. These faxs allowed tank 1108 to
be chosen as the hot tank and used in the hybrid t. The probabty of something like this
occurring is truly staggeringly low. However, the probabity of the same thing happening,
but with four tanks triggering simultaneously, is even lowe The fact that the velocity
reconstruction using the group of four tanks returns the sgel of light solidi es them as the
correct signal at the ground. The erroneous reconstructionas replaced with the corrected

one and the exotics search concludes with no candidates fdun
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CHAPTER 9
CONCLUSIONS AND PERSPECTIVES

The central purpose of this thesis was to develop and test netds to add the event
propagation velocity to the list of shower parameters thattie Fluorescence Detector of Pierre
Auger Observatory is capable of measuring. This new capabjliwas then to be leveraged
to di erentiate exotic slow propagating shower events fronthe rest of cosmic ray ux as by
relativistic necessity all known cosmic ray primaries camty generate an extensive air shower
at propagation velocities indistinguishably close to thepeed of light. This means that any
accurate observation of an event propagating at a slower thdight velocity would provide
an unmistakable indicator of new physics. The following seon summarizes the results of
this search and evaluates the validity of the assumptions rda in the introduction. Then,
perspectives on future work, suggestions for improvements the method and promising
alternative search methods are presented in hopes that thext researcher to take up this

line of inquiry can make progress quickly.
9.1 Research Summary

In Chapter 4 the physical characteristics a particle must @sess in order to be consid-
ered capable of producing a sub-luminal shower were outltheWith these requirements in
mind, high mass Strangelets, macroscopic dark matter, andiger-symmetric Q-Balls were
identi ed as strong candidates. The theory supporting highmass Strangelets and macro-
scopic dark matter as viable candidates appeared too laterftheir full inclusion in this
work, however super-symmetric Q-Balls were given a full tbeetical overview. To test the
detectability of Q-Ball induced showers at the Pierre Auger Bservatory, new CORSIKA
simulations of high mass, low velocity Q-Balls were createdThe simulated detector re-

sponse to these showers showed, in good agreement with tleéoal predictions, that the
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FD has sensitivity to Q-Balls with a massMq > 3:25 10°F’GeV c 2 while the SD gains
sensitivity at Mg > 1:15 10°’GeV c?2.

In Chapter 5, the ability for the uorescence detector to reord slow events and measure
event evolution velocity was examined. Using a simple modetstribing the velocity depen-
dent timing signature of FD events, the velocity sensitivityof the Observatory was examined
at a wide range of geometries. Velocity reconstructions afsilated slow events were then
used to test the accuracy of both the velocity sensitivity sidy and verify that the FD was
capable of correctly identifying slow events. Through thisvork it was shown that though
the aperture shrinks dramatically as the velocity slows, th FD should have sensitivity to
showers moving as slow as a few % of

From here, a more accurate velocity dependent model, accbdng for most atmospheric
e ects and the elliptical shape of the earth, was developedThis new model was applied
to laser shots red from the laser facilities in order to inspct the velocity resolution of
the Observatory. The reconstruction of these laser eventxpmosed a variety of probable
systematics in both the Observatory's instrumentation andhe analysis software used to
reconstruct observations. Due to the scale of the instrumgtion, the speci ¢ causes of the
o sets could not be conclusively identi ed. Regardless, #hFluorescence Detector was shown
to be accurate to 1:5% of ¢, and, more importantly, very precise, meaning the ntatd is
capable of con dently identifying velocity outliers. Furthermore, in the stereo and hybrid
studies of laser events in the following chapters, the o setwere shown to largely vanish in
distributions of the non-vertical geometries which domina in shower events.

Chapters 6 and 7 established the techniques and programs dee to search the stereo
and hybrid datasets for exotic events. Two methods were ddoped each leveraging the ob-
servations from multiple detectors to constrain both the eant velocity and geometry. Stereo
reconstruction is by far the more accurate of the two methodand uses the simultaneous
observations of one event from multiple Eyes to strongly cetrain an event. This high ac-

curacy means that few quality cuts are needed, but becausetbé high energy threshold of
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stereo measurement, the stereo dataset su ered from both grostatistics and relatively low
quality individual FD observations. Furthermore, becausersy stereo event must take place
at a large distance from at least one Eye, the stereo methodsé&s sensitivity to events slower
than  36% ofc. Hybrid reconstruction, on the other hand, has great statists and veloc-
ity sensitivity due to its non-geometric and substantiallylower, trigger threshold. Hybrid
events, however, are less strongly constrained than steraod therefore much less accurate.
This low accuracy needs to be compensated for by constraigithe searched dataset to only
well measured events. This fact necessitated dramatic qiplcuts, which somewhat o set
hybrid's statistical advantage over stereo. After quality ats of 1125 remaining stereo events,
none had reconstructed event velocities more distant tharf4l away fromc. After hybrid
quality cuts, 30404 events remained with outliers displayg reconstructed velocities as low
as 70% ofc.

In Chapter 8, the hybrid and stereo distributions were invagyated for statistically mean-
ingful exotic candidates. This was done by building a predion of the inherent error rate
of each method and then using that prediction to evaluate thprobability that any observed
event occurred simply due to random uctuation in a sample secontaining Neyents. ANy
events predicted to have a probability lower than 3 10 7 (5 ) of appearing due to a random
error were selected as an exotic candidates. This selecti@sulted in exactly one hybrid
event being recognized as con dently exotic. However, aftéarther analysis, this event's
exotic reconstruction was found to be due to what appears toeba second, possibly corre-
lated, simultaneous low energy shower which lead to the falsdenti cation of the event's
hot tank. Once this error was xed, the event was reconstrued normally. In addition to
this hybrid event, two stereo events nearly quali ed as candates. These events did show
interesting characteristics. The most distinct of which biag their long, at light pro les,
shown in Appendix D, as these resemble the pro les seen in thgoéic simulation results
of Chapter 4. However, these events also had velocities vergan to ¢ and generally poor

individual FD measurement quality, meaning these stereo aws could not be con dently
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kept in de ance of the rigidly de ned selection criteria. Inthe end, this research nds no
exotic candidates exist in the 7 years of Observatory FD datanalyzed.

With these results in hand the assumptions made during the ir@duction can now be

reexamined.
1. Within the universe there exist stable particles that will interact energ eti-
cally with the atmosphere at velocities signi cantly below the speed o f light
in a way that allows for the creation of events bright enough to meet t he

observation criteria of the Pierre Auger Observatory.

Chapter 4 did show that these particles are predicted by thep and would be capable
of triggering the Pierre Auger Observatory, but the search dinot result in the positive
identi cation of an exotic cosmic ray event. However, becaesof this zero result, this
research will be able to provide a limit the ux of these partiles. At the time of

writing, this work on this limit is currently underway.

2. That it is possible to reconstruct the speed at which cosmic ray events
evolve in the atmosphere using the data already collected by the Pierre

Auger Observatory.

Chapters 5, 6 and 7 clearly show that the Pierre Auger Obsenaty is capable of

making this measurement using stereo and hybrid detection.

3. That these exotic particles have already been measured by the Pierre A uger
Observatory and can be di erentiated from the rest of the cosmic ray ux

by their velocity.

Because of the zero result of Chapter 8, clearly, either it isue that no exotic particles
of this type have been measured by the Observatory's FD from @D through 2013, or if
they were, they were not measured with su cient quality and vere therefore unable to
be distinguished from cosmic ray events. This could changeéthvthe addition of more

data or if better quality cuts and/or stronger reconstructon methods are developed.
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9.2 Perspectives

Though this work approaches and answers a wide set of questipthere are of course
things that need to be done to enhance the end result. Primagmong these is the calculation
of the ux limits to slow showers in general and therefore faQ-Balls with a mass higher
than Mg > 325 10°’GeV c2. This limit calculation could be extended to cover fast
macroscopic dark matter and high mass Strangelets if thesancbe shown to be capable
of triggering the Pierre Auger Observatory in hybrid or stere. However, without further
input from the pro le or other identifying metric, any limit s would not be object speci c,
but would instead apply equally to all slow shower candidatphenomena.

There is also potential to improve the aperture and statistis of the hybrid event set by
reexamining and improving the quality cuts. In the event of his study being performed

again, the following suggestions on the hybrid cuts shouldcelconsidered:

The VAOD limit could be relaxed from 0.03 to 0.05 or higher.

The VAOD cut clearly removes events in the tails, however thayh it does more strongly
a ect outlier events than the core of the distribution, it does so only minimally. Because
of this, the primary result of limiting the VAOD threshold to 0.03 is simply a signi cant
culling of the data. After consideration, in light of the end esults, it is clear that this
cut could be signi cantly relaxed to only remove events in éeemely hazy atmospheres

without much harm to the con dence in the end result.

The upper limit on the pixel density cut could be relaxed froml:25 per pixel to 147

per pixel.

While the pixel density cut does signi cantly improve the quéity of the events in the
hybrid data set, the limit of 1:25 per pixel was designed to let through laser-like pixel
tracks and may be too stringent for showers, removing many hé pixel geometries.
The limit could be increased to 47 per pixel in order to allow a wider variety of

dense tracks while preserving result con dence.
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The reduced timet 2 cut could be made more restrictive.

As is evidenced by the tiny fraction of events removed from theample by this cut,
either the cuts preceding it are too stringent and remove ents beyond their intended
purpose or this cut is too relaxed. The time t 2 is the best metric available for judging

how well the result ts the data and should be leveraged more.

Additionally, if the specic cause for the heavy favoring of dst events in the Hybrid
dataset can be discovered, many of the imposed quality cuteuwtd be left out entirely.

Simulated cosmic ray datasets should be used to set expeatas of how the distributions
change with geometry. By selecting all candidates based ohet same distribution, vastly
di erent event strengths and geometries are being treatedqaally. To some degree, the
quality cuts assure that the event set is uniform in data quély, however it is reasonable to
suspect that di erent event geometries will have di erent elocity reconstruction error rates.
By using a large set of simulated events as a control, the rétaship between geometry and
error rate could be understood and used for a far more targeteandidate selection. This
was attempted for this thesis, however, the simulated datasfailed to match the behavior of
the real dataset after quality cuts. This was likely due to tle simulations failing to account
for some real world phenomena and the fact that the quality ¢s were in some regards
optimized on the data. If these issues could be addressedethsimulations could be used as
a powerful tool to enhance the result.

The SD results of the CORSIKA Q-Ball simulations should be westigated further. If
indeed it is shown that Q-Balls reliably di er in SD timing as strongly as is suggested in
Section 4.1.2, then they can be looked for using the full apgere of the SD. This would
greatly increase statistics and may very well result in a pas/e observation or, in the case of
a zero result, the absolute lowest upper limits to the ux pasble through direct detection
on current instrumentation. To do this, the exact velocity épendent Q-ball shower front for
the altitude of the SD should be calculated using the protoneatay shower front equations

developed in Section 7.1. Then the timing pro les from everguality event recorded by
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the SD would be compared to this shower front to look for evesitthat display timing that
matches this pro le.

Before carrying out this study, however, a few things wouldeed to be checked. First,
how strongly these pro les di er from the timing pro les of any other cosmic ray shower
needs to be investigated to make sure this signature wouldgwide good di erentiation.
Second, more Q-Ball simulations need to be run to investigatreliability of this signature
for Q-Balls at a wider variety of zenith angles. Lastly, the B velocity sensitivity due to
the T4 SD trigger needs to be understood, see Section 3.1. Th trigger demands that
signal start times for all tanks in the event lay within the timing di erence de ned by the
distance between the tanks divided by the speed of light. Gidy (7.7) shows that as the
shower velocity drops the tanks that are furthest from the ae would trigger outside of this

time window. Theoretically this may possibly have one of orlleof the following results:

The rejection of the event.  Because the full event does not pass T4, the full event
would be rejected. This would be the worse case, however awgiats that triggered in

hybrid would be preserved as a T3 event.

The removal of the outermost stations. At all but the lowest velocities, the
wavefront near the core of a proton decay or other similar sloevent would still be
capable of triggering a full SD event fast enough to pass T4.his would result in the
center of the event surviving while the outermost tanks wodlbe removed from the

event.

The splitting the event into a long duration inner event and a ring like oute r
event. Though at low velocities the outer stations would not trigge fast enough to
be included with the inner stations, they would all trigger &very similar times and
could therefore be kept as a separate SD event. This would uésin ring-like SD
events representing the outermost signals in a decay evempearing in the SD data-

stream along with correlated inner events. Furthermore, atery low velocities, it also
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is possible that only the outer ring events would trigger atisiilar enough times to

survive, leaving only the ring events.

In any case, save for complete rejection, each of these evemies would display the
shower front described in (7.7) along with much longer thanammal signal durations and
would therefore be identi able.

Finally, like studies could be carried out using the methodsnal models developed here
on other optical cosmic ray observatories like TA and pos$ibJEM-EUSO. The conversion
of the method to TA is obvious and a similar stereo study has r@ady been performed on
HighRes data [80], however, it is worth stating that the exacsame procedures for hybrid
could be followed once the di erences in instrumentation ahdetector geometry were taken
into account. The application of this method to JEM-EUSO is a ttle more complicated and
less certain. Because there is no possiblity of hybrid or sé® measurement, the search in
JEM-EUSO would have to be done monocularly. This raises the igs of the convolution of
the distance to the event with its propagation velocity whib made a monocular search at the
Pierre Auger Observatory impossible. However, given the huglkstance from the detector
to the shower and by taking advantage of the knowledge that ext must have taken place in
the atmosphere this problem is minimized. Instead, the undainties in the velocity would
be determined not by the uncertainty in the distance to the eant, but rather the uncertainty
in the angular reconstruction of the axis. There are hints &m colleagues that the angular
reconstruction accuracy of JEM-EUSO should be on the order offaw degrees, meaning
that a velocity based study is a strong possiblity. This hower, relies on the end geometric
accuracy of the experiment and whether or not a maximum timu trigger, like the SLT
for the FD, is imposed on the detector. If it is not, not only cold Q-Balls, Strangelets
and macroscopic dark matter potentially be searched for, bperhaps meaningful work on

micrometeorites could also be carried out.
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APPENDIX A - CRLF UPGRADE

The original Central Laser Facility of the Pierre Auger Obsermatory was built in 2003
and performed reliably until it was retired in early 2013. Itwas then replaced with a new,
larger, cleaner and more reliable facility with the added geability of measuring aerosols via
both the bi-static method and with a in-house Raman system. fie construction of this new
facility, named the Central Raman Laser Facility (CRLF), wasa major service component
of the rst two years of my PhD. This work both rounded out my experience as a researcher
by providing valuable hardware design and construction expience well complimenting my
mainly analysis focused thesis research, and gave me theaded knowledge of the laser
facilities necessary to interpret the results of the lasetugies critical to this thesis. Because
of this, this appendix will outline the upgrade to the CLF andhighlight my contributions to
bringing this important piece of hardware online for the Pige Auger Observatory.

First o, without Professor Lawrence Wiencke the constructia and continued opera-
tion of the CRLF as well as the CLF and XLF before it would have ben impossible. Dr.
Wiencke's excellent direction and insights on the design,dstics, construction and man-
agement of this considerable project are entirely respohk for its success. Additionally,
without the hard work, dedication and knowledge of my collegue Carlos Medina and the
Observatory technician Jorge R. Rodriguez, the task would ke been many times more
di cult than it was.

My contribution to the construction of the facility, began with helping with its design.
As | had helped Dr. Wiencke with the nal stages of completing tb XLF, | was asked
for input on the general layout and functionality of the fadity. Primarily, the goal of the
upgrade was to build a new facility with the cleanliness, emonmental stability and self
calibration of the XLF while adding in complete Raman laser stem and a higher degree

of system monitoring and automation. Dr. Wiencke had a clearision of what the facility
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Figure A.1: The Final Design of the CRLF.

should include, but many designs were considered before thal design was settled upon.
In the end, as seen in Figure A.1, a 40 foot container, like themainer used at the XLF was
chosen as the most practical design as it allowed for minimaligmentation to the container
itself which would undoubtedly provide a cleaner environnmt. Replacing the whole facility
with a single container added a second benet of allowing fanuch of the construction of
the facility to be done in Colorado and then shipped, along i nearly all of the equipment

necessary to nish the construction, to the observatory to mimize laser down time.

Figure A.2: The Empty, Leveled CRLF Container in Colorado.
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The almost new empty 40 foot shipping container, seen afterlivery in Colorado in
Figure A.2, rst had to be nely leveled as the rest of the constuction will be carried out
with gravitational leveling. Then, the internal steel framng needed to stabilize the laser and
Raman systems was welded directly to the structural frame d@he shipping container and
left oating in order to isolate them from the shipping contaner oor and therefore the rest
of the CRLF construction. The facility was to be split into two rooms. The front third of
the container was left bare as a foyer, and storage area in erdo minimize contamination
in the room housing the laser and Raman system. The back twoitlls of the container
were to have an insulated oor, walls and ceiling built with dw dust materials to provide
a clean, thermally stable environment for the facility instumentation and hardware. The
foyer and instrumentation room are separated by a weather dnre proof insulated door
set four inches o the ground again to minimize dust contamiation. This work, done in
Colorado, as well as substantial work on the Raman hatch anda@ibration system, was only
made possible due to the combined e ort of the undergraduatgeengineers, grad students,
professors shown in Figure A.3(a). The container was then patkwith the materials needed
to complete construction in Argentina, Figure A.3(b), and shiped to the Observatory.

While the container was in transit, my work pivoted toward buiding the CRLF control
single board computer (SBC) and preparing the facility comol software needed to control
all of the systems shown in Figure A.4. The rst step was to porthe Linux OS built for
the XLF over to the new CRLF computer. Once this was done two sige board serial cards
and a custom built GPSY card were stacked on top and brought bne. The serial cards
were to provide a communication link to all of the hardware stwn in Figure A.4, while
the GPSY provides a GPS timestamp as well as the highly accueatime pulses needed to
trigger and re the laser system. From here Dr. Wiencke and | pted from the XLF, and
where necessary, wrote, the software needed to interfacghnand control the calibration
stages, radiometers, laser, optical switches, steeringalde remote power controllers (RPCs),

weather system and the vertical and steered beam hatches.
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(a) The CRLF Crew in Colorado. (b) The Packed CRLF Interior Ready For
Shpping.

Figure A.3: (a) The Colorado School of Mines CRLF team. Front bm the left: Andrew
Mahan, Micheal Coco, Levi Patterson, Robert Wright, Nathan Vdlker, Amy House-Thomas.
Back from the left: Eric Mayotte, Dr. Fred Sarazin, Dr. Lawrence Wiencke, Nev DeWitt
Pierrat and Chris Runyan. (b) the CRLF packed with the durabk instrumentation and
construction supplies ready to be shipped to Argentina.
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Figure A.4: Full Schematic of the CRLF.

Once the container arrived at the Observatory campus in Matgue, Mendoza, Argentina
it was checked for damage and unpacked. Four holes were cubithe top of the container to
accommodate the vertical beam pipe, the steered beam pipketsteering hatch control cables
and the Raman telescope aperture. Holes were then drilled anthe sides of the containers
to serve as cable pass-throughs for the solar array and weathmonitoring equipment, as
well as gas line ports and vents for the two heaters to be in$feed later. The oor, walls and
ceiling were then insulated, drywalled and painted. A 1.51® water tank was then built into
the steel frame located at the back of the container to serves @ thermal reservoir for the
laser system and optics table. The optics tables were thenstalled and secured to the steel
frames. The inside of the container, seen in Figure A.5, was naoeady for transport to the

CLF location.
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Figure A.5: The CRLF in Malargue Ready For Transport to CLF Site

Though the XLF is capable of satisfying all of the atmospherimonitoring needs of the
Observatory alone, having data from both facilities greaglenhances the quality of the aerosol
measurements and provides a layer of redundancy to protegjanst FD data loss. Because
of this, the amount of FD observation time between the decomssioning of the CLF and
rst light from the CRLF needed to be minimized. To accompli# this, the decommissioning
of the CLF started on Sunday March 3rd, the morning after thedst night of the preceding
dark period. We had expected to have until Friday March 8th tacarefully label, document,
diagram and disassemble the CLF equipment in preparation rfahe arrival of the CRLF
container. However, on Monday March 4th at around noon we weneformed that the crane
needed to swap the CRLF and CLF containers had rescheduledetimove for the following

day. Under this new deadline Carlos, Dr. Wiencke and | managethaé impressive feat of
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completely labeling, documenting and disassembling the €ELin six hours instead of the four
days we had planned on. Then, as Figure A.6(a) shows, the new GRLtontainer was then
swapped out for the old CLF container and quickly lled with the equipment removed from

the CLF.

(a) The CRLF Container Being Placed at the CLF Site. (b) Construction Work at the CRLF

Figure A.6: (a) The CRLF being placed at the CLF site. (b) Constuction at the CRLF.

At this point, as shown in Figure A.6(b), the nal construction of the CRLF could begin.
After quickly weather proo ng the container, the rst task we undertook was to install the
solar panels, hatch covers and instrumentation mounts on m@iner. We then built and
installed the work desk, battery bank shelving, laser instiment racks and vertical beam
pipes. Once the interior was ready, we connected and testdtetpower inverters and battery
array. Now with power, we connected the power supplies, the EBand installed lighting. We
then installed and brought online the RPCs, weather monitang equipment, GPS antenna
as well as the network antenna, modem and router to provide dnternet up-link and remote
monitoring capabilities via radio communications with Cdiueco. The vertical beam hatch,
steering head and steering hatch motors and controls wereetih connected and the control
software was tested. The thermal reservoir was then lled usy the Observatory's water

truck shown in Figure A.7(a). At this point the core of the CRLF's infrastructure was in
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place, Figure A.7(b), and Dr. Wiencke returned to Colorado, trsting Carlos, Jorge and |

to nish the CRLF.

(a) The Pierre Auger Observatory Water Truck. (b) CRLF Core Infrastructor Complete

Figure A.7

The CRLF was then made ready for the laser's arrival by mitiging dust contamination
from the Pampas and installing the temperature control sysim. The temperature control
system consists of two propane heaters with thermostats, amray of temperature sensors
placed around the important temperture sensitive compon&nand a gas detector with an
automatic shut o valve all built with redundancy in mind. In order to minimize dust
exposure, the oors were nished with low dust tiling, all cdle ports were sealed with
caulking and the large fused silica Raman window was instadl into the Raman hatch. The
laser optics and switches were then planned out and placed the table and the calibration
system was installed and tested. The CRLF was now ready foreéhnstallation of the UV
laser, Figure A.8(a)

The laser was nally delivered, and carefully installed oyl to nd that somehow in
transit the controller board was broken and therefore the &er was unable to communicate
via its serial port. We carefully and repeatedly tested theaser system and were able to

con dently identify the broken component, but also found ttat there was nothing we could
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(a) The CRLF Ready for Laser installation (b) Carlos' Opinion

Figure A.8

do in Argentina to x the problem. This put us in an extremely dicult position as we
could not possibly get a replacement card in the time left tosuin Argentina, nor was the
time enough to install the old CLF laser. Our only option wasa leave the CRLF as close
to completion as possible and make sure the XLF ran robustly drreliably as it would be
operating without a failsafe until we could return with the replacement parts. Therefore,
during this time Carlos and | stress tested the XLF and xed thesmall number of bugs
we found, tested and nished the CRLF code, and wrote a simplenore reliable version
of cron to replace the standard cron daemon on both the CRLF dnXLF OS as it was
failing regularly. The XLF performed awlessly for the threenights before our departure
leaving lending us some much needed con dence as returnedGolorado with the broken
laser components Figure A.8(b).

It was a full month before we were able to return with a new cordl board. With the
new control board installed the laser red without issue. Cdos and | then began the tedious
process of mounting the laser and aligning the on table opsicshown in Figure A.9. The
primary objective of these optics was to deliver a well columated, randomly polarized, UV

laser pulse of a known energy vertically to either the steateor vertical beam paths. The
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Figure A.9: CRLF on Table Optics.

important on table optical components, listed starting at he laser, are:

Raman Optical Switch  : This optical switch sends laser light to the Raman channelwich
goes through a 3x beam expander before being sent verticalyough the Raman hatch

for viewing by the Raman telescope.

5x Beam Expander : The beam expander serves to both further columnate the beaand

to reduce the on optics light intensity by increasing the bea spot size.

4% Picko Mirrors . The pick o mirrors serve two functions. Primarily the picko
mirrors allow a consistent portion of each shot to be direateto an energy probe for
measurement. This in turn, along with the measurements froitme calibration system,
allow the to-sky energy of each shot to be known. The picko rmmors also direct a
small portion of the laser light to the adjacent SD tank throgh a ber optic cable,

allowing for hybrid laser events and SD/FD timing studies.

Steered Beam Optical Switch  : This optical switch directs the light to the steered beam

channel when up, allowing the laser light to be directed to grabove horizon trajectory.
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Switchable Attenuator : When activated, the switchable attenuator gives the CRLF tkb
ability to greatly reduce the per shot energy. This is needet prevent saturating the
FD cameras when the laser is red toward an Eye, a geometry whids needed for

alignment and FD/SD timing studies.

Depolarizers : Because the amount of light scattered in the air in any givedirection is
strongly dependent on beam polarization, in order to ensuithat each Eye is seeing
a very similar laser source, the beam needs to be randomly aated so that light is

scattered equally in each direction in each shot.

Vertical Steering Mirrors : These mirrors redirect the laser light to trajectory aliged

with local gravitational vertical with an error < 0:1 .

We then moved to setting up the calibration stages so that theeam energy and polar-
ization could be monitored. The rst step in this process waso align the stages with the
positions of the vertical and steered beams. The location tfe beams then needed to be
located and written into the con guration les that control led the calibration processes. At
this point we were able to run the polarization checks on thedams and randomly polarize
the laser using the vertical and steered depolarizers. Unfonately, depolarizing the beam
does change the trajectory of the beam after polarization, hich in turn meant that the
vertical steering mirrors, and therefore also the calibrain stages, had to be readjusted.

Once the on table optics were aligned and the calibration ggsn was working, the next
stage was to make sure that the azimuthal stage of the steegithead shown in Figure A.10,
was axially aligned with the steered vertical beam. The azuthal steering mirror was then
adjusted to send the laser down the axial center of the zenidftage also shown in Figure A.10,
through the use of a purpose built alignment tool. From hereaglignment of the steering head
could begin. First the zenith steering mirror was positionedo send the beam out of the
steering head at right angle to its axis of rotation. This wasiecessary as skew in this angle

would cause the beam to have rotation dependent alignment @mwould therefore produce
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Figure A.10: Laser Facility Steering Head.

a changing and inconsistent trajectory when steered. Thisas done using a target placed

10m from the steering head output marked with level at the heighof the steering head and
with two targets placed twice the output width of the steerirg head. Through surveying with
an old US military Theodolite, the steering head was then célfated so that 0 azimuth was
North, 90 azimuth was West, 0 zenith was level and 90zenith was vertical. This alignment
was good to estimated error of @ but was improved to< 0:1 using the GPS observatory
survey and by studying the red laser trajectories with the dservatory FD.

At this point the atmospheric monitoring hardware needed t@roduce a signal for the
bi-static method was installed and ready for operation. Theaightly initialization, calibra-
tion, and ring routines were automated. The weather, gas ah equipment failsafes were
implemented and thoroughly tested. The CRLF was now ready teesume the atmospheric
monitoring tasks critical to the Observatory. First light from the new CRLF was seen by
the FD June 2013 and has continued without gap ever since, Figutell(a). At this point,
Carlos and | were joined by Dr. Vincenzo Rizi from the UniversiDegli Studi dell'’Aquila
in order to install the Raman Lidar system and prepare the CRE for long term operation.

This work was completed mid June 2013 and the nished CRLF canebseen in Figure A.11.
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(a) CRLF First Light

(b) The Inside of the Completed CRLF (c) The Outside of the Completed CRLF

(d) The Completed CRLF

Figure A.11: The Finished CRLF. (b) from the left: Carlos MedinaEric Mayotte, Vincenzo
Rizi.
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APPENDIX B - MAGNETIC MONOPOLES

Because of their consistent appearance in a wide range ofdhes and their expected dis-
tinct experimental signatures, magnetic monopoles have éethe focus of numerous searches
and studies over the last century. There is no consensus orpegted monopole mass, how-
ever, accelerator experiments of the current generationeaexpected to rule out masses up to
10°GeV =€ [81]. Unfortunately, this only begins to probe the lower-endf masses possible for
classical Dirac-Monopoles. GUT monopoles and intermediateass monopoles have masses
likely to be several orders of magnitude beyond the reach dig LHC, therefore it is not
possible for accelerator experiments to strongly limit theexistence in the near future [82].

Any post in ation, early Universe phase transition can potenglly populate the Universe
with magnetic monopoles. Due to their inherent stability, his population should survive
to the present, meaning one of the best chances for observimpnopoles is to search for
them within the existing cosmic ray spectrum [83]. The expé&sd current ux of monopoles
is calculable, but depending on the type and temperature ohé symmetry breaking phase
transition assumed in the model, the result is highly varidle [84] [85]. However, there is
a de nite theoretical upper bound to the free monopole ux; he Parker limit of Fp
10 **cm 2sr 1s !, requiring that monopoles must have a density less than thatecessary
to alter galactic magnetic elds to an observable level [86]

There are four general types of magnetic monopole that eacbuple with matter dif-
ferently. Depending on type, a monopole may or may not catatg the decay of protons it
interacts with (catalyzing/non-catalyzing) and it may or may not have internal structure to
it (hadron-like/lepton-like) [82] [87]. In the non-catalyzing case, an unstructured lepton-like
monopole's ability to directly interact with hadronic matter is limited. This leaves only
the standard electromagnetic loss vectors of ionization,ap-production, Bremsstrahlung,

and photo-nuclear interactions for monopole energy loss.ofunately, monopoles have a
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much higher electromagnetic coupling then normal (4w  34) [88], greatly improving the
strength of showers they can produce. Because the monopslguaranteed by its topology to
survive any interactions and because its energy loss in themesphere is a very small portion
of its kinetic energy, it will continue to interact and geneate sub-showers as it passes through
matter. This results in a unique signature. We expect a faintprotracted and consistently
luminous pro le with no classicalX . However, only ultra monopoles ( 10°) would be
bright enough to be visible to Auger meaning these are not a gbeandidate for subluminal
showers [89]. However, because they have a large and eassyirtyuishable signature, there
is work under way to use Auger to search for these events by camihg the simulation work
of Schuster [70] with traditional search techniques. Earlgesults show that it is quite likely
that a new ux limit can be set several orders of magnitude beW the current lowest upper
limit [90]. A paper on this search is currently under review ythe collaboration.

The non-catalyzing case for the more exotic structured bamyic-monopoles described in
[91] may be a viable candidate. In addition to the electromagtic interactions described
above, these monopoles may also couple strongly with hadiommatter. Because these
structured monopoles consist of very massive componentsubd through a parallel of the
strong force, the energy necessary to break them apart mustceed the energy necessary
to create a monopole-antimonopole pair and is therefore egimely high. The reason for
this is because, like bound quarks in baryons, the structumg forces involved and the idea
of fundamental charge forbid free baryonic-monopoles froexisting as the energy of this
state exceeds the energy necessary to create and bind adudtigil monopoles to the would-be
isolated particle. This means they can absorb a large amount energy before breaking.
Furthermore, since their cross-section with matter is inially near that of a typical hadron
and grows at a rate that is roughly proportional to the numbeiof interactions, a structured
monopole can absorb, re-emit and deposit most of its kinetenergy very quickly, making
them decent candidates for super-GZK primaries if highly basted [71] [92] [93]. A highly

relativistic shower caused by this type of monopole would kemilar to that of a high energy
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hadronic shower, but would grow very quickly, have a lengtined decay fromX,.x and end
with the faint signal of the left-over monopole emitting radation isotropically [92]. This type
of monopole may generate subluminal showers, but only if thhate of energy absorption at
low velocities is still higher than the rate of emission. Unftunately, unless the absorption-
rate/emission-rate ratio is still very high at low velocites, a subluminal monopole of this
type would probably only cause a strongly muted version of éhhighly relativistic shower
described above, and in turn may not produce enough uoresadight to allow Auger's FDs
to observe the shower.

When proton decay is introduced to the mix there is, in additio to the above interactions,
a stream of pion showers that grow more consistent with inaeed atmospheric density,
greatly supplementing the above interactions. This is dueotthe Callan decay process +
p! M+ e + 0 outlined in [94] [95] [96]. A shower initiated by a catalyzig lepton-
like monopole would cause the same prolonged shower as dbsd for the lepton-like case
above, but would be supplemented with pion showers caused pyoton decay along the
shower axis at a rate proportional to the atmospheric densit This would result in a light
pro le that would grow stronger with increasing atmosphe depth and be more likely to
pass the energy threshold of Auger. A subluminal shower is astihct possibility, but only
if the EM + Callan cross-section was very high as a large numbef these low energy
interactions would be necessary to render the event visible the FDs. Inferring from [92]
and [94], the signature of a highly theoretical, structureddecay catalyzing monopole would
be very obvious. The large and potentially increasing crosgction of a structured monopole
coupled with the energy release associated with proton dgocaould result in a very bright
shower that in all likelihood would both meet the energy redtements for observation at
low velocities and have a light pro le strongly dissimilar © anything a conventional primary
would produce.

The most stringent measured limits on low velocity monopodeare gpuc:L: 1:4

10 **cm 2sr s ! forv=c 10 4 set by MACRO [97], and the pair of limits set by IceCube
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of ogowcr: 3 10 ¥cm %sr 's 1 forv=c 08 and ogpc: 5 10 Ycm 2%sr s !
for v=c  0:625 [98]. These ux limits all improve upon the Parker limit ggni cantly,
however Auger still should have enough exposure to comfortglsearch for monopoles [99].
Though outside the scope of this work, the lowest upper limin the ux of ultra-relativistic
monopoles of goec: 10 °cm 2sr s !for 10’ set by ANITA-I1 [100] is also beatable

by an ongoing search at the Pierre Auger Observatory [90].
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APPENDIX C - HYBRID SELECTION PLOTS

Figure C.1, Figure C.2, Figure C.3 and Figure C.4 show the hybridigts not present in

Chapter: 8 for Los Leones, Los Morados, Loma Amarilla and Caibco in that order.
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(a) Los Leones Slow Hybrid Fits and Selection

(b) Los Leones Fast Hybrid Fits and Selection

Figure C.1: Los Leones Hybrid Fits and Selection. In these plotee data in the grey and
blue histograms are identical. The blue histograms are siyplog plots. The red curves are
the ts to the functions described in Chapter: 8. The red histgram on the exoticness plots
show 3 outliers while the dotted line shows the 5 candidate selction limit.
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(a) Los Morados Slow Hybrid Fits and Selection

(b) Los Morados Fast Hybrid Fits and Selection

Figure C.2: Los Morados Hybrid Fits and Selection. In these plstthe data in the grey and

blue histograms are identical. The blue histograms are siyplog plots. The red curves are
the ts to the functions described in Chapter: 8. The red histgram on the exoticness plots
show 3 outliers while the dotted line shows the 5 candidate selction limit.
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(a) Loma Amarilla Slow Hybrid Fits and Selection

(b) Loma Amarilla Fast Hybrid Fits and Selection

Figure C.3: Loma Amarilla Hybrid Fits and Selection. In these plts the data in the grey

and blue histograms are identical. The blue histograms are@ply log plots. The red curves
are the ts to the functions described in Chapter: 8. The red istogram on the exoticness
plots show 3 outliers while the dotted line shows the 5 candidate selction limit.
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(a) Coihueco Slow Hybrid Fits and Selection

(b) Coihueco Fast Hybrid Fits and Selection

Figure C.4: Coihueco Hybrid Fits and Selection. In these plotshé data in the grey and

blue histograms are identical. The blue histograms are siyplog plots. The red curves are
the ts to the functions described in Chapter: 8. The red histgram on the exoticness plots
show 3 outliers while the dotted line shows the 5 candidate selction limit.
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APPENDIX D - SELECTED CANDIDATE EVENTS

Stereo Near Candidate Events 1:4271:4093/2:3569:4243

Date: 27-6=2012

Velocity: 103849% ofc
Improvement Ratio: 5.75
Hybrid Velocity 97:4% ofc
Hybrid Improvement Ratio 1.2

The overview of the event can be seen in, Figure D.1. Figure D.AdaFigure D.3 show

the FD response to the event, while Figure D.4 shows the SD resise.
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Figure D.1: Candidate Stereo Event 1:4271:4093/2:3569:82@verview.
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Figure D.2: Candidate Stereo Event 1:4271:4093/2:3569:824os Leones.
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Figure D.3: Candidate Stereo Event 1:4271:4093/2:3569:824os Morados.
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Figure D.4: Candidate Stereo Event 1:4271:4093/2:3569:828D Response.
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Stereo Near Candidate Events 1:4317:4374/2:3611:4340

Date: 9=8=2012
Velocity: 97:1429% ofc
Improvement Ratio: 1.75

Hybrid Velocity -na-

The overview of the event can be seen in, Figure D.5. Figure D.&@dFigure D.7 show

the FD response to the event, while Figure D.8 shows the SD resgse.
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Figure D.5: Candidate Stereo Event 1:4317:4374/2:3611:43@verview.
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Figure D.6: Candidate Stereo Event 1:4317:4374/2:3611:434os Leones.
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Figure D.7: Candidate Stereo Event 1:4317:4374/2:3611:43dos Morados.
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Figure D.8: Candidate Stereo Event 1:4317:4374/2:3611:438D Response.
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Hybrid Candidate Event 3:1015:3694

Date: 23-6=2009

Velocity: 72:8271% ofc
Improvement Ratio: 3.19
Velocity After Fix: 99:9006% ofc

Improvement Ratio: 0.9502

The overview of the event using the SD station with the highésignal as the hot tank
can be seen in, Figure D.9. The overview and reconstruction thfe event using the SD
station with the highest signal in the coorelated full SD evd as the hot tank can be seen
in Figure D.10. The FD response to this event can be seen in Figutell, while the SD

response can be seen in Figure D.12.
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Figure D.9: Hybrid Flagged Exotic: Overview Original.
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Figure D.10: Hybrid Flagged Exotic: Overview Fixed.
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Figure D.11: Hybrid Flagged Exotic: Loma Amarilla Response.
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Figure D.12: Hybrid Flagged Exotic: SD Response.
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